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Identification of Alga-Ilytic Bacterium AK-07 and Its Enzyme
Activities Associated with Degradability of Cyanobacterium
Anabaena cylindrica
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INTRODUCTION

Many cyanobacteria are ecologically important
microorganisms in view of their nitrogen-fixing
ability (Khan et al., 1994). They can, however,
bring out severe trouble such as water blooms in
many freshwater lochs and reservoir around the
world due to mass development (Carmichael,
1994). Water blooms by cyanobacteria, particu-
larly in genera Microcystis and Anabaena, are
widely distributed in nature freshwater ecosys-

tems during summer, and have often resulted in
a deterioration of water quality with adverse
effects on lake ecology, livestock, human water
supply, and recreational amenity. They produce
the toxic substances (Harada, 1996) and offen-
sive odors (Tsuchiya et al., 1992). Several appro-
aches have been tried to control cyanobacterial
blooms from lakes and reservoirs. The frequently
used algicidal agents were copper sulfide
(McGuire et al., 1984) and simazine, which block
photosynthesis (Reyssac and Pletikosic, 1990),
but this is expensive and potentially damaging
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on the environment. An alternative approach is
to reduce the nutrient required the algal growth,
although it is not easy to control the amount of
nutrient reaching lakes and reservoirs. None of
these methods have been successful so far
(Burnham et al., 1976, 1981). Therefore, biologi-
cal control was on the rise for a more suitable
method to regulate cyanobacterial blooms and
bacterial pathogens that inhibit growth of
cyanobacteria have been isolated (Yamamoto et
al., 1998). Only a few cases, however, has been
elucidated the nature of the antagonistic me-
chanisms (Burnham et al., 1976, 1981). More-
over, the role of physiological adaptation and
selection of alga-lytic bacterial species with re-
spect for algal degradation are not easily inves-
tigated in natural systems due to its obvious
interactions that are more complex exist in
nature microbial communities (Gonzalez et al.,
1996). With the aim of obtaining other microor-
ganisms, which can be used for controlling
cyanobacterial blooms, the authors isolated and
identified bacterial strains with algal-lytic
activities against Anabaena cylindrica and inve-
stigated enzyme activities of alga-Ilytic bac-
terium. The activities of protease (gelatinase and
caseinase), lipase, amylase, carboxymethyl-
cellulase (CMCase), chitinase, agarose, fucodian
hydrolase, laminarinase, alginase, B-glucosid-
ase, - and PB-galactosidase, B-N-acetylglu-
cosaminidase, B-xylosidase, and a-mannosidase
were examined.

MATERIALS AND METHODS

1. Algal culture conditions

Anabaena cylindrica M-1 that used as host for
alga-lytic bacteria was kindly supported by
Institute of Applied Microbiology (IAM) culture
collection of Tokyo University, and a clonal
axenic culture was cultivated and maintained in
BG-11 medium (Castenholz, 1988; Rippka, 1988)
under continuous illumination of cool white fluo-
rescent lamps giving an incident light intensity
of 35 umole st m=2 and at 25~28°C with agita-
tion at 150 rpm on rotary shaker.

2. Isolation of characterization of alga-lytic
bacterium

Various surface waters and sediment cores

were collected from Pal'tang reservoir and Lake
of Sukchon in Korea where are eutrophic lake in
which cyanobacteria are dominant phytoplank-
ton during summer season (Kim, 2001). Alga-
lytic bacteria were isolated by the soft agar over-
layer technique (Shilo, 1970). Axgenic cultures of
A. cylindrica M-1 were grown BG-11 medium
for 1 week, and 1 ml of A. cylindrica M-1 cul-
tures was mixed with 1 ml of filtered (200 pm
filter) suspension of surface waters or sediment
samples and molten BG-11 soft agar equilibrat-
ed to 50°C. The mixture was immediately poured
onto a BG-11 soft agar plate. After the agar had
solidified, the plates were incubated at 25~28°C
with continuous illumination of cool white fluor-
escent lamps giving an incident light intensity of
35 umol s~ m-2, Bacterial colonies that produced
clear zones on lawns of A. cylindrica were picked,
purified, and maintained on BG-11 agar plates.
Pure cultures were stored at —80°C in BG-11
medium containing 0.1% (v/v) yeast extract
supplemented with 20% (v/v) of glycerol.

