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ABSTRACT. A total of 233 marine bacterial stra~ns which killed a noxious marine microalga, Hetero- 
sigma akashiwo, were isolated from Hiroshima Bay, the Seto Inland Sea, Japan, during blooms of H. 
akashirvo in 1994 and 1995. Population structure and genetic diversity of the H. akashiwo-killing bac- 
teria (HAKB) were analyzed by means of restriction fragment length polymorphism (RFLP) and partial 
sequences of 16s nbosomal RNA genes (16s rDNA) PCR (polymerase chain reaction) amplified from 
HAKB strains. The RFLPs were generated by separate digestion with 5 restriction enzymes, Eco RI, Rsa 
I ,  Mbo I, Bst U1 and Hha I. Seventeen ribotypes were observed among 85 strains of HAKB isolated in 
1994. Bacterial strains of 3 ribotypes, 2B, 2C and 2D, were dominant in the HAKB populations during 
the termination period of the H akashlwo bloom concur.rent with the increase in the number of HAKB. 
Partial sequences, almost 500 bp of nucleotides, and RFLP patterns of 16s rDNA from some HAKB 
strains revealed that the HAKB of 2B, 2C and 2D ribotypes are closely related to the 'I-proteobacteria 
group. The HAKB strains belonging to 2C and 2D were repeatedly isolated from seawater collected at 
the end of a H. akashjwo bloom in 1995. These results suggest that 3 species of HAKB may play a role 
in the rapid termination of the H. akashiwo bloom in Hiroshima Bay. 

KEY WORDS: Algicidal bacteria . Marine bacteria . 16s rRNA . Restriction fragment length polymor- 
phisln . Heterosigma akashiwo - Marine phytoplankton . Bloom 

INTRODUCTION 

In the last several decades, it has become well known 
that some bacteria in lakes, ponds and rivers kill and in- 
gest blue-green algae, and these algicidal bacteria are 
considered to be one of the agents causing rapid disin- 
tegration of blue-green algal blooms (Stewart & Brown 
1969, Shilo 1970, Stewart & Daft 1976, Yamamoto & 
Suzuki 1990). Gliding bacteria of the genera Myxobac- 
ter, Lysobacter and Cytophaga were the primary mem- 
bers of these algicidal bacterial populations (Yamamoto 
et al. 1993). Ecological studies relying on a soft agar 

overlay technique demonstrated that the dynamics of 
the algicidal gliding bactena had a close relationship 
with the disappearance of blue-green algae at the end 
of blooms in freshwater environments (Daft et al. 1975, 
Yamamoto 1981, Mitsutani et al. 1987). In contrast, little 
information about the ecology of marine algicidal bac- 
teria and their impact on marine microalgal communi- 
ties has been available, since most marine microalgae 
(mainly phytoplankton) could not be cultivated on an  
agar plate and therefore were not amenable to the soft 
agar overlay technique (Imai et al. 1993). 

We recently developed a most probable number 
(MPN) method for detecting and enumerating algicidal 
bacteria in seawater and found a close relationship 
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between the dynamics of algicidal bacterial popula- durlng decay periods of the H akash~wo blooms In 
tions and of marine phytoplankton communities Hiroshima Bay in 1994 and 1995 (Kim et al. 1998). In 
(Yoshinaga et al. 1995b, Imai et  al. 1998, Kim et al. this study, several stralns of HAKB were isolated during 
1998, In this issue) An Increase or decrease of the the H. akashiwo blooms, and the 16s  [RNA genes of the 
marine bacteria w h ~ c h  inh~bl t  the growth of Grmno- HAKB isolates were analyzed to determine the genetic 
dinium mikimotoi (Dinophyceae) correlated negatively diversity and structure of the HAKB populations. 
with the development or decay, respectively, of a G. 
mikimotoi bloom in Tanabe Bay, Japan (Yoshinaga et 
al. 1995b) Moreover, we observed the rapid lncrease MATERIALS AND METHODS 
of alglcidal bacteria targeting Heterosigma akashiwo 
(Raph~dophyceae) at the end of H. akash~wo blooms Microalgae. An axenic culture of Heterosigma 
which occurred in Hiroshima Bay, Japan,  in 1994 and akashiwo (893) was isolated from the Seto Inland Sea, 
1995 (Klm et al. 1998). These results strongly suggest Japan (Imai et al. 1993), and was cultivated in a SWM3 
that the marlne algicidal bactena may be one of the m e d ~ u m  (Itoh & Imai 1987) at 20°C under an  illumina- 
agents regulating the dynamics of the phytoplankton tlon of about 50 pm01 photons m-' S-' with a 14 h 
community in seawater in a way similar to the action of 1ight:lO h dark photo-cycle. 
algicidal gllding bacteria in freshwater ecosystems Isolation of HAKB. Strains of HAKB were lsolated 
(Yamamoto 1981, Mitsutani et al. 1987, Yoshinaga et from surface and bottom seawater ( l  m above the bot- 
al. 1995 b, K i n  et  al. 1998). tom) at 2 stations (Stns V and M) in Hiroshima Bay in 

