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For determining the process of bacterial aggregation, glucose was added into water from Lake Baikal
which had been stored for seven months. In the presence of a higher concentration of glucose, the abun-
dance of single bacteria and aggregates were higher, but the biovolumes of both bacteria were similar.
Theses resuits mean that both free-living and aggregated bacteria have similar maximum sizes and that
aggregates are forming with available organic materials. With available organic materials, the biovol-

ume of aggregates becomes larger.
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Macroscopic organic aggregates in the ocean are impor-
tant in the process of the cycling and flux of particulate
organic materials (POM) from the surface to the depths
(Alledge and Silver, 1988). Large organic aggregates,
dubbed ‘lake snow’, have also been found in lakes. These
particular organic materials carry a trophic significance
similar to that of ‘marine snow’ in the ocean (Grossart
and Simon, 1993).

There are some possible hypotheses related to bacterial
aggregation. In large lakes and in the ocean, bacterial
aggregation occurs on the surface of zooplankton fecal
pellets and on phytoplankton debris (Turner, 2002). Due
to the condition of the substratum, the bacterial attach-
ment mechanism and community are distinctly different.
Epiphytic bacteria on living plants and attached bacteria
on cellulose films were observed to be morphologically
and genetically different (Hong et al., 1999). Another pos-
sible means of aggregation is physical turbulence. By roll-
ing a cylinder according to the dark-light cycle of 12-12
hrs, synchronous formations of aggregates >3 mm in
length were formed in a culture tank (Weiss er al., 1996).
Diatom bloom can be a causative agent leading to bacte-
rial aggregation. When a surface for attachment and phys-
ical movement were not provided, bacteria aggregation
was found during the diatom bloom (Riemann et al.,

* To whom correspondence should be addressed.
(Tel) 82-33-250-8574; (Fax) 82-33-251-3991
(E-mail) ahnts@kangwon.ac.kr

2000). Bacterial aggregation can begin at microcolony
formation and synthesis of exopolymer should follow in
order to advance enlargement (Marshall ez al., 1989).

However, no united opinion exists as to the nature of
bacterial aggregates. Some contributions related to the
solving of this problem may be of a systematic, statistical
approach, such as dimensional diversity, typical of the
microbial community. Indeed, a number of papers have
previously demonstrated that the abundance of bacterial
aggregates is always considerably lower than that of sin-
gle bacteria. On the other hand, larger bacterial aggregates
have a lower relative abundance in the microbial associ-
ation (Inkina and Ostapenya, 1984).

The purpose of this work is to reveal, under laboratory
experiment, the difference between the dimensional struc-
tures of the elements of a microbial community in two
contrary states: in terms of a relative state of rest, and in
terms of a state of active functioning, in order to establish
the general trend of changes of dimensional spectra. We
expected that such an approach would allow us to come to
an understanding of the self-organizing process of aggre-
gation in a closed system, as well as in an open ecosys-
tem. On the basis of this initiative, an investigation of the
two cases was carried out to assess the dimensional spec-
tra of elements of microbial communities. The first one
examined natural water which had been sustained in an
isolated state for an extended period. The second instance
assessed the same water subsequent to the addition of glu-
cose. The dimensional spectra of single cells and micro-
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colonies observed in these samples were then estimated.

In order to authenticate the processing of aggregation
data, three differently amended Baikal waters in 3 liter
volumes were used. First sample consisted of 3 pum fil-
tered Baikal Lake water stored for 7 months in total dark-
ness. This water was used to define the stable dimensional
structure of microcolonies. The second and third samples
were amended with the daily addition of glucose for 4
days and 11 days, respectively.

As for the additives, glucose was used as an energy sub-
strate. Periodic additions of axenic glucose solution into
the water of experimental vessels were done once a day in
the amount of 5 mg/l for 4 days and 5 mg/l for 11 days.
Throughout the course of the experiment, the water was
exposed to darkness at an ambient temperature of 20-
22°C.

Filtration of each sample was followed by microscopic
observation. Ten ml of each sample was concentrated on a
membrane filter (SYNOP). The single cells and aggregates
on the filter were both counted and regarded as elements of
the microbial community. The biovolumes and abundance
of both elements were analyzed by microscope (Kuznetsov
and Dubinina, 1989). The whole filter area was observed
by maintaining the vertical and horizontal positions of the
knobs of the microscope (X1000). Bacterial abundance
was counted and the bacterial biovoume was measured
according to the length and width of each bacteria. The
biovolume of aggregates was obtained by tallying the num-
ber of aggregated bacteria and their mean biovolume.

With the addition of glucose, some of the individual tiny
bactéria can grow, enlarge, multiply, and form microcol-
onies (Fig. 1). This means that the bacteria exposed to
darkness for 7 months were dormant during that period,
but the addition of glucose should return them to an active
state.

