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Abstract: The relationship between Alexandrium tamarense (Lebour) Balech, one of red-tide alga, and two strains of marine bacteria,
Bacillius megaterium (S, ) and B. halmapulus(S,, ) isolated from Xiamen Western Sea, was investigated by evaluating the growth state of
A. tamarense and the variation of B-glucosidase activity in co-culture system. The results showed the growth and multiplication of the alga
were related with the concentration, genus speciality of the bacteria, and growth stage of the alga itself. The growth of A. tamarense was
cbviously inhibited by 8, and §,; at high concentration. Either inhibition or promotion contributed much more clearly in eariier than in later
stage of the growth of the alga. Furthermore, there was a roughly similar variation trend of the activity of extra-cellular enzyme, B-
glucosidase, in the water of the separately co-cultured bacteria S, and S, with the alga. The B-glucosidase activity (B-GicA) rapidly
increased during the later algal growth accompanying the increase of the lysis of the alga cells. The obvious inhibition of A. tamarense by
marine bacteria at high concentration and evident increase of B-GlcA in co-coliure system would help us in better understanding the

relationship between red-tide alga and bacteria, and also enlightened us the possible use of bacteria in the bio-control of red-tide.
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Introduction

The occurrence of red-tide has caused severe world-wide
ecological problems. There have recently been discussions
concerning the important roles of algal-bacterial interaction in
algal bloom dynamics, such interactions range from beneficial
trophic relationships to more negative impacts of algal growth
inhibition by bacteria( Daft, 1975; Docucette, 1995} . Great
efforts have been made to investigate the relationships
between marine bacteria and red-tide micro-algae in recent
years for understanding the both outbreak and termination
mechanisms of red-tide. It has also been reported that several
bacteria isolated in association with various HABs, including
dinoflagellates and raphidophytes, were able to inhibit the
growth of red-tide algae ( Fukami, 1992; Dakhama, 1993;
Imai, 1995; Docucette, 1999) .

These bacteria capable of inhibiting various HAB
gpecies are leading to the suggestion that these microbes may
affect phytoplankion species succession. Such bacteria that
inhibit algal growth take effects through direct { physical
contact with algal cells) and indirect attack ( excrete aclive
compounds in the surrounding water) { Imai, 1993; Lovejoy,
1998 ). Reports showed that the activity of extracellular
enzyme  produced increased  evidently
accompanying the development of algal biooms { Middelboe,
1995) . Enzymatic catalysis plays an important tole in the
flow of material and energy in marine ecosystem ( Miinster,
1991) . High B-glucosidase means high hydrolyzing rate to
relevant substance, it can release mote available dissolved
maiter from high molecular weight organic matters ( Chrost,
1989) . The study on the p-glucosidase would be helpful to
have a better understanding of the role of heterotrophic
bacteria in the carbon cycle of algal bloom dynamic. But

by  bacteria

until now, few studies on this field were carried out.
Evaluating the role of inhibitory bacteria in HAB

dynamic and their possible use as microbial control of red-

tide require further understanding of the algal-bacteria

relationship. In this study, two strains of bacteria isolated
from Xiamen western sea of Fujian Province were co-cultured
with the Alexandrium tamarense to study the effects of marine
bacteria on the alga growth and the activity of 3-glucosidase
in the co-culture media.

1 Materials and methods

1.1 Algal cultare
The alga A. tamarense provided by the Institute of

Aquatic Biology, Jinan University, was cultured in {/2

without silicate enriched seawater( Guillard, 1975} . Cultures

were maintained at 20 + 1°C with a 12 h light and 12 h dark

cycle.

1.2 Bacterial strains

Two strains of bacteria previously isolated from Xiamen
western sea area and maintained in 2216E media were
identified to be Bacillius megaterium (S, ) and B.
halmapalus(S,,) , respectively( Zheng, 2003) .

1.3 Counting of the alga

The density of Alexandrium tamarense cells was
monitored by direct micrescope count after fixation with
Lugol’ s iodine.

1.4 Counting of the bacteria

After incubation in 2216E for 48 h at 25 + 1C, the
bacteria was collected after centrifuged at 5000 t/min for 5
min and washed twice by sterile seawater, then the cell pellet
was re-suspended in sterile seawater. Then the initial
concentration of bacteria was measured by colony forming
units{ CFU) count .