Several researchers have isolated the bacteria algici- 1994 and 1995 (Kim et al. 1998). Using the MPN proce- 
dal to marine microalgae from nearshore seawater, dure for counting HAKBs in seawater, strains of HAKB 
sediment, an  aquaculture pond for prawns and a mass were lsolated from the microplate well in which Het- 
culture of marine diatoms (Baker & Herson 1978, erosigma akashiwo cells were killed or lysed after 
Sakata 1990, Imai et al. 1991, 1993, 1995, Fukami et al. inoculation of a seawater sample. In order to isolate the 
1992, Mitsutani et  al. 1992, Yoshinaga et al. 1995b, domlnant bactenal strains of the HAKB population, 
1997). The taxa of these marine algicidal bacteria are isolates were obtained from those microplate wells 
spread wldely among genera, these genera are Vib- hlghest In the dilution series in which H. akashiwo 
no ,  Flavobacterium, Acinetobacter, Alterornonas and cells were killed or lysed. A portion (0.1 ml) of H. 
Pseudomonas as well as gliding bacteria Saprospira akashiwo-bacteria CO-culture in the microplate well 
and  Cytophaga, in contrast to the alglcidal bactenal was spread onto a ST10-' agar plate (Yoshinaga et al. 
populations in freshwater which are generally com- 199513) and Incubated at 20°C in the dark. To confirm 
posed of the gliding bacteria. There seems to be a wide their algicidal activities on H. akashiwo, the bactenal 
variety of algicidal bacteria existing in seawater as colonies on the agar plates were picked and inoculated 
compared wlth freshwater. again into the log phase cultures (3.5 ml) of H. 

Bacterial small subunit r~.bosomal RNA (16s rRNA) akashiwo in test tubes (130 mm X 13 mm). No 2 sepa- 
sequences have been analyzed frequently in the study rate strains were isolated from the same microplate 
of genetic diversity and structure of bactenal commu- well. In total, 96 and 127 strains of HAKB were isolated 
nities from varlous habitats (Woese 1987). It is com- in 1994 and 1995, respectively, and were maintained in 
monly recognized that the 16s  rRNA sequences pro- the ST10-' semi-solid culture medium (0.3% tv/v of 
vide more preclse and informative characterization of agar) at 20°C. 
bacterial taxa more rapidly than the physiological and 1 6 s  rDNA-RFLP analysis of HAKB. To lnvestlgate 
chemical characteristics used in standard taxonomical the genetic diversity among HAKB populations, 
protocol for bacteria. The recent dramatic increase In restriction fragment length polymorphism (RFLP) of 
bacterial 16s  [RNA databases and the development of 16s  [RNA genes PCR amplified from HAKB isolates 
molecular biological techniques, furthermore, has were analyzed. Bacterial chromosomal DNAs were 
made it possible to analyze the bacterial commun~ty purifled uslng the standard method (Sambrook et al. 
structure without isolating and culturing bacteria, by 1989) with a small modification. The bacterial cells cul- 
using PCR (polymerase chain reaction), dot hybridiza- tivated in the ST10-' medium (100 ml) were collected 
tion and in situ hybridization (G~ovannonl et al. 1990, by centrifugation (8000 X g, 10 min) and resuspended 
1995, Delong 1992, Mullins et al. 1995). Consequently, in 474 p1 of TE buffer (10 mM Tris-HC1, 1 mM EDTA; 
determination of 16s  [RNA sequences of bacteria pH 8.0). After incubation with 1 % (w/v) sodium dode- 
newly isolated from seawater is of great importance for cyl sulfate (SDS) at 50°C for 30 min, 1 mg ml-' of 
manne microbial ecology. lysozyme (Sigma) was added and then the mixture was 

Previously, we reported that the abundance of Het- incubated at 37°C for 30 min. Bacterial cells were lysed 
erosigma akashiwo-killing bactena (HAKB) increased by incubation with 0.1 mg ml-' of proteinase K (Merck) 
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at 55°C for 30 min, and the bacterial proteins and cell 
debris were removed by phenol extraction (phenol: 
chloroform:isoamylalchol = 25:24 : 1).  The contaminat- 
ing polysaccharides and the residual proteins were 
aggregated by incubation with 1 . 2 %  hexadecyltri- 
methyl ammonium bromide (CTAB) and 0.7 M NaCl at 
60°C for 60 min, and they were removed by extraction 
with an  equal volume of chloroform:isoamylalcohol 
(24:l). The bacterial DNA was recovered by ethanol 
precipitation, washed twice with 70% ethanol, and 
resuspended into 500 p1 of TE buffer. To remove cont- 
aminated RNA, 50 pg ml-' of RNase A (Sigma) was 
added and then the mixture was incubated at 37°C for 
30 min. The RNase A was inactivated and removed with 
an equal volume of phenol:chloroform:isoamylalcohol 
(25:24:1), and the bacterial DNA was recovered by 
ethanol precipitation, washed twice with 70% ethanol 
and resuspended in distilled water (100 pl). The DNA 
was stored at -30°C until the PCR reaction was started. 

