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INTRODUCTION

It is now widely accepted that bacteria can deter-
mine the physiological state of microalgae. Some bac-
teria selectively promote bloom formation (Furuki &
Kobayashi 1991), while others have algicidal effects
and are involved in the termination and decomposition
of algal blooms (Fukami et al. 1992). However, the
importance of inhibitory bacteria in regulating popula-
tions of different algal species has not yet been fully
investigated (Fukami et al. 1996).

Gliding bacteria such as Myxococcus (Burnham et al.
1981, 1984), Lysobacter (Daft & Stewart, 1971, Mitsu-
tani et al. 1987), Flexibacter (Gromov et al. 1972),
Myxobacter (Shilo 1970, Yamamoto & Suzuki 1990),
Alcaligenes spp., Flavobacterium spp., Pseudomonas
spp. (Yamamoto et al. 1993) and Cytophaga (Stewart &

Brown 1969, Yamamoto et al. 1993) all have the ability
to lyse blue green algae in freshwater environments.
Daft & Stewart (1971) recorded that isolated Cyto-
phaga strains have the ability to lyse Microcystis spp.
and Yamamoto & Suzuki (1990) reported the lysis
effect of Myxococcus fulvus (S-1-8) on Microcystis
aeruginosa, M. wesenbergii and M. viridis. Yamamoto
et al. (1993) found that some strains of Alcaligenes also
lysed Microcystis spp., and their studies reported isola-
tion, morphology and the host range of Alcaligenes.
Thus, the amount of detailed information about the
relationship between cyanobacteria and their algicidal
bacteria is still limited. We have previously observed
the seasonal occurrence of M. aeruginosa and of algi-
cidal bacteria which lyse this cyanobacterium in a
hypereutrophic pond and suggested the use of algici-
dal bacteria to suppress blooms of M. aeruginosa.
While monitoring that situation, we isolated the
bacterium Alcaligenes denitrificans. In this paper we
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describe some properties of A. denitrificans and its
growth-inhibiting or algicidal effects on the growth of
M. aeruginosa, M. wesenbergii and M. viridis. We also
discuss the effect of the bacterium on different growth
stages of the 3 Microcystis spp., the minimum bacterial
density required for rapid lysis, the range of potential
target organisms for this bacterium, and its algicidal
activity in culture filtrate. As far as we are aware, this
is the first report of the algicidal effect of A. denitrifi-
cans on Microcystis spp. 

MATERIALS AND METHODS

Organisms. Bacterial strains thought to kill Micro-
cystis aeruginosa were isolated from surface water
samples collected from the hypereutrophic Furuike
Pond in Sancho, Matsuyama City, Ehime Prefecture,
Japan, in August 1998. A slightly modified version of
the plaque method (Safferman & Morris 1964) was
used to isolate the algicidal bacteria. Algal lawns were
prepared on MA agar medium (Manage et al. 1999) in
petri dishes, using an axenic culture of M. aeruginosa
(NIES-298). They were inoculated with 1 ml of water
sample filtered through a sterilized 0.8 µm Nuclepore
membrane filter (Millipore Co.). The M. aeruginosa
lawns thus treated were incubated at 25°C, under a
light intensity of (48.8 to 58.6) µE m–2 s–1 with a 12 h
light:12 h dark photo-cycle for 10 to 12 d, and bacteria
were then picked out from a clear plaque, where the
M. aeruginosa had died out. These bacteria were cul-
tured in modified casitone medium and incubated
overnight under dark conditions at 34°C. Each bacter-
ial culture was diluted and 1 ml from each dilution was
mixed with 1.5% of modified casitone molten agar
medium (38 to 40°C, 20 to 25 ml) and poured onto ster-
ilized petri dishes. The treated petri dishes were incu-
bated in the dark at 34°C for 3 d. Bacteria were re-iso-
lated repeating this spread plate method (Adams 1959,
Shilo 1970, Yamamoto & Suzuki 1990). After purifica-
tion, each isolated strain of bacteria, in the logarithmic
growth phase, was inoculated into an axenic culture
of M. aeruginosa which was previously cultured in MA
medium (Ichimura 1978). In this way, 1 strain with a
significant inhibitory effect on M. aeruginosa was suc-
cessfully isolated. This bacterium was identified as
Alcaligenes denitrificans (PROB 94% TYPE GN-OXI+)
using a Biolog System (Microlog™ Microbial Identifi-
cation System, Release 4.0, 1990. Biolog, Inc., Hay-
ward, CA, USA). It was maintained on modified casi-
tone medium containing 0.1 g yeast extract, 1 g Difco
casitone, 0.1 g MgSO4 7H2O and 1.5 g agar in 100 ml
of distilled water (Yamamoto & Suzuki 1990). 