The statistical changes of bacterial abundance, biovol-
ume and mean volumes of single and aggregated bacteria
following glucose addition are shown in Table 1. The
numbers of bacterial elements of the microbial commu-
nity increased 2-2.5 times after glucose addition. On aver-
age, both the volume of single cells and that of the
aggregated bacteria increased 5-6 times after the addition
of glucose. On average, the'volume of bacterial aggre-
gates, or microcolonies, of thé'sample to which glucose
was added for 4 days was 7 times greater than that of the
untreated sample. The volume of bdcterial aggregates in
the sample to which glucose was added for 11 days was
17 times larger than that of bacterial aggregates in
untreated water. The total cumulative biomass of micro-
bial elements was vastly increased to levels almost 20
times that of untreated water. The increase in biovolume
was connected, in part to the increment of bacterial ele-
ment abundance and also to the amplification of individ-
ual bacteria and bacterial aggregates. The mean
biovolumes of single and aggregated bacteria were not
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Fig. 1. Microphotography of aggregates formation (X 320). (top): After
7 months storage. Only tiny bacteria can be observed. (bottom): After
glucose addition. The bacterial cell size is enlarging and number is
increasing and forming microcolonies.

Table 1. Statistical parameters of the microbial community in Baikal
water stored for 7 months and in the same water with daily added glucose

Same water under the

Baikal water o, gition of daily addition

Indices investigated stored for7 ¢ glucose (Smg L™ d™)
months
4 days 11 days

Total amount of elements 290,000 640,000 810,000
of microcenosis in 1 mL (14,500)* (56,000) (39,000)
Total volume of microbial 69,000 1,400,000 1,300,000
biomass, pm’/ml 4,500) (241,000) (94,000)
Mean volume of single 0.22 1.15 1.24
bacteria, pm’ 0.12) (0.98) (1.05)
Mean volume of cells in 0.2 1.34 1.28
aggregation, um’ 0.01) - 0.17) 0.14)
Mean volume of bacterial 0.7 5.0 12.0
aggregates, im’ 0.2) 2.2) 4.9)

*standard deviation

different from one another, though the final concentrations
of both tanks differed (20 mg/l for 4 days addition tank
and 55 mg/l for 11 days addition tank). This means that
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Fig. 2. Size spectra of microbial elements (single cells and aggregates).
(top); Control, (middle); glucose addition for 4 days, (bottom); glucose
addition for 11 days.

both categories of bacteria might be enlarging to maxi-
mum volumes of about 1.2 um?® in the enriched condition.
On the other hand, the mean volume of bacterial aggre-
gates of the 11 days addition tank was 2.4 times greater
than that of 4 days addition tank. These results suggest
that addition of organic materials causes the bacterial cells
to expand to maximum size. Bacteria are then adsorbed to
aggregates, forming larger aggregates, called ‘lake snow’.

The dimensional spectra were moved to the enlarged
side with the addition of glucose (Fig. 2). With 11 days of
glucose addition, larger aggregates appeared in small
numbers. Approximately 3,000 um® of aggregates were
100,000 times larger than a single, tiny bacterium of 0.01
um’. Single cells were also enlarged by the glucose addi-
tion. In all three spectra, the numbers of bacterial ele-
ments larger than 1.2 um’ gradually dropped lower by 2-
4 orders that of single bacteria in dominating dimensional
groups. In terms of the increment of total biovolume, their
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Fig. 3. Microphotograph of typical aggregated bacteria in Lake Baikal
(X800).

relative abundance was reduced. This phenomenon is
characteristic to the natural conditions of Lake Baikal
(Spiglazov, 1999).

An example of the typical large aggregates in Lake
Baikal can be seen in Fig. 3. Similar aggregates can be
easily found in Lake Baikal, an oligotrophic lake. By
means of the results above, assumptions can be made in
regard to the aggregate production and size regularity.
During the first step, phytoplanktons on the surface later
release exudate during the process of photosynthesis.
Exudates then stimulate the growth of single and aggre-
gated bacteria to a maximum size of 1.2 um’. In the
pelagic area of a lake, diatom blooming can cause bacte-
rial growth and aggregation. In the artificial diatom
blooming experiment, attached bacterial abundance
increased after blooming. Prior to the peak of bloom,
attached bacteria occupied from 7% to 27%, but post
bloom phase, aggregations occupied between 42% and
85% (Riemann et al., 2000). These results suggest that
diatom exudate can stimulate bacterial multiplication,
enlargement, and aggregation. In Lake Constance, the
highest numbers of aggregates was found between the
surface and 5 m in summer and from late August until
early October, during the cyanobacteria blooming period
(Grossart and Simon, 1993). This means that bacterial
growth and aggregation are stimulated by organic sub-
stance released from phytoplankton. The second step is
enlargement of aggregates due surplus organic material.
When microcolonies or small aggregates are forming, the
bacteria produce exopolymer to prevent desorption of
daughter cells (Vandevivere and Kirchman, 1993). With
self produced organic materials and concentrated nutri-
ents, the aggregates will become larger and larger by
means of adsorption of other bacteria and aggregates. The
third step of this process is act of sinking down to deep
layer of aggregates. During the sinking, the bacterial com-
munity structure of the aggregates is changed (Weiss et
al., 1996) and aggregates can avoid zooplankton grazing
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(Juergens and Guede, 1994). A variety of biological and
physical interactions cause the aggregates to eventually
enlarge until they are of macroscopic size (>3 mm). These
macroscopic aggregates are abundant in the middle layer
of Lake Constance, for example (Grossart and Simon,
1998), and these aggregates are large and visible enough
to be captured by scuba divers (Schweitzer et al., 2001).
These large aggregates are composed of highly active bac-
teria (Karner and Herndl. 1992), which have a hand in the
production of the oxygen depleted zone (Alldredge and
Cohen, 1987). In this zone, methanogens are sometimes
found (Bianchi et al., 1992).

