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We analyzed the composition of aggregate (lake snow)-associated bacterial communities in Lake Constance
from 1994 until 1996 between a depth of 25 m and the sediment surface at 110 m by fluorescent in situ
hybridization with rRNA-targeted oligonucleotide probes of various specificity. In addition, we experimentally
examined the turnover of dissolved amino acids and carbohydrates together with the microbial colonization of
aggregates formed in rolling tanks in the lab. Generally, between 40 and more than 80% of the microbes
enumerated by DAPI staining (4*,6*-diamidino-2-phenylindole) were detected as Bacteria by the probe EUB338.
At a depth of 25 m, 10.5% 6 7.9% and 14.2% 6 10.2% of the DAPI cell counts were detected by probes specific
for a- and b-Proteobacteria. These proportions increased to 12.0% 6 3.3% and 54.0% 6 5.9% at a depth of 50
m but decreased again at the sediment surface at 110 m to 2.7% 6 1.4% and 41.1% 6 8.4%, indicating a clear
dominance of b-Proteobacteria at depths of 50 and 110 m, where aggregates have an age of 3 to 5 and 8 to 11
days, respectively. From 50 m to the sediment surface, cells detected by a Cytophaga/Flavobacteria-specific probe
(CF319a) comprised increasing proportions up to 18% of the DAPI cell counts. g-Proteobacteria always
comprised minor proportions of the aggregate-associated bacterial community. Using only two probes highly
specific for clusters of bacteria closely related to Sphingomonas species and Brevundimonas diminuta, we
identified between 16 and 60% of the a-Proteobacteria. In addition, with three probes highly specific for close
relatives of the b-Proteobacteria Duganella zoogloeoides (formerly Zoogloea ramigera), Acidovorax facilis, and
Hydrogenophaga palleroni, bacteria common in activated sludge, 42 to 70% of the b-Proteobacteria were iden-
tified. In the early phase (<20 h) of 11 of the 15 experimental incubations of aggregates, dissolved amino acids
were consumed by the aggregate-associated bacteria from the surrounding water. This stage was followed by
a period of 1 to 3 days during which dissolved amino acids were released into the surrounding water, paralleled
by an increasing dominance of b-Proteobacteria. Hence, our results show that lake snow aggregates are
inhabited by a community dominated by a limited number of a- and b-Proteobacteria, which undergo a distinct
succession. They successively decompose the amino acids bound in the aggregates and release substantial
amounts into the surrounding water during aging and sinking.

Macroscopic organic aggregates, known as marine snow and
lake snow aggregates, have been identified as microcenters of
the recycling of nutrients in pelagic ecosystems (21, 22, 28, 54,
59) and as important components of the sinking flux of partic-
ulate organic matter (3, 18, 23). They consist of living, senes-
cent, and dead algae, zooplankton molts, and carcasses and of
unidentifiable organic and inorganic debris. The numbers of
microbial cells and substrate concentrations on aggregates are
greatly enhanced compared to the surrounding water (21, 22,
40, 50, 55), reflecting the high microbial activity of these hot
spots in an otherwise often nutrient-poor pelagic environment.
The high microbial activity may even lead to anoxic conditions
in the center of the aggregates (2, 43).

Despite many studies on the microbial colonization and nu-
trient dynamics of marine snow and lake snow aggregates,

surprisingly little is known about the composition of the ag-
gregate-associated microbial community. On the basis of 16S
rRNA gene sequences, fairly high diversities differing also
from that of the bacterial community in the surrounding water
were found on particle- and aggregate-associated bacterial
communities in various marine systems and an estuary (1, 14,
16, 41, 44). Weiss et al. (62) and Grossart and Simon (21),
applying fluorescence in situ hybridization (FISH) with rRNA-
targeted oligonucleotide probes, found that bacterial commu-
nities on lake snow aggregates are largely dominated by b-Pro-
teobacteria.

Examining the composition of microbial communities with
phylogenetically based oligonucleotide probes, however, indi-
cates only in rare cases specific physiological traits of the pop-
ulation of interest, e.g., ammonia oxidation by Nitrosomonas/
Nitrosospira spp. within the b-Proteobacteria (41). To better
understand the functional response of the dominating mem-
bers of the heterotrophic microbial communities on macro-
scopic aggregates, it would be of great importance to study
their growth dynamics simultaneously with the turnover of the
major labile organic substrates on aggregates, dissolved amino
acids and carbohydrates.
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The aim of this study was to examine the microbial coloni-
zation of lake snow aggregates in mesotrophic Lake Con-
stance, Germany, by FISH together with dynamics of the turn-
over of dissolved amino acids and carbohydrates. The results
show that a specialized bacterial community, dominated only
by a few closely related phylogenetic clusters of a- and b-Pro-
teobacteria, and later on of Cytophaga/Flavobacteria, estab-
lished on the aggregates. High and increasing proportions of
b-Proteobacteria were usually associated with a release of dis-
solved amino acid into the surrounding water.

MATERIALS AND METHODS

Study site and sampling. Upper Lake Constance is a mesotrophic and warm
monomictic prealpine lake with a surface area of 472 km2 and maximum and
mean depths of 253 and 101 m, respectively. The lake has been studied inten-
sively in the recent past (20, 25, 27, 51) and also with respect to the significance
of lake snow aggregates (21, 22, 23, 24, 62). The study was carried out between
June 1994 and December 1996. In 1995 and 1996 the abundance of lake snow
aggregates at depths between 10 and 30 m was determined on photographs taken
in situ with a Nikonos V (Nikon) underwater camera system as described by
Grossart et al. (24). Photographs were also used to measure the size of the
aggregates from which their volumes were calculated assuming spherical shape.
From June to August 1994 and from May to September 1996, lake snow aggre-
gates were sampled at depths of 10 to 30 m in the center of Lake Überlingen, a
northwestern fjord-like arm of Lake Constance with maximum and mean depths
of 147 and 90 m, respectively. Between 10 April and 20 August 1995, lake snow
aggregates were sampled at a station in the southern area of Lake Constance
near Romanshorn, Switzerland, at depths of 10 to 30 m and 50 m and at the
sediment surface at 110 m. We chose this site because of its low allochthonous
impact and low advective water movement (7). Lake snow aggregates at depths
between 10 and 30 m were collected by scuba divers with plastic syringes (59).
Samples of sinking lake snow aggregates at a depth of 50 m were collected by a
conical sediment trap (Aquatec Kiel) exposed for 6 h. This short period ensured
that freshly collected particulate organic matter (POM), decomposed only
slightly in the sediment trap, was sampled. It also ensured that the bacterial
community on the settled material still resembled closely the community found
on aggregates at this depth. Grossart and Simon (23) estimated that lake snow
aggregates contributed 40 to 60% to the sinking POM at 25 m. Therefore, it was
justified to assume that the majority of POM collected in the sediment trap was
of lake snow origin. Surface sediment samples were collected from a depth of
110 m with a Plexiglas sediment corer. Based on the assumption that the upper-
most layer of the sediment core consists of very recently settled lake snow
aggregates, we carefully sampled the top layer of the sediment core with a
pipette. All samples were stored in a cooler, brought to the lab, and frozen at
220°C until further processing.