3. Determination of biochemical and physiol-
ogical characteristics of bacterial isolate

Purified bacterial isolates were precultured on
nutrient agar for following tests. The biochemical
and physiological characteristics were determin-
ed using the method of Gerhardt et al. (1994) and
further investigated using carbon utilization, the
optimum pH, temperature for growth, a hemoly-
sis test, and gram straining. Oxidase and catal-
ase activity, gelatin liquefaction, arginine dehyd-
rolase, ornithine decarboxylase, etc. were further
examined. For investigation of DNA base compo-
sition, average G+C value was determined by
using the thermal denaturation method (De Lay
and Van Muylem, 1963) and was calculated by
using the equation of Marmur and Doty (1962),
as modified by De Lay (1970).

4, |dentification of bacterial isolate with
phylogenetic analysis

The chromosomal DNA was isolated using a
method described by Yoon et al. (1997). The am-
plification of the 16S rDNA was conducted using
two universal primers according to Stackebrandt
and Liesack (1993), 5'-GAGTTTGATCCTGG-
CTCAG-3' and 5'-AGAAAGGAGGTGATCCAG-
CC-3'. A PCR was run for 35 cycles in a DNA
thermal cycler, Genetic analyzer 377 (Perkin-
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Elmer, Boston, USA), employing the thermal
profile according to Yoon et al. (1997). The 16S
rDNA sequence of bacterial isolates AK-07 and
AK-13 was aligned using CLUSTAL W software
(Nigam et al., 2000). The evolutionary distance
matrices were calculated with the DNADIST
program within the PHYLIP package (Felsen-
stein, 1993). The sequences of representative
species of the genus Acinetobacter and related
taxa were cited using the GenBank Database.
The values of 16S rDNA similarity were calculat-
ed from the alignment, while the evolutionary
distances were calculated using a Kimura two-
parameter correction. A phylogenetic tree was
constructed using the neighbor-joining method
(Saitou and Nei, 1987) based on the calculated
distance matrix.

5. Effect of mixed-culture on the alga-lytic
activity

To examine alga-lytic activity of AK-07, iso-
late AK-07 was cultivated in 200 ml BG-11
medium containing 0.1% casitone for 24 hrs and
harvested by centrifugation at 8,000 rpm, 20°C
for 10 min. The harvested cells were resuspended
with fresh BG-11 medium and the initial cell
concentration of 1,000 ml adjusted to approxi-
mately 1.0 at 660 nm was inoculated.

Two mixed-cultures of A. cylindrica and bac-
terial strain AK-07 were prepared. The cultures
were cultivated with agitation by 150 rpm on a
rotary shaker. Culture media prepared as above
were incubated with about 1 x 108 cells ml-* of A.
cylindrica as final concentration and cultivated
in the algal growth chamber. At intervals during
cultivation, the optical densities at 750 nm were
measured. As controls, cyanobacterial cultures,
which were free from lytic bacteria, were prepar-
ed in the BG-11 medium supplemented with
0.05% casitone and cultivated at shaking culture
conditions described above.

6. Preparation of cell -free extracts

Cells of isolate AK-07 were harvested by cen-
trifugation at 20,000 rpm and 4°C for 20 min and
washed twice with 50 mM phosphate buffer pH
7.2 and resuspended in the same buffer. The
cells was homogenized by sonication (MSE 100
watt Ultrasonic Disintegrator, MSE, London,
UK) and centrifuged at 20,000 rpm for 20 min
under 4°C to remove cell debris. The supernatant

was used as the crude enzyme solution. The cell-
free extracts were kept at —20°C until used.