Gene fragments of 16s  rRNA were amplified from 
the bacterial chromosomal DNA by means of PCR with 
the primer set of 6F (5'GRAGAGTTTGATCMTGGC; 
corresponding to positions 6 to 23 of Escherichia coli 
16s rRNA) and 1492R (5'GGTTACCTTGTTACGACTT; 
corresponding to positions 1474 to 1492 of E. coli) 
(Britschgi & Giovannoni 1991). All oligonucleotides 
used for PCR amplification of bacterial 16Sr DNA were 
synthesized on an  automated DNA synthesizer (Phar- 
macia Gene Assembler Special, Pharmacia LKB Bio- 
tech., Uppsala, Sweden) and purified with an Oligo- 
nucleotides Purification Cartridge (Applied Biosystems 
Inc., Foster City, CA). 

The PCR reaction was performed with a thermal 
cycler (Perkin-Elmer Cetus, Norwalk, CT) as  follows: 
denaturation at 94°C for 1 min, annealing of primers at 
53°C for 2.5 min, and extension a t  72°C for 2.5 min, for 
a total of 30 cycles. The reaction mixture contained 
100 pm01 of primers, 200 pM of dNTPs (Takara, Otsu, 
Japan),  2 mM of MgC12, 2.5 units of Ampli Taq poly- 
merase (Roche Molecular Systems, Inc.), l 0  ng of bac- 
terial DNA, and sterilized distilled water to a final vol- 
ume of 100 p1. 

Each PCR-amplified DNA fragment was purified by 
chloroform:isoamylalcohol (24:l)  treatment followed 
by ethanol precipitation, and resuspended in 20 p1 of 
distilled water. The purified PCR products (2 to 6 11) 
were restricted with 2.5 units of 1 hexameric endonu- 
clease, Eco RI (Takara), and 4 tetrameric endonucle- 
ases, Rsa I (Takara), Mbo I (Toyobo Co.,  Osaka, Japan),  
Bst U1 and Hha I (New England Biolabs Inc., USA) 
individually, at 37OC for 4 h. The resulting restriction 
fragments were separated by gel electrophoresis in 
1.5% agarose (Nippon Gene Co., Toyama, Japan) and 
the RFLP patterns were visualized under UV excitation 
after staining with 0.5 1-19 ml-' of ethidium bromide. 

Partial sequencing of 1 6 s  rDNA. Nucleotide se- 
quences of the 5' end of the 1 6 s  rDNA of several HAKB 
isolates were determined. Almost 500 bp nucleotides 
from the 5' end of bacterial 16s  rRNA genes were PCR 
amplified with the primer set of 6F and 53613 (S'GWAT- 
TACCGCCGCKGCTG; corresponding to positions 519 
to 536 of Escherichia coli). The PCR reaction was per- 
formed under the same conditions as  specified above. 
The PCR products were excised from 1.5% agarose 
electrophoresis gels (Nippon Gene Co.) and eluted 
with SUPRECTM-01 (Takara). The eluted PCR products 
were ligated in pCRTM2.1 vector plasmids and trans- 
formed into E, coli JM109 by using a TA cloning Kit 
(Invitrogen, The Netherlands) according to the manu- 
facturer's protocol. Inserted DNA fragments were 
sequenced by using a DyeDeoxyTh" Cycle Sequencing 
Kit and DNA sequencing system (Model 373A; ABI) 
according to the manufacturer's recommended proto- 
col. Two oligonucleotides, M13 reverse primer 
(5'CAGGAAACAGCTATGAC) and T? promoter 
primer (5' TAATACTACTCACTATAGGG), were used 
as primers for sequencing. 

The nucleotide sequences obtained were compared 
with the nucleotide sequence data in GenBank, EMBL 
(European Molecular Biology Laboratory) and DDBJ 
(DNA Data Base of Japan) using BLAST SEARCH, and 
were aligned with some sequences of well-known bac- 
teria using the MALIGN program in computer software 
ODEN version 1 . l .  1 (National Institute of Genetics, 
Mishima, Japan) and DNASIS-Mac-0300 (Hitachi Soft- 
ware Engineering Co., Yokohama, Japan) to determine 
their phylogenetic relationships and taxonomic posi- 
tions. Phylogenetic analyses were restricted to the com- 
parison of highly and moderately conserved nucleotides 
positions, corresponding to residues 29 to 78, 101 to 454 
and 480 to 516 (Escherichia coli numbering). The evolu- 
tionary distances between sequences were calculated 
according to the Jukes-Cantor method, using the DISTN 
program in ODEN, and a phylogenetic tree was con- 
structed according to the neighbor-joining method, us- 
ing CLUSTAL W (version l . ? ) .  Bootstrap analyses of up 
to 1000 replicates were carried out with CLUSTAL W. 

Bacterial 16Sr DNA sequences. The new nucleotide 
sequences reported in this paper are available under 
the following accession numbers in DDBJ, EMBL and 
GenBank: GY9 ( lA) ,  AB001332; MC8 ( lA) ,  AB001333; 
GY21 (2B), AB001335; MC27 (2B), AB001336; GY27 
(2C), AB001334. 