Experimental design. Experiments were carried out to examine the microbial
colonization of aggregates over time, in most cases together with dynamics of
dissolved free and combined amino acids (DFAA and DCAA) and/or free and

combined carbohydrates (DFCHO and DCCHO). Therefore, lake snow aggre-
gates were formed from fresh samples of a depth of 6 m transferred into 1.2-liter
Plexiglas cylinders rolling horizontally at 2 rpm according to the technique of
Shanks and Edmondson (49). The samples were incubated at in situ temperature
at ambient light conditions until aggregates of 3 mm or larger had formed,
usually within 24 h. In total 16 experiments were carried out between 1994 and
1996, but bacterial production, uptake of DFCHO and DFAA, and aminopep-
tidase activity (see below) were measured only in two experiments. To study the
release of DFAA, DCAA, DFCHO, and DCCHO into the surrounding water or
consumption of these substrates from it, the aggregates were transferred to 50-ml
glass syringes filled with particle-free (0.2-mm [pore-size]- filtered) lake water.
Eight or nine syringes were filled with one aggregate each. One syringe filled only
with particle-free water was used as a control. The syringes were rotated verti-
cally at 5 rpm and were incubated in the dark at the in situ temperature at 25 m
depth (5 to 10°C) to simulate the conditions of aggregates sinking through the
upper hypolimnion. Periodically, 5-ml water samples were withdrawn from the
control syringe and from one syringe with an aggregate to measure the change of
concentration of dissolved amino acids (DAA) and carbohydrates (DCHO) over
time. At each subsampling, one aggregate from another syringe was also col-
lected to examine the composition of the aggregate-associated bacterial commu-
nity. This sampling design was only valid under the assumption that the size and
composition of the aggregates and the composition of the aggregate-associated
bacterial community was similar on all aggregates at a given time. In order to test
this assumption, we examined the composition of the bacterial community by
FISH and group-specific probes on three aggregates of the same origin but
incubated separately in syringes over 41 h. In seven subsamples collected over
this period the proportions of a-, b-, and g-Proteobacteria of the triplicate
samples agreed within 10% of the mean even though the proportions of a- and
b-Proteobacteria varied from 15 to 28% and from 33 to 62% of the DAPI
(49,69-diamidino-2-phenylindole)-stainable cells, respectively.

In situ hybridization. For the analysis by FISH (6), we used probes specific for
Bacteria, the a-, b-, and g-subclasses Proteobacteria (37), and the cluster Cyto-
phaga/Flavobacteria (36) and probes targeting 16S ribosmal DNA (rDNA) clones
from lake snow aggregates (Table 1) (30). The probes were linked to either of the
fluorochromes 5,(6)-carboxyfluorescein-N-hydroxysuccinimidester (Fluos), tetra-
methyl rhodamine-5,6-isothiocyanate (TRITC), or Cy3 (derivate of succinim-
idester Cy3 of a cyanine). For in situ hybridization, samples were dried and fixed
with a 4% paraformaldehyde solution on Teflon-coated glass slides and pro-
cessed as described previously (62). In situ hybridization was performed at 46°C
for 90 min. The hybridization buffer contained 0.9 M NaCl, either 20 or 35%
formamide depending on the stringency (Table 1), 20 mM Tris-HCl (pH 7.4),
and 0.01% sodium dodecyl sulfate (SDS). The concentration of each probe was
50 ng ml21. Probes for BET42a and GAM42a have to be used with a competitor
oligonucleotide (37, 57). To stop hybridization, the slides were rinsed and incu-
bated at 46°C for 15 min in washing buffer containing 180 or 40 mM NaCl for 20
and 35% formamide hybridization, respectively; 20 mM Tris-HCl (pH 7.4); and
0.01% SDS. After being rinsed with distilled water, the slides were dried and
stained with DAPI (0.01%). Finally, the samples were embedded in Citifluor
(Citifluor, Ltd., Canterbury, United Kingdom). The samples were visualized by
an epifluorescence microscope (Labophot 2A; Nikon) equipped with the Nikon

TABLE 1. Description of oligonucleotide probes used to examine the composition of bacterial communities on lake snow aggregates

Probe Target group Sequence (59 3 39)a % Formamideb Reference

EUB338 Bacteria GCT GCC TCC CGT AGG AGT 20 5
ALF1b a-Proteobacteria CGT TCG (C/T)TC TGA GCC AG 20 37
BET42a b-Proteobacteria GCC TTC CCA CTT CGT TT 35 37
GAM42a g-Proteobacteria GCC TTC CCA CAT CGT TT 35 37
CF319a Cytophaga/Flavobacteria TGG TCC GTG TCT CAG TAC 35 36
LSA67 Clones and isolates from lake snow

closely related to B. diminuta
GGA CCT TTC GGG GTT AGT 35 30

LSA225 Sphingomonas sp. and relatives TCC TAC GCG GGC TCG TCC 35 30
LSA644 Clones and isolates from lake snow

within the genus Sphingomonas
CCA GGA TTC AAG CAA TCC 35 30

SNA23a S. natans and relatives CAT CCC CCT CTA CCG TAC 35 61
LSB65 D. zoogloeoides and relatives GTT GCC CCG CGC TGC CGT 35 30
LSB70 Hydrogenophaga sp. and relatives AGC ACC TTG CGG CCT GTT 35 30
LSB145 A. facilis and relatives CTT TCG CTC CGT TAT CCC 35 30

a Nucleotide sequences according to the work of Brosius et al. (12).
b Concentrations of formamide used for hybridization.
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filter sets UV-2A (DAPI), B-2A (Fluos), G-2A (TRITC), and XF32 NM198
(Omega Optical, Inc.) for Cy3. At least 500 to 600 bacteria on 10 viewfields per
sample were counted in triplicates. The average coefficient of variation ranged
between 2 and 15%.