7. Assays of enzyme activities

To determine the activities of chitinase, lami-
narinase (-1, 3-D-glucanse), alginase, agarase,
carboxymethyl-cellulase (CMCase), a chitin,
laminarin, alginate, agar, and CM-cellulose
used as substrates were purchased from Sigma-
Aldrich Ltd., USA. The most of enzyme activities
were measured by colorimetric analysis of the
reducing sugar content determined by the pro-
cedure of Somogyi (1952) and Nelson (1955).
Enzymes and substrate blanks were also includ-
ed. A unit of enzyme activities is defined as the
amount of enzyme catalyzing the release of 1
pmol of correspondent substrate per 1 mg of
protein. Protein concentration was measured by
the method of Bradford (1976) with bovine serum
albumin as the standard. Chitinase and alginase
were determined by development of clear zones
around the colonies. Congo red was used for de-
tection of in vivo CMCase activity as follows: AK
-07 colonies on agar plates were lysed by chloro-
form vapor during 15 min. The plates were overl-
aid with 5 ml of 50 mM phosphate citric acid
buffer, pH 5.2, at 50°C supplemented with agar
(0.5% w/v) and CM-cellulose (1% w/v) at 50°C.
After 12 hrs of incubation at 30°C, the plates
were flooded with Congo red (1% wi/v) for 20 min
and washed 1 M NacCl. Active clones were sur-
rounded by a yellow halo on a red background.
One unit of cellulase activity corresponds to 1
pmol D-glucose equivalent released min-1,
Laminarinase activity was determined by mea-
suring the amount of reducing sugar releasing
from laminarin. A standard assay mixture (1 ml)
was containing enzyme solution properly diluted,
4 mg of laminarin, and 50 mM potassium acetate
buffer with pH 5.5. The reactions were run for 30
minutes at 30°C and stopped by boiling for 5
minutes, and reducing-sugar content was deter-
mined. A unit of laminarinase activity is defined
as the amount of enzyme catalyzing the release
of 1 umol of glucose equivalent per minute. Gly-
cosidase activities were measured with the p-
nitrophenyl derivatives of relevant monosacch-
arides (Sigma-Aldrich Ltd., USA) viz., p-nitro-
phenyl-p-D-glucopyranoide, p-nitrophenyl-a-
D-galatopyranoide, p-nitrophenyl-p-D-galato-
pyranoide, p-nitrophenyl-3-N-acetyl-D-gluco-
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saminopyranoside, p-nitrophenyl-p-N-acetyl-
D-galctopyranoside, p-nitrophenyl-a-L-fuco-
side, p-nitrophenyl-a-D-manno-pyranoside,
and umbellipheryl-pB-D-xylopyranoside. Glyco-
sidases activities were determined in 100 mM
phosphate buffer with pH 7 at 28°C. 0.05 ml of
p-nitrophenyl glycoside in 50 mM phosphate
buffer with pH 7 and 0.1 ml of cell-free extract
were mixed thoroughly and 0.1 ml of 1 M Na,COs3;
was added to stop the reaction. Specific activities
of glycosidase were expressed as amount of en-
zyme that converted 1 pmol of p-nitrophenol per
hour.

RESULTS

1. Isolation of alga-lytic bacteria against
Anabaena cylindrica

A number of bacteria (78 strains from surface
waters and 100 from sediments) were isolated
from surface waters and sediments. Only nine
isolates exhibited lytic abilities against Anabae-
na cylindrica M-1 on the agar plates. A typical
plaque of bacterial isolates appeared on the
lawns of A. cylindrica M-1 cells after 1 week,
and then isolate AK-07 was selected as the
strongest in lysing the cyanobacterium, A. cylin-
drica M-1.

2. Determination of characteristics of alga-
lytic bacterium AK -07

Enrichment cultures were obtained from fresh
water sediments with added alga-lytic bacterial
strain to favor growth of hydrolytic enzyme-
producing microorganisms. Only one bacterial
isolate was clearly picked on the plates during
the monitoring algal degradation. Strain AK-07
was gram-negative, rod-shaped, catalase posi-
tive and oxidase negative. Arginine dihydrolase,
lysine and ornithine decarboxylases, lipase,
caseinase, alginase, laminarinase (-1, 3-glu-
canase), and fucodian hydrolase were positive.
Coenzyme Q was ubiquinone Q-7, and G+C
contents of the DNA that is similar to the genus
Acinetobacter (38 ~47 mol%) were 44.3 mol%.
Other phenotypic features are shown in Table 1.
Thus, strain AK-07 was found to be very simi-
lar to Acinetobacter spp. based on its biochemical
and physiological characteristics, respectively.