RESULTS 

In total, 96 strains of HAKB were isolated from 34 
seawater samples collected from Hiroshima Bay in 
1994 (Tables 1 & 2). The RFLP patterns of 1 6 s  rRNA 
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Table 1.  Heterosigma akashjwo-klll~ng bacteria (HAKB) isolated from surface and bottam seawater at Stn V in Hiroshima Bay in 
1994. Abundance of HAKB was determned by the most probable number (IMPN) method ( K m  et al. 1998). nd: not determined 

Collection Surface Bottom 1 date H. akashiwo HAKB Isolates H. akashiwo HAKB Isolates 
(cells ml-') (MPN ml-'1 (cells ml-') (MPN ml-l) 

May 24 
June I 
June 3 
June 6 

June 9 
June 13 
June 16 
June  20 

June  27 
July 4 

Table 2. Heterosigma akashiwo-kllling bacteria (HAKB) isolated from surface and bottom seawater at Stn M in Hiroshima Bay in 
1994. Abundance of HAKB was determined by the most probable number (MPN) method (Kim et al. 1998) 

Collection Surface Bottom 
date H. akashiwo HAKB Isolates H. akashiwo HAKB Isolates 

(cells ml-') (MPN rnl-') (cells ml-l) (MPN ml-l) 

May 24 1.8 X 10' 2.6 X 10' MCl ,MC2 < 1 1 . 5 ~  10-' K1 
June l. 3.2 X 10' 3 6 X 10' MC3,MC4 3.2 X 10' 1.0 X 10-' 
June 3 4.4 X 103 2.2 X 10' MC7,MC8,MC9,MCln 5 . 8 ~  10' 2.3 X 10-' K3 
June 6 2.1 X 103 1.9 X 10' MC13 3.5 X 103 1.9 X 10-' K4,K5 
June  9 3.4 X 103 1.5 X 10' MC16,MC17 9.5 X 10' 1.8 X 10-l K6,K7,K8 
J u n e  13 1.3 X 103 6.6 X 10' MC18 2.6 X 103 6.4 X 10' K9 
June 16 4.7 X 102 5.0 X 10' MC21,MC23,MC24,MC25 3.3 X 102 1.4 X 10' K10 
June 20 1.5 X 102 2.4 X 102 MC26,MC27,MC28,MC29, < 1 7.5 X 10' Kll,K12,K13,K14 

MC30, MC31 
June 27 3.3 X 10' 1.2 X 10' MC32,MC33,MC34,MC37, 1.0 X 10' K15 

MC38, MC39, MC40 
July 4 8.7 X 10' 1.7 X 10' MC41 < l  6.7 X 10' 

gene (16s rDNA RFLP) amplified from 85 HAKB iso- 
lates were analyzed for studying genetical diversity of 
HAKB populations. 

Table 3 lists the 16s  rDNA RFLP patterns observed in 
the 85 HAKB strains after separate enzyrnatic treatment 
with the 5 endonucleases Eco RI, Rsa I, Mbo I, Bst U1 
and Hha I .  The endonuclease Eco RI is a hexameric re- 
stnction enzyme, which has a 6-bp recognition site, and 
Rsa I ,  Mbo I ,  Bst U1 and Hha I are tetrameric restriction 
enzymes, which have 4-bp recognition sites. The al- 
most complete 16s  rDNA (1500-bp nucleotide length) 
was digested into 1 or 2 fragments by Eco RI and into 1, 
2, 3 , 4 , 5  or 6 fragments by Rsa I, Mbo I ,  Bst U1 and Hha 
I .  Three RFLP patterns were obtained among HAKB 
populations with Eco RI, and, in contrast, the 4 
tetrameric restriction enzymes Rsa I, Mbo I ,  Bst U1 and 

Hha I revealed 11, 15, 14 and 13 RFLP patterns, respec- 
tively. From the results of 16s rDNA RFLP by restriction 
with 5 endonucleases, we tentatively divided the HAKB 
strains into 17 ribotypes. Ribotypes lA, 1B and 1C could 
be distinguished from each other by the treatment with 
Mbo I only and the RFLP of ribotype 2D with Eco RI, 
Rsa I and Hha I was identical to that of ribotype 2C. The 
RFLP patterns of 2B and 2D overlapped after restriction 
with Eco RI, Mbo 1 and Hha I .  

Ribotype groups 2B and 2C together accounted for 
55.3% of all the 85 HAKB strains isolated in 1994 
(Table 4). Ribotype group 1A accounted for 11.8%, and 
was isolated only from the surface water at both Stns V 
and M. The remaining 28 strains were distributed 
among 14 ribotypes, and 9 ribotypes (IB, l C ,  ID, IF, 
l G ,  lH ,  lM, 2A and 2E) consisted of a single strain. 
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(A) Stn V (Surface) -7 Fig. 1. (A) Abundance of Heterosigma akashiwo and 

103 105 HAKB in the surface seawater at Stn V in Hiroshima Bay in 
3 1994 and (B) bacterial ribotype distribution among HAKB 

104 populations isolated on each sampling occasion. The abun- 
dance of HAKB was determined by the MPN method (Kim 
et al. 1998). The ribotypes were determined using restric- 

2 tion fragment length polymorphism of the 16s rRNA gene 

g PCR amplified from HAKB isolates. Number of strains 
2 loo  101 .& belonging to each ribotype is represented by the size of the .- - m circles as follows: (o) 0 strains, (a) 1 strain, (0) 2 stra~ns, 
X 2 (Q-@), 3-7 strains. 'Unclassified'. bacteria for which ribo- 

X types could not be determined 
M June July 

(B) Date (1994) 
Ribotv~es 

lA / lB / lC  = m A 
U Stn V in 1994. Ribotype 2B was largely dominant in 

28 --=-*-3-3- the HAKB population on June 6. when the H. 