1.5 Determination of B-glucosidase activity(-GlcA)

10 mmol/I. working solution of fiuorescence indicator
MUF-B-glucoside( Sigma Co.) was prepared and kept in cool
for the determination of the activity of 8-GlcA.

The determination of B-GlcA was conducted by using
fluorogenetic model substance { Hoppe. 1993). The 3-GlcA
was measured as an increase in fluorescence inlensity when
4-methylumbellifery

the nonfluorescent substrates were
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engymatically hydrolyzed with a release of the highly
fluorescent product 4-methylumbelliferone (MUF). The rate
of MUF production was equivalent to the rate of substrate
hydrolyzed .

The enzyme reaction was carried out by adding 50 ul
MUF-3-d-glucesidase working solution as substrate to the test
sample, for each sample, aliquot 2 ml subsample was
distributed to six flasks(three for blanks and three for tests)
Immediately 50 p 2 mmol/L HgCl, solution was introduced to
blanks to stop reaction. Then all the subsamples were
incubated in dark for 3 h. After incubation 50 ul 2 mmol/L
HgCl, was added 1o stop the enzymatic reaction. Then the
fluorescent values were measured with a fluorescent spectrometer
{(Ex = 353 nm, Em = 450 nm, scanning speed = 60 s
Hitachi 860, Japan). The pB-glucosidase aclivity was
calculated aceording to the following Eq. (1) :

V=(F-F)(TxS). (1)

Where V (pmol/(L -+ h) is the hydrolysis rate p-
glucosidase to substrate; F is the fluorescence intensity of
the parallels; F, is the fluorescent intensity of the blanks; T
is the culture time{h), and § is the fluorescence intensity of
standard fluorogenic substance per pmol .

1.6 Experimental design

The two strains of bacteria { both at three final
concentration, 2 x 10", 2 x 10°, 2 x 10° cells/ml, labeled
as C,, C,, C, respectively) were added separately o the
alga in lag phase and in exponential phase during the culture
of alga to investigate the effects of the bacteria on the growth
of the alga and the activity of B-glucosidase, in the water of
co-culture media. The control of the alga, the bacteria, and
the co-culture of the alga and bacteria were in triplicate, and
arithmetic average were used to express the experiment
results.

2  Results

2.1 Effect of bacteria on the multiplication of the alga
in lag phase

The effect of the bacteria with different concentrations
added in lag phase of the alga on the multiplication of the
alga A. tamarense varied according to the co-culturing time.
In the co-culture treatment, high concentration C, {2 x 10"
cells/ml} of strain S, showed an inhibition trend in the earlier
growth stage(the day 10) of the alga, about 38% of the cell
density of the control C;, as shown in Fig.1. However, this
inhibition markedly decreased in the later stage(the day 18)
of the alga growth, about 84% of the cell density of the
control. The statistic analysis showed a highly inhibitory
function of higher concentration treatment C, compared to the

control €;. The regression equation was YST (A+C,) =

22.430 + 0.955%, 7 = 0.917. On the conirary, lower
concentration treatments C, and €,(2 x 10° cells/ml and 2 x
10° cells/ml, respectively) showed promotion effect to the
growth of the alga to some extent. The alga cell density of the
treatments C, and C; was about 164% and 154% of the
control on earlier the day 10, and about 110% and 167% on
the day 18, respectively.

At the same time, high concentration €, (2 x 10"
cells/ml) of strain 8, also showed an inhibition trend in the
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Fig.1 Effect of bacterium 8, in different concentrations on the growth of 4.

tamarense in lag phase

earlier growth stage(the day 6} of the alga, about 54% of the
cell density of the control €;, but 233% and 254% of the
control for the treatments of €, and C;, respectively. This
inhibition trend varied in later growth stage of the co-cultured
alga A. tamarense as demonstrated in Fig. 2. The cell
density of the treatments C,, C,, and €, were about 64 %,
298% and 232% compared to the control on the day 10, and
changed to be 10% , 316% , and 167% of the control (the
day 18), respectively. This showed that the bacterium S, in
high concentration strongly inhibited the growth of the alga,
but promoted the growth of the alga in lower concentrations.
The statistic analysis tended to show a high correlation
between the treatments £, ( Ysm(h e =39.386 +0.086x, 1