Substrate analysis. Dissolved amino acids and carbohydrates were measured
during the lab experiments in which the bacterial colonization of aggregates over
time was examined. DFAA were analyzed by high-performance liquid chroma-
tography (HPLC) after precolumn derivatization with ortho-phthaldialdehyde
according to the method of Lindroth and Mopper (33) as modified by Simon and
Rosenstock (52). DCAA were analyzed as the DFAA after hydrolysis with 6 N
HCl for 1 h at 155°C (35).

DFCHO were analyzed by HPLC and pulsed amperometric detection accord-
ing to the method of Mopper et al. (39) on a Carbopac PA-1 column (Dionex)
slightly modified using 16 N NaOH as the eluent and at 10°C. (For further
details, see the study by Bunte and Simon [12]). DCCHO were hydrolyzed by 0.1
M HCl for 20 h (26) and analyzed as monomers.

Bacterial biomass production and substrate uptake. Biomass production of
the aggregate-associated bacteria was measured by determining the uptake of
14C-labeled leucine according to the methods of Kirchman et al. (32) and Simon
and Azam (53). One lake snow aggregate with a minimum volume of surround-
ing water was collected by a pipette with a cutoff 1-ml plastic tip, diluted in 400
ml of particle-free lake water, and sonicated for 5 s. Four 100-ml aliquots were
transferred into glass test tubes filled with 2.9 ml of 0.2-mm (pore-size)-filtered
water. The samples were labeled with [14C]-leucine (310 mCi mmol21; Amer-
sham) at a final concentration of 60 nM (21). One sample served as a blank and
was fixed immediately with Formalin (2% final concentration). The three other
samples were incubated for 1 h in the dark at in situ temperature and fixed
thereafter. The samples were filtered onto 0.45-mm (pore-size) nitrocellulose
filters (Sartorius), extracted with ice-cold 5% trichloroacetic acid (TCA) for 5
min, rinsed once with 5% TCA and twice with 80% ethanol, and radioassayed by
liquid scintillation counting. Bacterial production was calculated according to the
method of Simon and Azam (53) assuming a twofold isotope dilution of leucine
and a partitioning in the protein fraction of 86% of the total macromolecular
fraction (52).

The net uptake of DFCHO and DFAA by aggregate-associated bacteria was
measured by determining the uptake of a 1:1 mixture of [3H]glucose (specific
activity 15 Ci/mmol) and [3H]galactose (specific activity, 31 Ci/mmol) and by a
mixture of 15 3H-labeled amino acids (mean specific activity, 34.8 Ci/mmol). All
radiochemicals were from Amersham. The radiolabeled DFCHO and DFAA
were added at a final concentration of 1 nM to separate the sets of samples.
Incubations, filtrations, and radioassays were done in the same way as for leucine
incorporation (see above).

Aminopeptidase activity. The aminopeptidase activity of aggregate-associated
bacteria was measured with the fluorogenic substrate analog L-leucine-4-methyl-
7-coumarinylamide (Leu-MCA; Fluka, Geneva, Switzerland) according to the
method of Hoppe (29) but slightly modified. Triplicates of 100 ml of the soni-
cated aggregates were added to 900 ml of 0.2-mm-filtered water and incubated at
in situ temperature with 100 mM Leu-MCA (final concentration) for 60 min.
Then, 1 ml of 0.2-mm-filtered water served as a blank. The fluorescence of the
peptidase-cleaved MCA was read at a 365-nm excitation and a 455-nm emission
wavelength and translated into units of MCA concentration with a calibration
curve.

RESULTS

Composition of the microbial community on natural lake
snow aggregates. The highest abundances of lake snow aggre-
gates, ranging from ,5 to 30 aggregates liter21, were found
during phytoplankton bloom periods such as in May, July,
August, and October (Fig. 1). The numbers of aggregates gen-
erally increased with depth. The maximum during the spring
bloom in May and early June lasted longer in 1995 than in 1996
but was higher in the latter year. In July 1995, the abundance
of lake snow aggregates at 30 m was higher than in 1996.
Natural lake snow aggregates were densely colonized by mi-
crobes. The numbers ranged from 2 3 106 to 16 3 106 cells
aggregates liter 21 (Fig. 2). On the basis of the mean volume of
lake snow aggregates in Lake Constance of 65 ml, these num-
bers translate into a volume-specific colonization of 30 3 106

to 246 3 106 cells per ml of aggregate, a 30- to 60-fold denser

colonization than in the surrounding water (1 3 106 to 4 3 106

cells ml21). Between 13 and 100% of the microbes enumerated
by DAPI staining were detected by the probe EUB338 specific
for Bacteria. In 1994 when we collected only samples at six
dates between June and August, this proportion ranged from
55 to 100% of the DAPI cell counts. From April until July 1995
it did not exceed 40% at a depth of 25 m, whereas later in this
year and in 1996 proportions of 60 to 82% were detected at this
depth (Fig. 2 and 3B). On POM collected in the sediment trap
at a depth of 50 m and dominated by lake snow aggregates, we
usually detected highest proportions of Bacteria by the

FIG. 1. Abundance of lake snow aggregates in Lake Constance in
1995 at the Romanshorn site and in 1996 at the Lake Überlingen site
at 10, 20, and 30 m.
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EUB338 probe (Table 2), i.e., between 59 and 81% of the
DAPI cell counts (Fig. 2). On the sediment surface layer at a
110-m depth proportions of 48 to 62% of the DAPI cell counts
were detected by the EUB338 probe (Fig. 2).

In 1995, we examined the composition of the bacterial com-
munity on lake snow aggregates at the Romanshorn site by the
probes specific for the a-, b-, and g-Proteobacteria and the
Cytophaga/Flavobacteria cluster between a 25-m depth and the
sediment surface at 110 m. At 25 m, proportions of a- and
b-Proteobacteria were fairly similar until July and ranged be-

tween 5 and 15% of the DAPI cell counts, respectively (Fig. 2,
Table 2). In August, b-Proteobacteria dominated and com-
prised proportions of 15 to 60%. Proportions of g-Proteobac-
teria remained below 5% except at the end of June. No cells at
this depth were detected by the probe specific for the Cyto-
phaga/Flavobacteria cluster. The cumulative proportions of all
cells detected by the group-specific probes at a 25-m depth
ranged between 8 and 84% of the DAPI cell counts, with a
mean of 29%, and between 43 and 100% of cells detected by
the Bacteria-specific probe, with a mean of 73%.