2C --S- = = - m m ., - akashiwo bloom was terminated coincident with the 

2D c m v m - v  m rapid increase in HAKB abundance. Afterwards, 

1E 4 
HAKB populations in the surface consisted mainly 

A 

1J - W 
of ribotype 2B and 2C until June 27, 1994. Ribotypes 

1K c v 2B, 2C and 2D were dominant throughout the col- m 

3A 4 - lapse of the H. akashiwo bloom in the surface at 
n n  1 - -- - Stn M (Fig. 3B). Ribotypes lA, 1B and l C ,  however, 

Unclassified = A + dominated the HAKB populations at the surface at 
both Stns V and M before H, akashiwo blooms were 

Total number 
of strains 2 6  9 2  2 3  7 3 0 

I 1 1  I I  I I  I I I 

May24 Jun3 Jun9 Junl6 Jun27 
Junl Jun6 Junl3 Jun2O Ju14 (A) Stn V (Bottom) - - 

Date (1994) 103 105 -i 
E "l 

m m 

Algal cell densities greater than 104 cells ml-' oc- 
curred in the surface water at Stn V during blooms of . 

Heterosigma akashiwo from June 1 through June 5, 5 
1994 (Kim et al. 1998) (Fig. 1A). The bloom termi- > 
nated suddenly and H. akashiwo cells disappeared g 
at the surface on June 6. At that time the MPN of X 

HAKB rapidly increased 50-fold from 5.4 cells ml-' 
May June July 

on June 3 to 2.6 X 102 cells ml-' on June 6 in 1994. (B) Date (1994) 

The abundance of HAKB in the bottom water was Ribotvpes 
more than 7.1 X 10' cells ml-' during the gradual lA/ lB/ lC A 2 

decrease of H. akashiwo after June 6 ,  1994 (Fig. 2A). 2B c 2 C) 9 m 

At Stn M, an increase of HAKB abundance was 
observed during the disintegration period in 1994, 2C 2 

C ) - r J  ' C  c 9 
similar to as at Stn V (Figs. 3A & 4A). 2D c 

Fig. 1B shows the changing ribotype distribution 1E 4 
04- *c- m 1 

(genetic diversity) of HAKB populations during the 1J 0 

1K - " c :  = 
development and decay process of the Heterosigma 3A c--= c =  c -h U ., 
akashiwo bloom that occurred in the surface water at - ,. " 

Unclassified 3- c+ :--c 

Fig. 2. (A) Abundance of Heterosigma akashiwo and HAKB number 0 0 0 1 2 4 2 2 l 3 
in the bottom seawater at Stn V in Hiroshima Bay in 1994 of strains I I I  I I  I I  I I I 

and (B) bacterial ribotype distribution among HAKB popu- May24 Jun3 Jun9 Junl6 Jun27 
lations isolated on each sampling occasion. Refer to the Junl Jun6 Junl3 Jun2O Ju14 

legend of Fig. 1 for explanation of symbols in (B) Date (1994) 
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Table 4. Number of HAKB strains classified into ribotypes. The HAKB stralns were isolated in surface and bottom water at Stns V 
and hI in Hiroshima Bay in 1994. Ribotypes were estimated using restriction fragment length polymorphi.sms of the 16s  rRNA 

gene from HAKB (see Table 3) 

Ribotype Total 
1A 1 B  1C 1D 1E I F  1G 1H 1J 1K 1M 2A 2B 2C 2D 2E 3A 

Stn V 
Surface 5 1 0 0 0 1 0 0 0 0 1 1 1 6 5 0 0 1  31 

("/.l (16.1) (3.2) (0.0) (0.0) (0.0) (3.2) (0.0) (0.0) (0.0) (0.0) (3.2) (3.2) (51.6) (16.1) (0.0) (0.0) (3.2) (100.0) 
Bottom 0 0 0 0 3 0 0 1 3 0 0 0 2 2 1 1 1  14 

( X )  (0.0, (0.0) (0.0) (0.0) (21.4) (0.0) (0.0) (7.1) (21.4) (0.0) (0.0) (0.0) (14.3) (14.3) (7.1) (7.1) (7.1) (100.0) 

Stn M 
Surface 5 0 1 1 0 0 1 0 0 1 0 0 6 8 5 0 0  28 
(X) (17.9) (0.0) (3.6) (3.6) (0.0) (0.0) (3.6) (0.0) (0.0) (3.6) (0.0) (0.0) (21.4) (28.6) (17.9) (0.0) (0.0) (100.0) 