= 0.901) and the control, also for the treatments C,
(Ys ooeny = 0.156 + 3.201x, r* = 0.979), and C,

(Ysm(.ncn = 44.757 + 1.555%, r* = 0,996} and the

control, respectively.
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Fig.2 Effect of bacterium 8}, in different concentrations on the growth of 4,

tamarense in lag phase

2.2 Effect of bacteria on the multiplication of the alga
in exponential phase

As shown in Fig.3, in the earlier growth stage{10 d} of
the alga there was no obvious effect of the bacteria S; or S
on the multiplication of the alga A. tamarense in exponential
phase; however, it tended gradually to promote the growth of
the alga in the later stage (the day 20). For example, the
alga cells co-cultured with the bacteria S; was about 112%
on the day 14, or S, about 126% on the day 18, of the
control at their peak values, respectively. The regression
equations between the treatment A + S, and the control, the
treatment A + S, and the contrel were statistically calculated
as follows:

Yinsy = 1.018x - 0,933, / = 0.98;

(a+s5)

and Y ,.4, = 1.217x - 83,537, r* = 0.99 .
10

2.3 [Effect of the co-cultured alga and bacteria on the
activity of B-GlcA in water
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Fig.3 The growth of A. tamarense co-cultured with bacteria 8, and Sy, in
exponential phase

The effect of the co-cultured bacterium S, and alga A.
tamarense on the B-GlcA is shown in Fig.4. The 3-GlcA of
the control({ bacterium S; only) was 0.133 +0.003 pmol/(L-
h} on the day 8, and 0.048 + 0.011 pmol/(L+h) on the day
20. However, the $-GlcA in the co-cultured bacteria and
alga (A + S;) obviously was larger than that of S,,
statistically could be described in a regression equation of
Y(M57) = 0.083+1.186x, r* =0.92. On the other hand,

the B-GleA of the control (alga A only) maintained at
relatively lower level until the day 16, it increased gradually
(0.104 + 0.02) pmol/( L+ h) and reached maximum{0.385 +
0.023 pmol}/(L+h) on 20 d.
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Fig.4 B-Glucosidase activity in the water of the co-cultured bacterium 8, and
A tomarense

Meanwhile, the B-GlcA of the control { bacterium §,
only) was comparatively low, roughly varied from 0.03 to
0.07 umol/(L-h) in the duration of experiments, but the 3-
GlcA of the co-cultured 8, and alga showed a similar trend of
the co-cultured S; and alga, as shown in Fig.5. The 3-GlcA
of the co-cultured S, and alga decreased from 0.482 + 0.005
pmol/(L+h) on the day 8 to 0.111 = 0.01 pmol/(L-h) on
the day 12, then increased again to be 0.49 z 0.013 pmol/
(L+h) on the day 16. There was no significant correlation
between the treatment A + S;; and the control{alga A only),
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Fig.5 P-Glucosidase activity in the water of the co-cultured
bacterium Sy and A. tamarense

although a similar trend was shown between the treatment A
+8,and A+8,.

3 Discussion

Our recent study using scanning-electron microscopy
vevealed that bacteria often co-occur with algae and that these
bacteria tended to mvade ithe algal cells and remain in their
eytoplasm{ Wang Y L, unpublished observations) . When the
bacteria reached a sufficiently high density, the interior
structure of algae began to disintegrate. It was also found that
the decaying algal cells tended to contain large numbers of
bacteria, suggesting the possibility that the bacteria could
have multiplied within the algal cells. Ms. Wang suggested
that the bacteria which have invaded the algal cells could
cause either morphological or structural damage to the cells,
leading to an accelerated aging and earlier death { Wang,
1999). This may be one of the reasons why high
concentrations of bacteria had a greater inhibition on the
growth of the algae.

Another possible explanation for the inhibition of the
growth of the algae by bacteria may be nutrition competition
between the algae and the bacteria. In addition, some
bacteria can secrete substances that can specifically inhibit
the growth of algae ( Dakhama, 1993; TFukami, 1992;
Hayashida, 1991). However, up to now, the interactions
between marine bacteria and marine algae have not been fully
elucidated, and the mechanism of inhibition on the growth of
the algae by the bacteria has remained unknown.