FIG. 2. Total DAPI cell counts, proportions of Bacteria detected by probe EUB338, proportions of a-, b-, and g-Proteobacteria detected by
probes ALF1b, BET42a, and GAM42a, and proportions of Cytophaga/Flavobacteria detected by probe CF319a on lake snow aggregates in Lake
Constance at the Romanshorn site in 1995 (percentage of DAPI cell counts). Samples at a 25-m depth were collected by scuba divers, at a 50-m
depth in sediment traps, and at a 110-m depth by a sediment corer.
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At 50 m, b-Proteobacteria always dominated the aggregate-
associated bacterial community and ranged between 38 and
64% of the DAPI cell counts (Fig. 2, Table 2), whereas pro-
portions of a-Proteobacteria remained below 20% of the DAPI
cell counts, with a mean of 12%. Also, g-Proteobacteria were
detected on aggregates at this depth but comprised only minor
proportions (Fig. 2, Table 2). Cells of the Cytophaga/Flavobac-
teria cluster did not appear until the beginning of July but their
proportion remained below 8% of the DAPI cell counts and
comprised 5.8% as a mean (Fig. 2, Table 2). The cumulative
proportion of bacteria detected by the group-specific probes at
a 50-m depth ranged between 58 and 83% of the DAPI cell

counts, with a mean of 74%. This proportion matched 100% of
the counts by the Bacteria-specific probe.

On the surface sediment layer at a 110-m depth the bacterial
community was also largely dominated by b-Proteobacteria,
which comprised 31 to 56% of the DAPI cell counts, but cells
of the Cytophaga/Flavobacteria cluster comprised a proportion
twice as high as at 50 m, up to 18% of the DAPI cell counts
(Fig. 2, Table 2). In contrast to the findings at 50 m, cells of this
cluster were found on the sediment surface throughout the
study period. a- and g-Proteobacteria were also detected at this
depth but comprised proportions of ,3% of the DAPI cell
counts each (Fig. 2, Table 2). The cell counts of all group-

FIG. 3. Composition of the bacterial community on lake snow aggregates at 25 m in Lake Constance at the Lake Überlingen site in 1996. (A)
Total cell numbers per aggregate. (B) Proportions of Bacteria detected by probe EUB338. (C) Proportions of a-, b-, and g-Proteobacteria detected
by probes ALF1b, BET42a, and GAM42a. (D) Percentages of a-Proteobacteria detected by probes LSA67 (several clones of B. diminuta and M.
bullata) and LSA225 (specific for Sphingomonas spp., C. subvibrioides, and R. suberifaciens). (E) Percentages of b-Proteobacteria detected by probes
LSB65 (D. zoogloeoides and relatives), LSB70 (Hydrogenophaga sp. and relatives), and LSB145 (A. facilis and relatives).

TABLE 2. Mean proportions of Bacteria, various subclasses of Proteobacteria, and Cytophaga/Flavobacteria detected by FISH on lake snow
aggregates in Lake Constance between April and November 1995 at the Romanshorn site at 25 and 50 m and on the surface sediment layer at

110 ma

Depth (m)
% DAPI cell counts 6 SD of:

Bacteria a-Proteobacteria b-Proteobacteria g-Proteobacteria Cytophaga

25 39.6 6 21.0 10.5 6 7.9 14.2 6 10.2 4.2 6 9.5 ND
50 70.9 6 9.4 12.0 6 3.3 54.0 6 5.9 1.9 6 0.7 5.8 6 2.0

110 55.3 6 6.8 2.7 6 1.4 41.1 6 8.4 2.5 6 0.8 10.4 6 2.1

a Aggregates at 25 m were collected by scuba divers, at 50 m by a sediment trap, and at 110 m by a sediment corer. For a description and identification of the probes
used for FISH, see Table 1. ND, not detected.
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specific probes together comprised 57% of the DAPI cell
counts which, as at 50 m, matched 100% of the cell counts by
the Bacteria-specific probe.

In 1996, we analyzed the bacterial community on lake snow
aggregates collected at 25 m in Lake Überlingen by probes
whose nucleotide sequences were derived from 16S rDNA
clones amplified directly from lake snow aggregates by PCR
(Table 1) (30). These probes are specific for narrow clusters of
sequences derived from lake snow aggregates with similarities
of .97.5% within b-Proteobacteria closely related to Ac-
idovorax facilis (LSB145), Hydrogenophaga palleroni (LSB70),
Duganella zoogloeoides (formerly Zoogloea ramigera ATCC25935;
LSB65), and of .96% within a-Proteobacteria closely related to
different Sphingomonas species, Caulobacter subvibrioides, Rhi-
zomonas suberifaciens (LSA225), and several clones closely
related to Brevundimonas diminuta and Mycoplasma bullata
(LSA67). The patterns of aggregate colonization by Bacteria
and the a-, b-, and g-Proteobacteria were similar to those of the
previous year, showing also the dominance of a-and b-Pro-
teobacteria, of the latter particularly from June to September
(Fig. 3B and C).

The highly specific probes together detected between 14.3
and 52% of the DAPI cell counts with a mean of 30.6%. Probes
LSA225 and LSA67 together detected 4.3 to 15.6% of the
DAPI cell counts, with a mean of 8.3%, and 16 to 60% of the
a-Proteobacteria, with a mean of 34% (Fig. 3D, Table 3).
LSA225 always comprised a much larger proportion than
LSA67, ranging from 9.2 to 52.3% of the a-Proteobacteria, with
a mean of 27.6%. Proportions of LSA67 remained always be-
low 4.1%. The probe LSA644, specific for a subgroup of iso-
lates and clones from lake snow aggregates targeted by probe
LSA225, detected 11 to 71% of the bacteria identified by the
latter probe (Table 3).

Probes LSB145 (A. facilis and relatives), LSB65 (D. zoog-
loeoides and relatives), and LSB70 (H. palleroni and relatives)
individually detected up to 15.5, 12.4, and 4.5% of the DAPI
cell counts, respectively, with means of 9.3, 8.2, and 2.1%. On
single aggregates, probes LSB145 and LSB65 together de-
tected up to 23% of the DAPI cell counts and as a mean 13%.

Based on the numbers of total b-Proteobacteria, probes
LSB145 and LSB65 individually comprised proportions of up
to 42.5 and 40.3, respectively, with means of 23.8 and 14.7. All
three probes together accounted for 42 to 69.7% of b-Pro-
teobacteria (Fig. 3E, Table 3).