Bottom 0 0 0 0 1 0 0 0 2 1 0 0 2 6 0 0 0  12 
( X )  (0.0) (0.0) (0.0) (0.0) (8.3) (0.0) (0.0) (0.0) (16.7) (8.3) (0.0) (0.0) (16.7) (50.0) (0.0) (0.0) (0.0) (100.0) 

Total 1 0 1 1 1 4 1 1 1 5 2 1 1 2 6 2 1 6 1 2  85 
( X )  ( l  l . )  (1 .2  (1 .2  (4.7) (1.2) (1.2) (1.2) (59)  (2.4) (1.2) (1.2) (306) (247)  (7.1) l )  (2.4) (100.0) 

terminated, that is, 4 of 11 strains of HAKB isolated 
at Stn V up to June 3, 1994, and 6 of 11 strains iso- 
lated at Stn M upto June 6 ,  1994, were classified as 
ribotypes lA,  1B and 1C (Figs. 1B & 3B). In the bot- 
tom water at  both Stns V and M, HAKBs belonging 
to a con~paratively wide variety of ribotypes were 
recovered throughout the sampling period. 

From May 30 through July 10 in 1995, 102 and 25 
strains of HAKB were isolated from the surface at  
Stn V and Stn M, respectively. The ribotypes of 47 
strains from Stn V and 11 strains from Stn M were 
determined in the same manner in 1994. In 1995, the 
HAKB members of 2B, 2C and 2D accounted for 52 
strains and corresponded to 89.7 % of all 16s  rDNA 
RFLPs analyzed (data not shown). The HAKB strains 
of ribotype 2C and 2D were especially dominant in 
the HAKB populations isolated a t  Stn V on June 30 
(19 strains of 2C and 8 strains of 2D were observed 
in 29 strains of HAKB), when the MPN of HAKB dra- 
matically increased and was followed by disintegra- 
tion of the Heterosigma akashiwo bloom (Kim et  al. 
1998). 

To strengthen the 16s  rDNA RFLP classification, 
we determined the partial nucleotide sequences of 
16s  rRNA genes from several HAKB strains isolated 
on different sampling occasions in 1994 (Fig. 5). 
Strains GY21 and MC17 belonged to the ribotype 
2B, and strains GY9 and MC8 belonged to the ribo- 
type 1A. The nucleotide sequence of the 16s  rDNA 
of GY21, which was isolated from the surface water 
collected at Stn V on June 6 in 1994, was aln~ost  
identical (99.6% similarity) to that of MC17, which 
was isolated from the surface water at  Stn M on 
June 9, 1994 (Fig. 5). The nucleotide sequences of 
strains GY9 and MC8, which belong to ribotype lA ,  

(A) Stn M (Surface) - 

l I I I I I I -1100 
23 30 6 13 20 27 4 
Mav .Iune .lulv 

2 

Date (1994) 

Unclassified eo c 4  - A 

Total number 
of strains 2 4 3 2  1 3  6 8 1 

I I I I I  I I  I  I I 

May24 Jun3 JunY Junl6 Jun27 
Junl Jun6 Junl3 Jun20 Ju14 

Date (1994) 

Fig. 3.  (A) Abundance of Heferosigma akashjwo and HAKB in 
the surface seawater at  Stn M in Hiroshima Bay in 1994 and 
(B) bacterial ribotype distnbution among HAKB populations iso- 
lated on each sampling occasion. Refer to the legend of Fig. 1 for 

explanation of symbols m (B) 
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were also nearly identical (99.4 % similarity). Par- 
tial (almost 500 nucleotides) sequences of 3 strains 
of ribotype 2C were also identical, showing more 
than 99% similarity (data not shown). Comparing 
the partial 16s  rDNA nucleotide sequences be- 
tween different ribotypes, the similarity value be- 
tween 2B (GY21) and 1A (GY9) was significantly 
low (77.4%), although the similarity between 2B 
and 2C (GY27) was 94.7 %. 

A phylogenetic tree demonstrating the relation- 
ship among 3 ribotypes ( I A ,  2B and 2C) of HAKB 
strains (GY9, GY21 and GY27) and 25 species of 
well-known bacteria was constructed from the 
partial sequences of 16s  rDNA (Fig. 6). The tree's 
topology was determined by the neighbor-joining 
method with Prochloron sp. as an outgroup. Five 
species of bacteria belonging to the Cytophaga/ 
Flexibacter group and 10 species belonging to the 
y-proteobacteria group were phylogenetically com- 
pared with 3 HAKBs on the tree. The HAKB strain 
GY9 (1A) formed a monophyletic lineage with 
some gliding bacteria belonging to the genera 
Cytophaga and Flexibacter. Two strains (GY21 and 
GY27) of ribotypes 2B and 2C formed a single 
cluster neighbor to Alterornonas macleodii and 
Aeromonas sp., which belong to the y-proteo- 
bacteria group. 