Algicidal effects. The algicidal effects of Alcaligenes
denitrificans on the growth of Microcystis aeruginosa

(NIE 298), M. wesenbergii (NIE 104) and M. viridis (NIE
102) in the lag, exponential and stationary growth
phases were investigated. Axenic cultures of these al-
gae were provided by the National Institute of Environ-
mental Studies, Japan. Algal cultures of each species,
in MA medium, were appropriately diluted (2 to 6 × 106

cells ml–1) with the same medium and 95 ml aliquots
were inoculated into duplicate 250 ml Erlenmeyer
flasks. The bacterium A. denitrificans was incubated in
liquid casitone medium at 34°C overnight. When the
cell density reached 1 to 2 × 108 cells ml–1, the culture
was then centrifuged (3500 rpm [2200 × g] 10 min),
washed twice with sterilized MA medium and 5 ml ali-
quots were inoculated into the algal cultures at final
concentrations of 1 to 2 × 104 cells ml–1. Duplicate con-
trol cultures were prepared by adding 5 ml of MA
medium to 95 ml of the algal culture. The flasks were
incubated at 25°C under a light intensity of 48.8 to
58.6 µE m–2 s–1 with a 12 h light:12 h dark photo-cycle.
The cell density of the 3 Microcystis spp. was deter-
mined using a haemocytometer under a microscope.
The decrease rate (h) of the cell densities of the 3 Mi-
crocystis spp. were calculated as h = ln(C/C0)/t, where
C0 and C are the Microcystis cell densities at the begin-
ning and at the end of the time interval t, respectively. 

Bacterial cell density and algicidal effect. A cell sus-
pension of Alcaligenes denitrificans in the logarithmic
growth phase was diluted in MA medium, and 90 ml of
the bacterial culture, at initial concentrations of 1.5 ×
103, 1.5 × 104, 1.5 × 105 and 1.5 × 106 cells ml–1 were pre-
pared. We inoculated 10 ml of exponentially growing
cultures of each Microcystis spp. into these bacterial
cultures at a final concentration of 2.0 × 106 cells ml–1.
Cultures without the bacterium served as controls.
Incubation conditions were the same as described
above for algae. The cell densities of Microcystis spp.
and the bacterium were determined in the haemocy-
tometer and by the spread plate method (Adams 1959),
respectively. 

Algicidal range of Alcaligenes denitrificans. The al-
gicidal range of the bacterium Alcaligenes denitrificans
was examined by liquid culture and algal lawn assay
with 18 species of freshwater phytoplankton. There were
9 species of Cyanophyceae and 9 species of Chloro-
phyceae (see Table 3). The algal cultures were all axenic
except for A. spiroides, A. affinis, Aphanizomenon flos-
aquae, Oscillatoria limnetica and Anabaenopsis curcu-
laris. Each algal species was appropriately diluted (2 to
5 × 105 cells ml–1) with the culture medium and 9 ml
aliquots were inoculated into duplicate test tubes. The
bacterium was grown in the liquid casitone medium de-
scribed above, and an overnight culture (incubation at
34°C) of 1 to 2 × 108 cells ml–1 was diluted, centrifuged
and washed twice with sterilized culture solutions.
Aliquots of 1 ml were added to the tubes of algae at final
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concentrations of 1 to 2 × 104 cells ml–1, and the test tubes
were incubated at 25°C under a light intensity of 48.8 to
58.6 µE m–2 s–1 with a 12 h light:12 h dark photo-cycle.
Enumeration of algal cell densities in treated and control
tubes was carried out using a haemocytometer and the
significant decreases of cell densities in the treated tubes
compared to controls were considered to indicate sus-
ceptibility to bacterial attack. For the algal lawn assay,
the algae were considered to be susceptible when a dis-
tinctly clear zone of algal lysis occurred with the addition
of the bacterium A. denitrificans.