Bacterial colonization and substrate dynamics of lab-made
lake snow aggregates. We examined functional relationships
between the structure of the heterotrophic bacterial commu-
nity on lake snow aggregates and the turnover of the most
important labile substrates in experiments with aggregates pro-
duced in rolling tanks. Therefore, we determined the compo-
sition of the aggregate-associated bacterial community to-
gether with the consumption from and release into the
surrounding water of dissolved amino acids and carbohydrates.
Lab-made aggregates usually were more compact and tended
to be larger than natural aggregates. However, as tested in six
comparisons made between June and August 1994, the bacte-
rial colonization of the lab-made aggregates that were 1 to 2
days old was not statistically different from that of aggregates
collected at a 25-m depth within a few days of the date at which
samples were collected at 6 m for forming lab-made aggre-
gates. The mean percentages 6 standard deviations of DAPI
cell counts of a-, b-, and g-Proteobacteria on natural aggregates
were 16.9 6 7.1, 41.5 6 11.9, and 10.5 6 8.9 compared to
16.5 6 7.1, 41.8 6 14.6, and 8.6 6 2.3 on lab-made aggregates.

During the course of the experiments, the numbers of DAPI
cell counts varied substantially but there was no consistent
trend of increasing or decreasing numbers (Fig. 4A, 5A, and
6A). However, in most experiments consistent temporal trends
with respect to the relative proportions of a- and b-Proteobac-
teria occurred. Even though the proportions of a- and b-Pro-
teobacteria during the early phase varied among individual
experiments (Fig. 4B, 5B, and 6B), the proportion of a-Pro-
teobacteria decreased in 8 and remained constant in 5 of the 16
experiments and reached average values of ,27% toward the
end of the experiments, after 20 to 96 h (Table 4). The de-
crease was statistically significant (t test, P , 0.05) when we
compared the mean proportions of the early time points (,20
to 24 h) with those of the late time points (.20 to 24 h). In

TABLE 3. Proportions of bacteria detected by various oligonucleotide probes specific for distinct subpopulations of the a-Proteobacteria
(LSA67, LSA225, and LSA644) and b-Proteobacteria (LSB65, LSB70, and LSB145) on lake snow aggregates collected at a 25-m depth in Lake

Constance (Lake Überlingen) in 1996a

Date (1995)

a- and b-Proteobacteria,
LSB65 1 LSB70 1 LSB145

1 LSA67 1 LSA225
(% DAPI cell counts)

a-Proteobacteria,
LSA67 1
LSA225

(% ALF1b)

a-Proteobacteria,
LSA644

(% LSA225)

b-Proteobacteria,
LSB65 1 LSB70 1 LSB145

(% BET42a)

7 April 18.4 57.2 NA 42.4
10 May 16.4 57.4 NA 49.6
17 May 14.4 60.4 29.9 48.8
24 May 26.4 17.7 10.8 57.7
14 June 38.2 16.1 71.0 69.7
28 June 30.3 41.3 12.4 46.1
12 July 33.6 21.9 41.9 53.0
19 July 40.9 20.3 46.0 51.6
16 July 33.4 35.7 39.4 41.9
23 July 32.5 31.2 40.0 50.3
20 September 52.5 25.6 42.2 51.7
Mean (SD) 30.6 (10.9) 35.0 (16.0) 37.1 (17.2) 51.2 (7.3)

a The sequences of the probes were derived from 16S rDNA clones amplified directly from lake snow-associated microbial communities by PCR (30). For a
description and identification of the probes, see Table 1. NA, not analyzed.
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contrast, the proportions of b-Proteobacteria significantly in-
creased in 11 of 16 experiments (t test, P , 0.05) to proportions
of .27% and in 10 experiments even to .36% toward the end
of the experiment, irrespective of the dynamics of their abso-
lute numbers (Fig. 4B, 5B, and 6B; Table 4). In the experiment
of 9 June 1995, the proportions were already 66% at the be-
ginning and remained constantly high (Fig. 4B, Table 4). In
three of the four experiments with decreasing proportions of
b-Proteobacteria (9 June 1994, 22 May 1996, 10 August 1996;
Fig. 5B), the proportions of a-Proteobacteria also decreased to
levels not exceeding those of the former. The temporal dynam-

ics of g-Proteobacteria, comprising occasionally higher but in
most cases lower proportions than a- and b-Proteobacteria, did
not show a consistent trend (Table 4). Bacteria of the Cyto-
phaga/Flavobacteria cluster, not enumerated in all experiments,
occurred after 20 h and reached up to 15% of the DAPI cell
counts after 48 h (data not shown).

We also examined the composition of the a- and b-pro-
teobacterial communities on lab-made aggregates over time by
using clone-specific probes (Fig. 6C). In the six experiments
analyzed, bacterial cells detected by probe LSA225 (specific for
Sphingomonas spp., C. subvibrioides, R. suberifaciens) ranged
from 9 to 95% of the total a-Proteobacteria. Cells detected by
probes LSB65 (D. zoogloeoides and relatives) and LSB145 (A.
facilis and relatives) ranged from 8 to 74% and 5 to 56% of the

FIG. 4. Temporal dynamics of aggregate-associated bacteria and
DCAA on lab-made aggregates produced in rolling tanks on 9 May
1995 of water from a 6-m depth. (A) Numbers of total cells agg21 and
of Bacteria detected by probe EUB338. (B) Percentages of a-, b-, and
g-Proteobacteria detected by probes ALF1b, BET42a, and GAM42a.
(C) Consumption by aggregate-associated bacteria (negative scale)
and release of DCAA from aggregates into the surrounding water
(positive scale).

FIG. 5. Temporal dynamics of aggregate-associated bacteria and
DCAA on lab-made aggregates produced in rolling tanks on 22 May
1996 of water from 6 m. For definitions, see the legend to Fig. 4.
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total b-Proteobacteria, respectively. In addition to these specific
probes, in four experiments we applied probe SNA23a which
detects Sphaerotilus natans and relatives. Its proportion ranged
from 5 to 38% of the total b-Proteobacteria. Together, the
highly specific probes detected between 13 and 80% of the
DAPI-stainable cells, and in 68% of the analyses they detected
at least 30%.

In 15 experiments we simultaneously measured the temporal
dynamics of the composition of the aggregate-associated bac-
terial community with that of DAA in the surrounding water
and calculated the consumption and release rates of DAA by

the aggregate-associated microbial community (Table 5).
These rates were calculated from the difference in concentra-
tions over time for the same periods for which mean propor-
tions of a- and b-Proteobacteria were determined (Table 4).
The dynamics of DCAA were much more pronounced than
that of DFAA (Table 5, Fig. 7A). Three experiments exhibited
a continuous DAA release. In 11 experiments, DAA were
initially consumed from the surrounding water and later re-
leased into it. In 7 of the 11 experiments the transition from
consumption to release of DAA covaried with increasing pro-
portions of b-Proteobacteria by at least a factor of 1.3 and in 5
cases by a factor of .2, reaching final values between 32 and
85% of the DAPI-stainable cells (Table 4). In the experiments
with a continuous DAA release (1 June 1994, 16 May 1995, 31
October 1996) the proportions of b-Proteobacteria were either
permanently high or increased as well (Tables 4 and 5). In the
only experiment with an initial release of DAA and a later
consumption (9 June 1994), the proportions of b-Proteobacte-
ria significantly decreased. a-Proteobacteria did not show such
a consistent trend with the dynamics of DAA, but in 11 exper-
iments with an initial DAA consumption and later release their
proportions decreased or remained constant. Because the
numbers of free-living bacteria in the surrounding water re-
mained fairly constant and below 2 3 105 ml21, we attribute
the changes in concentrations of DAA to the activities of the
aggregate-associated bacteria.