Stn M (Bottom) 

U) - 
-104 - - 

- 

S - 
-10'  .G 

t - -100 2 
23 30 june 

13 20 27 4 
May July a 

(B) Date (1994) 

Ribotvpes 
lA/lB/lC 0 

n 

Unclassified A W v 

Total number 
of strains 0 1  2 3  1 1  4 1 0 

I I I I I  I I  I  1 I  

May24 Jun3 Jun9 Junl6 Jun27 
Junl Jun6 Junl3 J u d o  Ju14 

Date (1994) 

DISCUSSION Fig. 4 .  (A)  Abundance of Heterosigma akashiwo and HAKB in the 
bottom seawater at Stn M in Hirosh~ma Bay in 1994 and (B) bacte- 
rial ribotype distribution among HAKB populations isolated on 

In this study HAKB were defined as those which each sampling occasion. Refer to the legend of Fig. 1 for explana- 
killed and/or lysed growing cells of Heterosigma tion of symbols in (B) 

akashiwo and multiplied by using the organic 
nutrients derived from the dead microalgal cells. In the diversity of microbial populations and to identify the 
procedure for isolation of HAKBs, their killing activi- most abundant and hence important species. We used 
ties were confirmed by inoculating into the log phase 16s  rDNA RFLP analysis to investigate the diversity 
culture of H. akashiwo at the initial bacterial density of and dynamics of HAKB populations during Het- 
ca 103 cells ml-' Most HAKB isolates completely de- erosigma akashiwo blooms and to determine which 
stroyed the microalgal culture within 48 h but a few HAKB species were most abundant in the disintegra- 
HAKB isolates took a week to destroy the microalgal tion of H. akashiwo blooms. 
culture. The cell densities of all HAKBs after the RFLP analysis of 16s rRNA gene fragments, using 
destruction of the microalgal culture were more than the 5 endonucleases Eco RI, Rsa I, Mbo I, Bst U1 and 
10' cells ml-l, although SWM3, the culture medium for Hha I separately, revealed 17 ribotypes in HAKB pop- 
H. akashiwo, contained no organic nutrients. Our ulation~ in 1994 (Table 3). This result indicates that 
results indicate that all HAKB strains in this study many species of bacteria inhabiting seawater have 
killed H. akashiwo and utilized the dead algal cells for killing activities on Heterosigrna akashiwo. Ribotypes 
their multiplication. lA, 1B and 1C are probably a closely related bacterial 

RFLP analysis of PCR-amplified DNA fragments of group because they could be separated from each 
the 16s  rRNA gene has been useful for studying other by the treatment with Mbo I only. Members of 
genetic diversity and structure of microbial cornrnuni- ribotype 2D are probably close relatives of ribotypes 
ties in natural environments (Moyer et al. 1994, Wilson 2B and 2C since the RFLP of 2D with 3 endonucleases 
et al. 1995, Suzuki et al. 1997). The RFLP analysis is overlapped those of 2B and 2C (Table 3).  
normally easier and more economical than sequencing Moyer et al. (1996) assessed the availabilities of 10 
16s  rDNA; hence it is frequently used to describe the tetrameric restriction enzymes for 16s rDNA RFLP 
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Fig. 5. Ahgnment of partial 
nucleotide sequences of 
16s  nbosornal RNA genes 
(16s rDNA) of several 
strains of HAKB (GY21, 
MC17, GY9 and MC8) iso- 
lated in 1994. The ribotype 
of each bactenal strain 
analyzed by restriction 
fragment length polymor- 
phism of the 16s  rRNA 
gene is given in parenthe- 
ses. A dot indicates the 
identical nucleotide as that 
of GY21, and a dash indi- 
cates an  introduced gap 

Fig. 6. Phylogenetic tree showing 
relationships of HAKB s t r a~ns  
belonging to ribotypes 1A. 2B and 
2C to representative bactena 
The tree was inferred from partial 
sequences of 16s  rKNA genes by 
the neighbor-joinlng method. The 
number at  each node represents 
the bootstrap value (percent) for 
that node, based on 1000 boot- 
strap replicates. An outgroup is 
represented by Prochloron sp. 
(accession number X6314 1 in 
GenBank). Bootstrap values be- 

low 50 % are not shown 
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analysis using a computer simulation. They analyzed 
16s rDNA RFLPs from 100 closely and distantly related 
bacteria in Genbank and recommended Hha I, Bst U1 
and Rsa I as the most useful enzymes for a tentative 
classification of bacteria. They also suggested that 
treatment with more than 3 different tetrameric restric- 
tion enzymes could theoretically distinguish between 
closely related bacteria (Moyer et al. 1996). Moreover, 
we determined the partial sequences of 16s  rRNA 
genes from some representatives of HAKB to verify the 
ribotyping by RFLP. The 533-bp nucleotides sequences 
of the 16s  rRNA genes were almost identical between 
strains of the same ribotype isolated at different sam- 
pling times (Fig. 5). These results strongly support the 
fact that the ribotyping by the 5 endonucleases used in 
this study was sufficiently powerful to resolve the pop- 
ulation structure and dynamics of the HAKB. 