Algicidal activity in culture filtrate.
The algicidal effect of dissolved chem-
ical substances derived from Alcali-
genes denitrificans was examined. We
inoculated 2 ml of the bacterium cul-
ture, in its logarithmic growth phase,
into 300 ml of Microcystis aeruginosa
culture (2.0 × 105 cells ml–1) in a 500 ml
Erlenmeyer flask. After 4 d of incuba-
tion the bacterium reached a density of
6.2 × 108 cells ml–1 while the cell den-
sity of M. aeruginosa decreased to 3.6 ×
103 cells ml–1. The culture was then fil-
tered through a sterilized 0.1 µm Nu-
clepore filter, and the filtrate was di-
luted to final concentrations of 10, 50
and 90% with autoclaved filtrate, in
duplicate, and then inoculated with M.
aeruginosa (2.0 × 105 cells ml–1). The
cell densities of M. aeruginosa were
determined as described above.

RESULTS

The bacterium isolated from the
pond water was identified as Alcali-
genes denitrificans and showed a
significant growth-inhibiting effect on
3 species of Microcystis in different
growth phases (Fig. 1). When Micro-
cystis spp. was in the exponential
growth phase, the effect was very
pronounced. M. aeruginosa was par-
ticularly susceptible when A. denitrifi-
cans was added to the exponential or
stationary growth phases and the rate
of decrease in the cyanobacterium was
significant (Table 1). However, the
algicidal effect was not so significant
when it was added to the lag growth
phase of M. aeruginosa, and after an
initial slight decrease the algal cell
density increased again (Fig. 1a). With

M. viridis, the effects of the bacterium were very simi-
lar in all 3 growth phases, but those rates were low
when compared with the rate of decrease in M. aerug-
inosa (Table 1, Fig. 1b). In the case of M. wesenbergii,
the algicidal effect was less than that on the other 2
species and the rates of decrease in each growth phase
were lower still (Table 1, Fig. 1c).

Thus, in this study there appeared to be remarkable
decreases in cell densities of Microcystis aeruginosa at
any bacterial inoculum size, after the bacteria cell den-
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Fig. 1. Effect of the bacterium Alcaligenes denitrificans on the growth of
(a) Microcystis aeruginosa, (b) M. viridis, and (c) M. wesenbergii in different
stages of growth (s). Control without bacterium inoculation (d) is also shown.
The time of bacterium inoculation is indicated by an arrow. When error bars are 

not shown, standard deviation was less than the width of the symbols
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sity reached the order 108 cells ml–1 (Fig. 2a). The cell
densities of M. aeruginosa decreased from about 106 to
104 cells ml–1 in 4 d, and continued to decline steeply,
except where the initial inoculum concentration of the
bacterium was 103 cells ml–1. M. aeruginosa was unde-
tectable after 10 d of incubation, coincident with a de-
crease in the cell density of Alcaligenes denitrificans
(Fig. 2b). The cell density of M. viridis also declined at
all bacterial inoculum concentrations, although the
rates of decrease were lower (Table. 2), and consider-
able densities of M. viridis cells were detected with
each bacterial inoculum even after 12 d of incubation
(Fig. 2c). In the case of M. wesenbergii, after 2 d of in-
cubation the concentrations of each bacterial inoculum
increased up to the order of 107 cells ml–1 (Fig. 2f). The
cell densities of M. wesenbergii decreased slightly and
remained in the order of 105 cells ml–1 until Day 9, when
they decreased more steeply (Fig. 2e) and the bacterial
cell density increased to 108 cells ml–1. Thus, in this
study there was no rapid death of M. viridis and M. we-
senbergii with any inoculum concentration, even after
the bacterial cell density reached 108 cells ml–1 (Fig. 2).

All the Cyanophyceae tested were susceptible to
bacterial attack. When the bacterium was placed on a
algal lawn of Microcystis spp., the test culture pro-
duced a gradient of lysis. Under the microscope, we
found disintegrating algal cells surrounded by the bac-
terium, in the center of the lytic zone, where the algal
cells were completely destroyed. In an infected liquid
culture of algae, we observed gradual decolorization
and disintegration of the cells. None of the strains of
Chlorophyceae tested were susceptible to bacterial
attack, although growth of Treubaria triappendiculata
and Tetraedron incus was suppressed (Table 3).