There are some reports stating that synthesis of extra-
cellular enzyme were inhibited in the initial stage of red tide,
but synthesized in large quantity in declination stage of red
tide { Li, 1996; Middeilboe, 1995). Those enzymes play
important role in the conversion and circulation of organic
substances in aquatic ecological environment. Some reports
showed remarkable increase of extra-cellular enzymes in
aquatic environment when bicoms developed in lakes or
ponds, thus possibly inhibit the growth of dinoflagellate and
diatom( Fukami, 1991; Shilo, 1970; Zheng, 2003; Wang,
1999). Among the extra-cellular enzymes, B-glucesidase
widely exists in aquatic environment. It is usually considered
io be an imporiant indicalor to expatiale on the relationship
between organisms and heterotrophic micwbes in marine
environment. Therefore, B-glucosidase activity (3-GlcA ) was
use in this experiment to indicate the effect of the bacteria on
the co-cultured alga A. tamarense .

It is commonly known that it exists in symbiosis,
competition, and antagonist relationship between the marine
bacteria and red tide algae in aquatic ecological environment .
Marine microbes mainly supply algae with nutrient salts in the
formation process of red tide, and decompose orgenic
substance in decay of the alga. The value of 3-GlcA for A +
S; is roughly equal to the sum of the control A and S, in
earlier growth stage of the alga. the alga A. tamarense cells
seem no promotion on the increase of the 3-GlcA; but the
value of B-GlcA for A + S is larger than that of the conirol A
and S,,, suggesting that the alga cells of A. tamarense
promote the increase of the 3-GlcA for the bacterium S, . The
phenomenon might also be figured to related to the genus
speciality of the bacterium, and nutrient competition between
the bacterium and alga ( Dakhama, 1989; Lin, 2001;
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Miinster, 1990). The result also showed relatively lower {3-
GlcA in interval growth stage of the alga, this maybe the
inhibition caused by the fast multiplication of the alga. There
was a marked increase of B-GlcA in the later growth stage of
the alga, this maybe the result of synthesis in quantity of 3-
GlecA induced by existence of large amount of macro-
molecules in the decay of the algae.

4 Conclusions

In aquatic ecosystems, the relationship between algae
and bacteria has drawn more attention in recent years.
Bacteria could provide the algae with nutrition and some
necessary growth factors and, on the other hand, bacteria
could also inhibit the growth of algae or possibly even lyse the
algal cells and thus kill the algae. It has caused people to
consider the importance of microbes in the study of the
mechanisms regulating the occurrence, development and
senescence of algal blooms,

In this study, the obvious inhibition of A . tamarense by
and B.

halmapulus(S,,) at high concentration and evident increase

marine bacteria  Bacillius megaterium (S, )

of B-GlcA in co-colture system would help us in better
understanding the relationship between red-tide alga and
bacteria, and also enlightened us the possible use of bacteria
in the bio-control of red-tide.

Acknowledgement: The authors would like to thank Prof.
Qi Yuzao from Jinan University and Dr. Gunter. Jost from
Rostock University, Germany, for their sincere help.

References:

Chrést R J, 1989. Characterization and significance of fi-glucosidase activity in
lake water[ J]. Limncl Oceanogr, 34: 660—672.

Daft M J, Sterwart W D P, 1975. Ecological studies on algal-lysing bacteria in
fresh waters[J]. Freshwat Biol, 5: 577-—596.

Dakhama A, 1989. Stimulatory and inhibitory effects of pseudomonas on the
growth of algae[]] . Can Tech Rep Fish Aquat Sei, 1714: 46—51.

Dakhama A, 1993, Isolation and identifiacation of antialgal substances produced
by Pseudomonas eeruginosa[J]. J Appl Phycol, 5: 297—306.

Docucette G I, Kodama M, Gallacher S, 1998. Bacterial interaction with harmful
algal bloom species: Bloom ecology, toxigenesis and cytology [ M]. In:
Physiological ecology of harmful algal bloom{ Anderson D.M., Cembella A.
D.. Hallegraeff G. M. ed. }. NATO ASI Series, Vol. G41. Springer-verlag
Berlin Heidelberg. 619—647.