At Stn V in Hiroshima Bay in 1994 and 1995, Hetero- 
sigma akashiwo blooms occurred at the beginning of 
June and at  the end of June, respectively (Kim et al. 
1998). In the both cases, the bloom at the surface dra- 
matically disintegrated within a few days after the cli- 
max. Use of the MPN method with an axenic H. 
akashiwo culture demonstrated the rapid increase in 
the abundance of HAKB during the dramatic termina- 
tion of the blooms. Hundreds of HAKB strains were iso- 
lated at the same time from the MPN cultures contain- 
ing HAKB. In 1994, strains of ribotypes 2B, 2C and 2D 
were dominant in HAKB populations during the disin- 
tegration period of the H. akashiwo bloom. Also, in 
1995, 93% of HAKB strains (27 of 29) isolated at the 
end of the H. akashiwo bloom at Stn V (June 30) 
belonged to ribotypes 2C and 2D. These results 
strongly suggested that the HAKB of ribotypes 2B, 2C 
and 2D, which are closely related phylogenetically, 
played a significant role in the dramatic termination of 
H. akashiwo blooms in Hiroshima Bay. 

Ribotype 1A was the third most abundant group 
among the HAKB populat~ons, but the members of thls 
group were isolated mainly before the blooming of 
Heterosigma akashiwo, when the MPN of HAKB was 
not especially high (Figs. 1 & 3).  This result might not 
mean that the HAKBs of 1A disappeared during the 
disintegration periods of H. akashiwo blooms, but they 
might become a minority among HAKB populations 
during these periods. In any case, 1A may not be the 
primary agent causing the termination of H. akashiwo 
blooms. 

Several HAKB strains which belong to ribotypes lE,  
l H ,  l J ,  2D and 2E were isolated only from the bottom 
water (seawater samples 1 m above the bottom); how- 
ever, in contrast, the HAKB strains of ribotype 1A were 
not isolated from the bottom water at both Stns V and 
M. In Hiroshima Bay, the peak number of Heterosigma 
akashiwo in the bottom water occurred just after the 

climax of the algal blooms in the surface water, and 
most H. akashi~vo cells in the bottom water were swim- 
ming less actively than in the surface water. We sup- 
pose these less active algal cells would soon be killed 
because microscopic observations have shown that H. 
akashiwo cells stop swimming and then are killed by 
HAKB. Therefore the physiological state of target algal 
cells possibly effects the HAKB population structure, 
although no evidence for this is available. 

A phylogenetic tree (Fig. 6) inferred from the partial 
16s  rRNA gene sequences of some HAKB strains 
revealed a relatively close affiliation of ribotype 1A 
with the CytophagalFlexibacter group. In contrast, 2B 
and 2C clearly belong to the y-proteobacterial group, 
which includes many marine bacteria. However, the 
values of similarity between these ribotypes and their 
closest relatives in the GenBank, EMBL and DDBJ 
databases were not very high (less than 92%), and, 
consequently, the HAKB strains of lA, 2B and 2C seem 
to be newly isolated marine bacteria. 

Several strains of bacteria algicidal to marine 
diatoms, raphidophycean flagellates and dinoflagel- 
lates have been isolated from the nearshore seawater 
of Japan (Sakata 1990, Imai et al. 1991, 1993, 1995, 
Fukami et al. 1992, Mitsutani et al. 1992, Yoshinaga et 
al. 1995a, b, 1997). These algicidal marine bacteria can 
generally be divided into 2 groups by their algicidal 
mechanisms; the first group directly attacks and lyses 
target microalgae after cell-to-cell attachment, and the 
second produces and excretes algicidal substances to 
kill microalgae, killing them without direct attachment 
to the microalgal cells (Ishida et al. 1997). It is well 
known that gliding algicidal bacteria, including 
Cytophaga, generally attach directly to microalgal 
cells and lyse them. In contrast, most algicidal bacteria 
belonging to the genera Vibrio, Flavobacterium, Al- 
teromonas and Pseudomonas, which belong to the y- 
proteobacterial group, are thought to kill microalgae 
by means of algicidal substances. Microscopic obser- 
vations and experiments using a diffusion chamber 
cultivation system (Yoshinaga et al. 1995a) suggest 
that the HAKB isolates of 2B and 2C do not need to 
directly attach to a mlcroalgal cell surface to kill Het- 
erosigma akashiwo, although strains of 1A do ( I .  Yoshi- 
naga et al. unpubl.). The phylogenetic analysis is con- 
sistent with these observations of the mechanisms by 
which HAKB kill. 

The newly improved MPN method ( K m  et al. 1998), 
using an axenic culture of Heterosigma akashirvo as an 
MPN medium, and the 16s  rDNA RFLP analysis sug- 
gested that the HAKB of ribotypes 2B, 2C and 2D reg- 
ulate the rapid termination of H. akashiwo blooms. It 
wouId be interesting to utilize DNA probes, which rec- 
ognize members of the 2B, 2C and 2D ribotypes, to 
obtain information about the dynamics of HAKB popu- 
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lations during blooms in natural environments (Amann 
et al. 1995, Lanoil & Giovannoni 1997). 

Furthermore, the HAKB strains may be useful agents 
for the prevention and extermination of Heterosigma 
akashiwo blooms, which frequently damage aquacul- 
ture and nearshore fisheries. More detailed studies on 
the mechanisms by which HAKB kill and the ecology 
of HAKB populations are needed. 
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