The 10 and 50% diluted culture filtrates, in which
Microcystis aeruginosa had been killed by the bac-
terium Alcaligenes denitrificans, had no inhibitory
effect on M. aeruginosa. Moreover, M. aeruginosa
even grew in the presence of 90% culture filtrate with-
out any inhibitory effect being detected (Fig. 3).
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Growth phase Days after bacterium Decrease ±SD
inoculation rate (d–1)

M. aeruginosa
Lag NDa NDa NDa

Exponential 10 0.621 0.030
Stationary 13 0.352 0.020

M. viridis
Lag 17 0.216 0.009
Exponential 17 0.201 0.006
Stationary 12 0.215 0.008

M. wesenbergii
Lag 19 0.112 0.007
Exponential 18 0.081 0.019
Stationary 10 0.067 0.005

aThe decrease rate was not determined, as M. aeruginosa
cell density increased after a slight decrease

Table 1. Microcystis spp. Rate of decrease in cell densities in
the lag, exponential and stationary growth phases (given as 

mean values of duplicates)

Fig. 2. Changes in cell densities of (a) Microcystis aeruginosa,
(c) M. viridis, (e) M. wesenbergii and (b, d, f) the bacterium
Alcaligenes denitrificans after inoculation with different ini-
tial densities (d, control without bacterial inoculation cells
ml–1; e, 103 bacteria CFU ml–1; s, 104 bacteria CFU ml–1; n,
105 bacteria CFU ml–1; j, 106 bacteria CFU ml–1). When error
bars are not shown, standard deviation was less than the 

width of the symbols. CFU: colony forming units
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DISCUSSION

Blooms of freshwater cyanobacteria, particularly of
the genus Microcystis, are a serious indication of fresh-
water eutrophication and have harmful effects on lake
ecology, livestock and, potentially, on human beings
(Carmichael et al. 1985, Song et al. 1998). The most
direct form of control involves the removal of high
nutrient load (Horne & Goldman 1994) and application
of chemical algicides, but the latter is potentially dam-
aging to the environment, and there is a risk of accu-
mulation of harmful concentrations in bottom sedi-
ments (Mason 1996). An alternative approach to the
direct elimination of nuisance algae involves the appli-
cation of biological control agents that have the ability
to destroy or limit the growth of the target algae (Sigee
et al. 1999). 

Alcaligenes denitrificans is aerobic and is capable of
anaerobic growth by denitrification (Holt et al. 1994).
The decolorization and disintegration of Microcystis

spp. cells after being attacked by the bacterium indi-
cate rapid inhibition of the metabolic activity of the
algae. A. denitrificans is a Gram-negative rod which
moves by slow gliding, has non-pigmented colonies,
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Bacterium  Decrease rate (d–1)
inoculum size M. aeruginosa M. viridis M. wesenbergii
(cells ml–1)

103 1.02 ± 0.06 0.08 ± 0.04 0.03 ± 0.006 
104 1.70 ± 0.66 0.22 ± 0.02 0.06 ± 0.030
105 2.05 ± 0.15 0.28 ± 0.08 0.13 ± 0.025
106 2.05 ± 0.24 0.28 ± 0.09 0.24 ± 0.046

Table 2. Microcystis spp. Rate of decrease in cell densities (2 d
after the bacterium inoculation) in each bacterium inoculum 

(given as mean values of duplicates)

Species Susceptibility

Microcystisa eruginosa (NIES298) +
Microcystis viridis (NIES102) +
Microcystis wesenbergii (NIES104) +
Anabaena flos-aquae (NIES73) +
Anabaena spiroides (NIES77) +
Aphanizomenon flos-aquae (NIES81) +
Anabaena affinis (NIES40) +
Anabaenopsis circularis (NIES21) +
Oscillatoria limnetica (NIES36) +
Treubaria triappendiuculata (NIE394) ±
Tetraedron incus (NIES392) ±
Cateria inversa (NIES422) –
Chlamydomonas neglecta (NIES439) –
Pediastrum duplex (NIES210) –
Scenedesmus acutus (NIES94) –
Closterium acerosum (NIES124) –
Micractinium pusillum (NIES151) –
Staurastrum paradoxum (NIES528) –

Table 3. Alcaligenes denitrificans. Host susceptibility of the bac-
terium. +: susceptible; ±: growth affected; –: non-susceptible

Fig. 3. Effect of filtrate from the culture in which Microcystis
aeruginosa was killed by the bacterium Alcaligenes denitrifi-
cans (e, autoclaved culture filtrate as control; d, with culture
filtrate). When error bars are not shown, standard deviation 

was less than the width of the symbols
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does not use carbohydrates on nutrient agar and has
an optimum temperature of 20 to 37°C. Thus, most of
the characteristic features of A. denitrificans are simi-
lar to those of other freshwater algicidal bacteria which
have been isolated so far (Daft & Stewart 1971, Burn-
ham et al. 1981, 1984, Mitsutani et al. 1987).