Table 1. Morphological, physiological, and biochemical
characteristics of isolate AK-07.

AK-07

Short rod
0.8~1.4um

Characteristics

Cell shape
Cell diameter
Gram staining -
Optimum temperature 28°C
Growth on 42°C
Optimum pH
Motility
Catalase
Oxidase
Arginine
Ornithine
Lysine
Citrate utilization
Hemolysis
Production of
Amylase -
Caseinase
Gelatinase —
Agarase
Carboxymethyl-cellulase (CMCase)
Lipase
Chitinase
Alginase
Laminarinase
Fucodian hydrolase
Carbohydrate utilization of
D-Lactate +
D-Mannose —
Lactose —
D-Arabinose
D-Galactose —
Sorbitol +
D-Fucos -
D-Ribose +
_l’_

L+ D

_l’_

+++ 0+

D-Xylose

Glycerol

Mannitol —

Cellobiose -

Trehalose -

Sucrose —
Coenzyme Q Q-7
G-+ C contents (mol %) 44.3%

3. Phylogenic analysis

The 16S rDNA sequence was analyzed to deter-
mine which species matched strain AK-07 with
the highest homology among the Acinetobacter
species cited in the GenBank. The phylogenetic
tree constructed using the neighbor-joining me-
thod is shown in Fig. 1. The sequencing data was
aligned to construct a phylogenetic tree. The
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Fig. 1. Phylogenetic tree based on 16S rDNA sequences showing the positions of strain AK-07, the type strains of
Acinetobacter species and the representatives of some other related taxa. The scale bar represents 0.01 substitu-

tions per nucleotide position.

phylogenetic position of strain AK-07 was then
compared with certain Acinetobacter species and
related taxa in a dendrogram. In the phylogene-
tic tree, strain AK-07 was closest to Acinetobac-
ter johnsonii DSM 69637 and part of a robust
monophyletic cluster with Acinetobacter haemo-
lyticus DSM 69627, Acinetobacter schindler LUH
58327, Acinetobacter Iwofii DSM 24037, and
Acinetobacter calcoaceticus DSM 300067. The
level of sequence similarity of strain AK-07
within the monophyletic cluster was greater
than 97% (Fig. 1). The sequence of strain AK-07
was almost identical to that of Acinetobacter
johnsonii DSM 69637 with a 99.5% similarity.
Hence, this appears to be the first report that A.
johnsonii AK-07 has ability of algal lytic against
Anabaena cylindrica.

4. Algicidal effect of Acinetobacter johnsonii
AK-07

Algal lytic activities of Acinetobacter johnsonii
AK-07 against A. cylindrica when the mixed-
culture was agitated by 150 rpm, cyanobacterial
vegetative cells disappeared completely 12 days
after inoculation of alga-lytic bacteria (Fig. 2).
Rapid lyses of A. cylindrica M-1 occurred in the
presence of A. johnsonii AK-07. A. cylindrica M-
1 and cells of AK-07 were growth together, the
algal population quickly declined by AK-07
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Fig. 2. Influence of Acinetobacter johnsonii AK-02 on the
growth of Anabaena cylindrica M-1. A. cylindrica
M-1 in BG-11 medium ether in the presence of
AK-07 (right line, @) or in the absence of bacteria
strain (right line, A). In the mixed culture, bacte-
rial cells of AK-07 (dotted line, O) was added to
the A. cylindrica M-1 culture 4 days after the
start of cultivation, as indicated by the arrow.

around 6 days after the start of cultivation. In
contrast, bacterial cells were able to grow in the
mixed culture and the population of AK-07 in-
creased up to 8 x 108 cfu ml-! within 16 days
after the start of cultivation. In Fig. 2, the cell
growth of A. johnsonii AK-07 in mixed culture
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with alga followed the batch growth curve of a
lag, an exponential, and stationary phase. In
bacteria—-free extracellular filtrate, however, the
alga-lytic activity was not found.