In conclusion, our results show that in Lake Baikal, the
biovolume of both free living and aggregated bacteria are
at their maximum sizes and aggregates are form using
available organic materials. If a higher concentration of
available organic materials exists, the biovolume of aggre-
gates is greater. This finding could be valuable in the
study of aggregates, lake snow formation, and nutrient
flux in lakes.

This research was supported by the KOSEF (Korea Sci-
ence and Engineering Foundation) grant F01-2000-000-
10019-0.

References

Alldredge, A.L. and M.W. Silver. 1988. Characteristics, dynamics,
and significance of marine snow. Prog. Oceanogr. 20, 41-80.

Alldredge, A.L. and Y. Cohen. 1987. Can microscale patches persist
in the sea Microelectrode study of marine snow, fecal pellets.
Science. 235, 689-691.

Bianchi, M., D. Marty, J.L.. Teysiee, and S.W. Fowler. 1992. Strictly
aerobic and anaerobic bacteria associated with sinking partic-
ulate matter‘and zooplankton fecal pellets. Mar: Ecol. Prog. Ser.
88, 55-60.

Grossart, H.P. and M. Simon. 1993. Limnetic macroscopic organic
aggregates (lake snow): occurrence, characteristics and micro-
bial dynamics in Lake Constance. Limnol. Oceanogr. 38, 532-

J. Microbiol.

546.

Grossart, H.P. and M. Simon. 1998. Bacterial colonization and
microbial decomposition of limnetic organic aggregates (lake
snow). Aguat. Microb. Ecol. 15, 127-140.

Hong, SH., Y.O. Lee, HW. Kim, and T.S. Ahn. 1999. Succession
and diversity of attached bacteria on cellulose film and leaves
of Potampgeton crispus in Lake Moonchon, Korea. Arch.
Hydrobiol. (Advan. Limnol.) 54, 273-282.

Inkina G.A. and A.P. Ostapenya. 1984. Aggregation of lacustrine
bacterioplankton. Microbiology. 53, 686-689.

Juergens, K. and H. Guede. 1994. The potetial importance of graz-
ing-resistant bacteria in planktonic systems. Mar. Ecol. Prog.
Ser 112, 169-188.

Karner, M. and G.J. Herndl. 1992. Extracelluar enzymatic activity
and secondary production in free- living and marine snow asso-
ciated bacteria. Mar. Biol. 113, 341-347.

Kuznetsov, S.I. and G.A. Dubinina. 1989. Methods of aquatic
microorganisms study. p. 288, Science, Moscow.

Marshall, PA., G.L. Loeb, M.M. Cowan, and M. Fletcher. 1989.
Response of microbial adhesives and biofilm matrix polymers
to chemical treatment as determined by interference reflection
microscopy and light section microscopy. Appl. Emviron.
Microbiol. 55, 2827-2831.

Riemann, L., G.F Steward, and F. Azam. 2000. Dynamics of bac-
terial community composition and activity during a mesocosm
diatom bloom. Appl. Environ. Microbiol. 66, 578-587.

Spiglazov L.P. 1999. Dimensional spectrum of abundance and bio-
mass of elements of bacterioplankton in pelagic area of Lake
Baikal. Siber. Ecol. J. 6, 625-630.

Schweitzer, B., I. Huber, R. Amann, W. Ludwig, and M. Simon.
Alpha- and beta- Proteobacteria control the consumption and
release of amino acid on lake aggregates. Appl. Environ. Micro-
biol. 67, 632-645.

Tuner, J.T. 2002. Zooplankton fecal pellets, marine snow and sink-
ing phytoplankton blooms. Aquat. Microb. Ecol. 27, 57-102.

Vandevivere, P. and D.L. Kirchman. 1993. Attachment stimulates
exopolysaccharide synthesis by a bacterium. Appl. Environ.
Microbiol. 59, 3280-3286.

Weiss, PB. Schweitzer, R. Amann, and M. Simon. 1996. Identifi-
cation in situ and dynamics of bacteria on limnetic organic
aggregates (lake snow). Appl. Environ. Microbiol. 62, 1998-
200s.