The bacterium Alcaligenes denitrificans had an algi-
cidal effect on the 3 Microcystis species tested (Fig. 1).
We detected a significant growth-inhibiting effect on
M. aeruginosa when in the exponential and stationary
growth phases (Fig. 1, Table 1). In contrast, the de-
crease in cell density in M. viridis and M. wesenbergii
was much less significant, even when they were in the
exponential and stationary growth phases. Thus, we
suggest that the algicidal effect of the bacterium is
stronger for M. aeruginosa than for these other Micro-
cystis spp. The algicidal effect of the bacterium on M.
aeruginosa was less significant when it was added to
the lag growth phase, and this may suggest that the
physiological status of the algae is important for bacte-
rial attack.

The freshwater gliding bacterium Myxococcus ful-
vus (BGO2) could not reduce the densities of the
cyanobacteria Nostoc muscorum and Phormidium
luridum when its initial density was lower than 5 × 106

cells ml–1 (Fraleigh & Burnham 1988), and at least 106

cells ml–1 of the bacterium were required to cause sig-
nificant algal cell lysis (Fraleigh & Burnham 1988). Fal-
lon & Brock (1979) suggested that a decrease in natural
algal abundance due to lysis was negligible when lytic
bacteria populations were <103 cells ml–1. In the pre-
sent study, even when Alcaligenes denitrificans was
inoculated at low densities (103 cells ml–1) it prolifer-
ated to 108 cells ml–1 and caused algal cell lysis in the 3
Microcystis spp. M. aeruginosa was undetectable 10 d
after incubation, while considerable densities of M.
viridis and M. wesenbergii remained with all A. deni-
trificans inoculum concentrations, even after 12 d of
incubation. Thus, we suggest that the algicidal effect
of A. denitrificans is more lethal on M. aeruginosa than
on M. viridis and M. wesenbergii.

Rapid lysis of several species of blue-green algae by
an isolated Myxobacter strain (Shilo 1970), isolated
Cytophage strains (Daft & Stewart 1971), and an iso-
lated Flavobacterium (Yamamoto & Suzuki 1990) have
been recorded. In the present study, we also detected
that all the tested Cyanophyceae were susceptible to
bacterial attack, suggesting that A. denitrificans has a
wide host range (Table 3). 

Two particular kills of phytoplankton by bacteria
have been studied in detail with regard to contact
(Burnham et al. 1984) and production of inhibitory sub-
stances (Day & Withers 1985). Burnham et al. (1981)
reported that the cyanobacterium Phormidium luridum
was lysed by Myxococcus xanthus through direct con-

tact. In the present study, death was detected when
Alcaligenes denitrificans was added to the algal cul-
ture but not when only the culture filtrate was added
(Figs. 1 & 3). This indicates that A. denitrificans did not
release extracellular products inhibitory to Microcystis
aeruginosa, and that the bacterium killed the alga by
direct contact. Daft & Stewart (1971) noted that Myxo-
bacteriales lysed cyanobacteria within 20 min of con-
tact, and that there were no detectable extracellular
products from the bacterium, suggesting that enzymes
on the surfaces of the bacteria might be effective in
causing lysis. Shilo (1970), Baker & Herson (1978) and
Burnham et al. (1984) suggested that direct contact
was ecologically more advantageous for algicidal bac-
teria, as any chemically mediated substances might
easily be diluted by diffusion. 

Biological control of cyanobacteria represents a
potential short-term measure to reduce or prevent the
build-up of nuisance algal populations (Martin et al.
1987). Natural Microcystis blooms decreased rapidly
when an increase in algicidal bacteria was previously
observed in a hypereutrophic pond. Thus, our labora-
tory studies support the view that application of Alcali-
genes denitrificans into a natural Microcystis bloom
may be effective. However, these findings, if extrapo-
lated to natural populations, suggest that, given suffi-
cient lytic bacteria, an algal bloom will not occur unless
resistant algae are present.
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