5. Enzyme activities of Acinetobacter johnsonii
AK-07

In this study, we analyzed hydrolytic enzyme
profiles of A. johnsonii AK-07. The two species,
free-living bacteria, expressed proteases (casei-
nase and/or gelatinase), lipase, and prominent
laminarinases (-1, 3-glucanase), while the ma-
jority of A. johnsonii AK-07 also exhibited case-
inase, alginase, fucodian hydrolase, 3—-galctosid-
ase, B-glucosidase, f-glucosaminidase, and [3-
xylosidase that hydrolyzed mainly B-glycosidic
bonds (Fig. 3). Other glycosidase such as a-galc-
tosidase, a-fucosidase and a-mannosidase,
which degraded a-glycosidic bonds were not de-
tected. Nevertheless, A. johnsonii AK-07 has
complex enzyme systems for the hydrolysis of
cyanobacteria or algal polysaccharides.

Activity (Unit)
N w

=

1 2 3 4 5 6 7 8 9 101112 13 14 1516

Enzyme

Fig. 3. Comparative enzyme activities and enzyme pro-
files of Acinetobacter johnsonii AK-07 (m). Values
are given as an enzyme activity. One unit of gyl-
canase or glycosidase activity of enzyme that li-
berated 1 umol from reducing ends of correspon-
ding monosaccharides or 1 umol from p-nitrophe-
nol of corresponding substrates per 1 hour, respec-
tively. 1. Agarase, 2. Alginase, 3. Amylase, 4.
Chitinase, 5. CMCase, 6. Fucodian hydrolase, 7.
Laminarinase, 8. Lipase, 9. Protease, 10. 3-Gluco-
saminidase, 11. a-Galatosidase, 12. B-Galacto-
sidase, 13. B-Glucosidase, 14. B-Xylosidase, 15.
o-Fucosidase, 16. o -Mannosidase.

DISCUSSION

Monitoring of bacteria to control cyanobaceria
causing water blooms, numerous samples were
collected from lakes or reservoirs that have su-
ffering from algal blooming by Anabaena spp.
Our identification of nine algicidal strains from
178 isolates screened suggests that such activity
may be common among freshwater bacteria. Daft
and Stewart (1971) isolated only four strains of
Myxobacteriales, which caused lyses of 40 stra-
ins of cyanobacteria. A recent report by Yama-
moto et al. (1998), who isolated 83 actinomycete
strains lethal to toxin-producing cyanobac-
terium Microcystis aeruginosa, provides further
evidence for the compound of algicidal microor-
ganism involved in lyses. The low densities of
alga-lytic bacteria encountered in the environ-
ment may be due to insufficient inorganic ferti-
lity. In this work, algicidal bacterium AK-07
isolated from sediments in eutrophic lake is asso-
ciated with a bloom population of the target algal
species. Bacterial strain AK-07 was isolated
from sediments of Lake of Sukchon to degrade
the cyanobacterium Anabaena cylindrica and
identified Acinetobacter johnsonii based on its
16S rDNA sequencing analysis (Fig. 1). The
death of A. cylindrica M-1 was detected when
AK-07 was added to the algal culture (Fig. 2) but
not when only the culture filtrates was added.
This is supporting AK-07 did not release extra-
cellular products to suppress to A. cylindrica,
and that the bacterial strains Killed the algal
cells by direct contact. Therefore, the enzymes on
the surfaces of the bacteria might be effective
alga-lytic agents to cause lyses of cells (Manage
et al., 2000). It produces several particular en-
zymes catalyzing hydrolysis of complex poly-
saccharides or peptidoglycans of cyanobacteria.
Some of the corresponding glycanases are detect-
ed in cell free extracts of Acinetobacter johnsonii
AK-07, viz. alginase, fucodian hydrolase, and
glycanase including B-galctosidase, B-gluco-
sidase, B-glucosaminidase, and B-xylosidase
that hydrolyzed mainly B-glycosidic bonds (Table
1 and Fig. 3). Recently, two species of Flexibacter
that lysed the cyanobacterium Oscillatoria willi-
amsii produce lysozyme as one of cell inhibition
compounds (Sallal, 1994). Burnham et al. (1981)
provided Myxococcus xanthus, which degraded
the cyanobacterium Phormidium luridum var.
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olivacea, lyses the cells by the release of a lyso-
zyme-like enzyme. Kim et al. (1997) reported
Moraxalla sp. CK-1, which has been known to
inhibit the growth of Anabaena cylindrica, pro-
duces aminodase, or endopeptidase. Carotenoids,
peptidoglycan-associated proteins, and lipopoly-
saccharide, laminarinase and cellulose are one of
the major constituents of cyanobacteria includ-
ing Microcystis and Anabaena (Warren, 1996).
The peptidoglycan is to be covalently linked to a
wall polysaccharide. In our results, highly active
amylase and fucodian hydrolase are not active,
and the highest activity of B-glucosidase and
laminarinase also exhibited in to the strain AK-
07 studied herein. Laminarins, alginic acids,
cellulose, and fucodians are the major constitu-
ents of algal cell walls up to 50~80% of defatted
algal mass (Warren, 1996). However, mainly
laminarinase are often detected in microorgani-
sms. This is most likely due to the important
defense mechanisms by digesting fungal cell
walls, etc., and releasing oligosaccharide that
switch the production of antifungal compounds
(Harmova and Fincher, 2001), and their ability
to hydrolyze the reserved p-1, 3—-glucan. In Fig.
3, glycanse and lipase in A. johnsonii AK-07 are
showed high alga-lytic activities. Proteins such
as lysozyme, protease, and lipase extracted from
microorganisms caused cell lyses (Burnham,
1976; Yamamoto and Suzuki, 1990; Mitsutani et
al., 1988).