In five experiments we measured the dynamics of DCHO
and calculated rates of consumption from and release into the
surrounding water in the same way as for DAA (Fig. 7B, Table
5). Two experiments exhibited an initial consumption and later
release, whereas two other experiments showed either no
change over time or a continuous release. There was no con-
sistent temporal covariation with the proportions of either a-
or b-Proteobacteria.

In two experiments (24 November 1996, 5 December 1996)
we measured rates of substrate hydrolysis and uptake. In both
experiments, DCAA were first consumed and later released
and the proportions of b-Proteobacteria increased (Tables 4
and 5). As illustrated by the experiment of 24 November (Fig.
6 and 7), the shift from the relative dominance of a-Proteobac-
teria to b-Proteobacteria and from the consumption to the re-
lease of DCAA covaried with substantially enhanced activities
of the aminopeptidase (Fig. 6B and 7D). During the transi-
tional phase at around 30 h, the rates of bacterial production
and uptake of DFAA and DFCHO also reached their maxima
but strongly decreased thereafter (Fig. 7C, E, and F).

DISCUSSION

Our results show that the community of lake snow-associ-
ated bacteria in Lake Constance was dominated by a- and
b-Proteobacteria, 20 to .50% of which comprised cells of a few
closely related clusters which we detected with only five oligo-
nucleotide probes of high specificity. Members of both sub-
classes of Proteobacteria constituted roughly similar propor-
tions of the aggregate-associated bacterial community at a
25-m depth from spring until July 1995 and June 1996, respec-
tively, whereas later on in the season of both years and at
depths of 50 and 110 m the b-Proteobacteria largely dominated.
With increasing depth, bacteria of the Cytophaga/Flavobacteria

FIG. 6. Temporal dynamics of aggregate-associated bacteria on
lab-made aggregates produced in rolling tanks on 24 November 1996
of water from 6 m. (A) Numbers of total cells per aggregate and of
Bacteria detected by the probe EUB338. (B) Percentages of a-, b-, and
g-Proteobacteria detected by probes ALF1b, BET42a, and GAM42a.
(C) Percentages of a-Proteobacteria detected by probe LSA225 and of
b-Proteobacteria detected by probes SNA23, LSB65, LSB70, and
LSB145.
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cluster occurred in increasing proportions, constituting up to
18% of the DAPI cell counts. Further, the majority of our
experiments showed evidence that during the first day after
aggregate formation the aggregate-associated bacterial com-
munity consumed DAA from the surrounding water. Thereaf-
ter, when b-Proteobacteria increasingly dominated and the pro-
portions of a-Proteobacteria decreased, DAA were released
into the surrounding water.

Lake snow aggregates in Lake Constance are formed in the
epilimnion in the upper 10 m from senescent algae, molts, and
dead zooplankton by various processes, including wind-in-
duced shear and aggregation by transparent exopolymer par-
ticles (24, 34). Hence, the formation and abundance of lake
snow aggregates is a function of the POM concentration. The
numbers of aggregates and their seasonal dynamics in 1995 and
1996 are similar to those reported by Grossart et al. (24) for
1993. Lake snow contributes 40 to 60% to the sinking flux and
settles through the water column with estimated mean sinking
rates of 10 to 15 m day21, even though individual aggregates
may have higher sinking rates (23). Therefore, aggregates have
an estimated age of 1.5 to 3 days at depths of 25 to 30 m, of 3
to 5 days at 50 m, and of 8 to 11 days when they reach the
sediment surface at a 110-m depth. Thus, in our experiments
we simulated the initial days of the aggregate decomposition

that took place in the lake at depths of between 10 and 50 m.
The results of the majority of these experiments indicated that
consumption of DAA from the surrounding water occurred
mainly at 10 to 25 m, whereas further below in the hypolim-
nion, DAA were released from the aggregates into the sur-
rounding water. Some experiments even showed a continuous
release. Because we did not run replicates of the release assays
during individual experiments the results are not statistically
significant but indicate a trend. This trend from an early con-
sumption to a later release of DAA was consistent in 73% of
our experiments. Hence, we assume that this trend documents
findings which can be generalized and are of general signifi-
cance for the decomposition of amino acid components of
POM on lake snow aggregates. This trend is also consistent
with the results of Grossart and Simon (22, 23), who showed
that aminopeptidase activities of aggregate-associated bacteria
in Lake Constance are highest at depths of 15 to 25 m and that
aggregates and settled POM in sediment traps at 50 m directly
release dissolved amino acids.

With the Bacteria-specific probe EUB338, we detected 50 to
more than 80% of the DAPI cell counts except from April to
July 1995, indicating that during most of our study we were
able to identify and quantify the majority of the microbial cells
on aggregates. These results are consistent with previous stud-

TABLE 4. Temporal dynamics of the colonization of laboratory-made lake snow aggregates by a-, b-, and g-Proteobacteria detected by probes
ALF1b, BET42a, and GAM 42a

Date Time (h)

No.
of

time
points

% DAPI counts 6 SDa of:

a-Proteobacteria b-Proteobacteria g-Proteobacteria

1 June 1994 0 3 42.0 6 8.8 21.1 6 5.5 34.0 6 8.2
72–96 6 21.5 6 4.8 26.8 6 7.9 32.8 6 6.6

9 June 1994 12–24 6 24.7 6 1.8 57.3 6 3.1 26.3 6 2.3
48–72 6 16.8 6 0.8 23.2 6 3.1 14.3 6 2.7

15 June 1994 0–4 9 23.6 6 4.6 40.4 6 3.4 20.9 6 3.7
22.6 3 22.7 6 3.4 85.1 6 0.5 37.9 6 3.3

9 August 1994 25.5 3 23.6 6 4.6 25.7 6 3.4 5.0 6 0.4
73–96 6 22.7 6 3.4 39.9 6 2.5 2.0 6 0.3

19 August 1994 24.5 3 14.1 6 3.2 36.1 6 2.2 3.3 6 0.7
49–73 6 11.1 6 2.2 66.6 6 4.0 6.3 6 1.1

9 May 1995 0–2.5 6 39.2 6 4.2 38.2 6 5.8 15.6 6 1.2
27–31 6 24.1 6 6.6 52.9 6 2.8 8.2 6 1.4

16 May 1995 0–17 6 25.4 6 0.5 17.2 6 2.1 4.5 6 0.7
25–40 6 18.7 6 3.4 39.4 6 1.5 8.2 6 1.4

9 June 1995 5.5–10 6 7.2 6 1.0 66.1 6 4.8 15.3 6 3.3
24–30 6 15.8 6 3.0 66.0 6 7.2 1.6 6 0.4

5 July 1995 0–4 9 27.4 6 2.4 12.4 6 1.0 1.4 6 0.5
17–20 6 26.9 6 4.7 72.1 6 2.9 12.8 6 4.0

8 August 1995 0–24 6 23.0 6 2.8 13.5 6 4.2 2.4 6 3.3
48–72 6 30.9 6 12.1 36.3 6 10.9 3.5 6 2.3

22 May 1996 0–8 9 16.3 6 2.1 67.8 6 3.7 15.1 6 0.8
24–29 6 8.4 6 0.7 32.8 6 2.2 16.6 6 1.6

10 August 1996 0–18 6 30.1 6 2.7 54.9 6 7.5 19.3 6 1.1
42–48 6 25.9 6 3.0 21.9 6 0.5 7.8 6 1.8

24 October 1996 0–16 6 26.2 6 4.3 57.7 6 4.9 5.9 6 0.8
40–48 6 35.1 6 5.1 36.1 6 6.7 6.7 6 0.7

31 October 1996 0–21 9 35.2 6 6.0 47.0 6 4.2 3.9 6 0.8
49–68 6 23.2 6 4.9 55.3 6 4.8 5.8 6 0.6

24 November 1996 0–8 6 43.4 6 3.5 18.2 6 4.3 3.6 6 1.1
32–51 6 20.1 6 1.1 38.0 6 2.8 21.0 6 2.2

5 December 1996 0–18 9 35.2 6 2.5 19.8 6 3.2 5.0 6 0.9
34–42 6 12.6 6 0.7 44.1 6 4.4 19.4 6 1.9

a Mean values 6 the standard deviations from three to nine time points during early and late phases of the incubation period are shown.
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ies on the microbial colonization of lake snow aggregates in
Lake Constance (22, 62). Usually, a- and in particular b-Pro-
teobacteria dominated the bacterial community on aggregates
and more than 80 and often 100% of Bacteria were detected by
probes specific for these subclasses of Proteobacteria and for
the Cytophaga/Flavobacteria cluster. This observation indicates
that nearly all of the cells identified on the aggregates by FISH
belonged to either of these phylogenetic lineages and that we
did not miss any further potentially important lineages. It is
noteworthy that we were able to identify 16 to 60% of the
a-Proteobacteria by only two probes specific for distinct clusters
from lake snow aggregates belonging to Sphingomonas and
relatives (LSA67, LSA225), and 42 to 70% of the b-Proteobac-
teria by three probes specific for distinct clusters of the b1-
subclass of Proteobacteria closely related to D. zoogloeoides
(LSB65), H. palleroni (LSB70), and A. facilis (LSB145). Obvi-
ously, the microenvironment of lake snow aggregates selects
for a bacterial community specialized in decomposing these
polymer-rich aggregates because it is highly enriched in labile
organic and inorganic nutrients (22, 23) irrespective of the
source POM and season. This a- and b-Proteobacteria-domi-
nated community was already established on all of the aggre-
gates we analyzed, including the natural ones and the youngest
formed in rolling tanks. It was even present on precursor dia-
tom microaggregates of an age of a few hours (S. Knoll, W.

Zwisler, and M. Simon, submitted for publication). On natu-
rally occurring microaggregates in Lake Constance, however,
this highly specific bacterial community was never detected (T.
Brachvogel and M. Simon, unpublished data). On these mi-
croaggregates, the associated bacterial community was domi-
nated by b-Proteobacteria and members of the Cytophaga/Fla-
vobacteria cluster, whereas a-Proteobacteria were not detected
(T. Brachvogel, B. Schweitzer, and M. Simon, submitted for
publication). In the community of free-living bacteria in Lake
Constance, even though also dominated by b-Proteobacteria,
the number of bacteria detected by the probes specific for 16S
rDNA clones from lake snow aggregates was below the detec-
tion limit (W. Zwisler and M. Simon, unpublished data).
Hence, the bacterial communities on different types of micro-
and macroaggregates and those in the surrounding water ex-
hibit pronounced differences. Similar observations based, how-
ever, mainly on qualitative differences, were made for bacterial
communities on particles and marine aggregates compared to
the surrounding water in estuaries, in Californian coastal wa-
ters, and in the Mediterranean Sea (1, 8, 14, 16, 41). Brümmer
et al. (9) analyzing the bacterial community on river biofilms
also found that a- and b-Proteobacteria were its dominant
components.

According to the majority of our experimental results, con-
sumption of DAA by the aggregate-associated bacterial com-

TABLE 5. Consumption from the surrounding water (negative values) and release (positive values) of DFAA, DCAA, DFCHO, and
DCCHO into it by microbial communities associated with lake snow aggregates over timea

Date Time (h)
Consumption or release (nmol liter21 h21)