Docucette G J, 1999. Algicidal bacteria active against Gymnodinium  breve
(Dinophyceae}: I. Bacterial isolation and characterization of killing activity
(1]. T Phycol, 35: 1447—1454.

Doucette G J, 1995, Assessment of the interaction of prokaryotic cells with

harmful algal species| M]. In: Harmful marine algal blooms ( Lassus P.,
Arzul G., Erard E. e al., ed.). Paris: Lavoisier Science Publ. 385—
394,

Fukami K, Nishijima T, Murata H, 1991. Distribution of bacteria influential on
the development and the decay of Gymrodinium nagasakiense red tide and
their effects on algal growth [ J]. Nippon Suisan Gakkaishi. 57 (912):
2321—2326.

Fukami K, Yuzawa A, Nishijima T et af., 1992. Isolation and properties of a
bacterium inhibiting the growth of Gymnodinium nagasakiense[J]. Nippon
Suisan Gakkaishi, 58: 1073—1077.

Guillard B R L, 1975. Culture of phytoplankton for feeding marine invertebrates
[M]. In: Culture of marine invertebrate animals{Smith W.L., Canley, M.
H. ed.). New York: Plenum Press. 29—60.

Hayashida S, 1991. Isolation of anti-algal Pseudomonas siutzeri strains and their
lethal activity for Chattonella antigua[)]. Agric Biol Chem, 55{3): 787—
790,

Hoppe H G, 1993. Use of fluoregenic model substances for extracellular enzyme
activity(EEA ) measurement of bacteria[J]. In: Handbook of metheds in
aquatic microbial ecology(Kemp ed.}. Lewos Publishers. 423—431.

Imai 1, Ishia Y, Sakaguchi K et of., 1995. Algicidal marine bacteria isolated
from northern Hiroshima Bay, Japan[J]. Fisheries Science, 61(4): 628—
636.

Imai 1, Ishida Y, Hata Y, 1993. Killing of marine phytoplankton by a gliding
bacterium Cytophaga sp.. isolated from the coastal sea of Japan[J]. Mar
Biol, 116: 527—532.

LiF D, Zhang C, Zou J Z, 1996. Role of bacteria in the growth process of
phytoplankton[ J]. Marine Sciences, 20(6); 30—33.

Lin W, Zhou M J, 2001, Effect of marine bacteria on harmful algal blooms[J].
Marine Sciences, 25(3): 34—38.

Lovejoy C, Bownman ] P, Hallegraeff G M, 1998. Algicidal effects of a novel
matine Psendoalieromonas isolate { class Proteobacterin , gamma subdivision )
on harmful algal bloom species of the genera Chattonella , Gymnrodinium , and
Heterosigma|]]. Applied and Environmental Microbiology, 64(8): 2806—
2813.

Middelboe M, Sendergaard M, Letarte Y et al., 1995. Attached and free-living
bacteria: Production and polymer hydrolysis during a diatom bloom [J].
Microb Fcol, 29: 231—248.

Middelboe M, Sondergard M, Letarte Y, 1995. Atwached and free-living bacteria:
production and pobymer hydrolysis during a diatom bleom{J]. Microbial Ecal,
29; 231—248.

Mdbnster U, 1991. Extracellular enzyme activity in eutrophic and polyhumic lakes
[M]. In: Microbial ectoenzymesin aguatic environment {Chr _ ost ed.).
New York: Spring-Verlag. 60—83,

Minster U, Chrost R J, 1990. Aquat microb ecol[ M]. New York: Springer-
Verlag. 8—46.

Reim R L. 1974. The characterization of a Bacillus capable of blue-green
bactericidal activity[ J]. Can J Microbiol, 20; 981—986.

Shilo M, 1970. Lysis of blue-green algae by myxobacter[]J]. Bacteriol, 140:
453—461.

Wang F, Zheng T L, Hong H S, 1999. Biological function of bacterial
extracellular enzyme[” . Marine Sciences, 23(3): 31—35.

Zheng T L, Su J Q. 2003. The role of marine microorganisms in the occurrence
and declination] J1. Hydrobiologica Sinica, 27(3): 291295,

( Received for review February 12, 2005. Accepted July 26, 2005)