In conclusion, the results obtained in this study
suggest that strain AK-07 of A. johnsonii most
likely plays to degrade polysaccharides or pep-
tidoglycans of algal cell walls in initial stages.
The present work, hence, enhance our under-
standing of the functional interaction between
algal cell structures and enzymes of alga-Ilytic
bacterium during degradation of the cyanobac-
terium A. cylindrica. Identification and purifica-
tion of the most active enzyme is now in progre-
ss. Elucidation of the mechanism of the selective
alga-lytic enzyme against harmful blue-green
algae is necessary to control water blooms.
Nevertheless, algicidal bacterial strains AK-07
might be used as a biocontrol agent for manage-
ment of cyanobacterial blooms in eutrophic lakes.

ABSTRACT

To investigate bacteria with algal lytic activit-

ies against Anabaena cylindrica when water
blooming occurs and to study enzyme profiles of
alga-lytic bacteria, various bacterial strains
were isolated from surface waters and sediments
in eutrophic lakes or reservoirs in Korea. A
bacterial strain AK-07 was characterized and
identified as Acinetobacter johnsonii based on its
16S rDNA base sequence. When AK-07 was co-
cultivated with A. cylindrica, bacterial cells pro-
pagated to 8 x 108 cfu ml-t and lyses algal cells.
However, culture filtrates of AK-07 did not ex-
hibit algal lytic activities. That suggesting the
enzymes on the surfaces of the bacterium might
be effective algal lytic agents to cause lyses of
cells. Acinetobacter johnsonii AK-07 exhibited
high degradation activities against A. cylindrica,
and formed alginase, caseinase, lipase, fucodian
hydrolase, and laminarinase. Moreover, glycosi-
dases for example -galatosidase, f—glucosidase,
B-glucosaminidase, and B-xylosidase, which
hydrolyzed B-O-glycosidic bonds, were found in
cell-free extracts of A. johnsonii AK-07. Other
glycosidase such as a-galactosidases, a-N-Ac-
galctosidases, a-mannosidases, and a-L-fuco-
sidases, which cleavage a-0-glycosidic bonds
are not detected. In the results, enzyme systems
of A. johnsonii AK-07 were very complex to de-
grade cell walls of cyanobacteria. The polysac-
charides or peptidoglycans of A. cylindrica may
be hydrolyzed and metabolized to a range of
easily utilizable monosaccharides or other low
molecular weight organic substances by strain
AK-07 of A. johnsonii.
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