DFAA DCAA or DAA DFCHO DCCHO or DCHO

1 June 1994 0–24 21.0 75.8 – –
72–96 – 38.3 – –

9 June 1994 12–24 – 30.7 – –
48–72 – 244.7 – –

15 June 1994 0–4 – 2334.8 – –
22.6 – 45.2 – –

9 August 1994 25.5 – 245.7 – –
73–96 – 48.2 – –

19 August 1994 24.5 – 263.2 – –
49–73 – 27.1 – –

9 May 1995 0–2.5 18.2 2506.1 – –
27–31 23.3 80.3 – –

16 May 1995 0–17 226.3 1848.3 – 20.4
25–40 83.8 1779.2 – 0.3

9 June 1995 5.5–10 26.3 2172.7 – –
24–30 11.5 273.1 – –

5 July 1995 0–4 225.3 2436.4 – –
17–20 21.0 33.5 – –

22 May1996 0–8 – 2263.7 – 2148.4
24–29 – 40.7 – 323.3

10 August 1996 0–18 – 2250.1 – 31.0
42–48 – 22.4 – 40.7

24 October 1996 0–16 – 227.3 – 246.8
40–48 – 66.7 – 239.1

31 October 1996 0–21 – 4.3 – –
49–68 – 22.2 – –

24 November 1996 0–8 0.3 272.8 218.0 2153.3
32–51 1.9 50.0 4.2 48.7

5 December 1996 0–18 2.2 21.8 – –
34–42 4.4 63.1 – –

a The aggregates were formed in the lab from natural samples of Lake Constance and incubated in rotating 50-ml syringes in the dark at 5 to 10°C (in situ temperature
of the hypolimnion). Consumption and release rates were calculated from the differences in concentration over time in the early and late phases of the incubations.
If DFAA and DFCHO were not analyzed separately (–), the rates include the total dissolved amino acids (DAA) and the total dissolved carbohydrates (DCHO).
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munity took place on aggregates of an age of 2 to 3 days,
equivalent to aggregates occurring at a depth of 15 to 30 m.
During this phase, the relative proportions of a- and b-Pro-
teobacteria were rather variable. In most cases consumption of
DAA by the aggregate-associated bacterial community ex-
ceeded the supply by the aggregate-associated POM such that
DAA from the surrounding water were utilized as well. Later
on, when proportions of b-Proteobacteria increasingly domi-
nated and proportions of a-Proteobacteria decreased and con-
stituted ,27% of the DAPI cell counts, DAA were released
into the surrounding water. At this stage, occurring after 3 to
5 days and at depths of 25 to 50 m, the intense hydrolysis of
aggregate-associated combined amino acids predominantly by
b-Proteobacteria obviously became uncoupled from consump-
tion such that net release into the surrounding water occurred.

The closest known relatives of the b-Proteobacteria that we
identified (A. facilis, H. palleroni, D. zoogloeoides) are well
known for a high potential of hydrolytic enzyme activities and
for producing mucopolysaccharides (see below). Hence, the
physiology of these bacteria is consistent with our experimental
and field observations. At later stages occurring in the deep
hypolimnion of the lake, when the relative abundance of
b-Proteobacteria decreased again, bacteria of the Cytophaga/
Flavobacteria cluster became more abundant on aggregates.
These bacteria are known to have a high potential for hydro-
lyzing complex polysaccharides of various compositions includ-
ing cellulose, which are rather refractory to decomposition by
other aerobic bacteria such as those mentioned above (45).
Hence, the greater abundance of cells of the Cytophaga/Fla-
vobacteria cluster in later stages of lake snow aggregates sug-

FIG. 7. Temporal dynamics of the turnover DAA and DCHO by aggregate-associated bacteria on lab-made aggregates produced in rolling
tanks on 24 November 1996 of water from 6 m. (A and B) Consumption by aggregate-associated bacteria (negative scale) and release (positive
scale) of dissolved amino acids (DAA; DFAA, DCAA) and dissolved carbohydrates (DCHO; DFCHO, DCCHO) from aggregates into the
surrounding water. (C) Bacterial biomass production (BP) of aggregate-associated bacteria. (D) aminopeptidase (AMP) activity of aggregate-
associated bacteria. (E and F) Uptake rates and turnover times of DFAA and DFCHO.
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gests that in these stages labile organic matter was rather
depleted and that refractory components dominated more and
more. We did not find such clear temporal patterns of DCHO
consumption and release in relation to the bacterial coloniza-
tion of aggregates, presumably because utilization and hydro-
lysis of dissolved and aggregate-associated polysaccharides is
not related as closely to the growth dynamics of the aggregate-
associated bacterial community. Figure 8 synthesizes our find-
ings on the bacterial colonization and substrate dynamics on
lake snow aggregates into a generalized scheme.

The closest identified relatives of the bacteria dominating
the community on lake snow aggregates are the a-Proteobac-
teria Sphingomonas spp., S. capsulata, and B. diminuta and the
b-Proteobacteria A. facilis, Hydrogenophaga spp., and D. zoog-
loeoides. Sphingomonas spp. are gram-negative chemo-organo-
heterotrophic bacteria that are widely distributed in soil, sed-
iments, and water. They are capable of degrading various
contaminants and occur on activated sludge (see references 17,
38, and 60 and references therein). A. facilis and Hydro-
genophaga spp. are also gram-negative chemo-organohetero-
trophic bacteria that utilize various carbon sources and occur
on activated sludge as well (15, 48, 57). D. zoogloeoides metab-
olizes labile DOM such as amino acids, proteins, and carbo-
hydrates and produces mucopolysaccharides. It has been found
on the mucilage of filamentous cyanobacteria and occurs on
activated sludge flocs in sewage treatment plants (13, 17, 31).

Interestingly, D. zoogloeoides, formerly assigned to the
polyphyletic species Zoogloea ramigera, could not be detected
in various sewage treatment plants even though it exhibits the
greatest physiological diversity of the three strains known (46,
47). According to this comparison, the composition and density
of the bacterial community on 1 to 5-day-old lake snow aggre-
gates is not identical to but resembles that found on activated
sludge flocs. Previous observations showed that activated
sludge flocs are also dominated by b-Proteobacteria closely
related to those we found (10, 60, 61). Hence, lake snow
aggregates of an age of a few days that occur in the upper 50 m
of a lake such as Lake Constance can be considered as acti-
vated sludge flocs which occur in dilute concentrations but
exhibit similar functions as those found in sewage treatment
plants.

There are quite a few studies showing that lake snow and
marine snow aggregates are similar with respect to their sig-
nificance in the microbial solubilization, recycling, and sedi-
mentation of organic matter (3, 21, 22, 23, 28, 39, 50, 54).
However, so far little is known about the quantitative compo-
sition of the microbial community of marine aggregates. On
the basis of our results, we hypothesize that marine aggregates
are also colonized by a specialized and well-adapted bacterial
community of limited diversity. Smith et al. (55) showed that
the hydrolytic activities of marine snow-associated microbial
communities led to a net release of DCAA into the surround-
ing water. On the basis of our results we hypothesize that this
microbial community was dominated by microbes similar in
function to the b-Proteobacteria which dominated on our ag-
gregates of an age of a few days. During an experimentally
induced diatom bloom, Smith et al. (56) found an aggregate-
associated microbial community which consumed to a great
extent the organic matter hydrolyzed on the aggregates and did
not release it into the surrounding water. Hence, we hypothe-
size on the basis of our results that in this case a community
dominated on the aggregates which was functionally more sim-
ilar to the ones we found to be dominated by a-Proteobacteria.
To better understand the functional relationship between mi-
crobial colonization and decomposition of marine snow aggre-
gates, it would be of great importance to examine what the
counterparts of a- and b-Proteobacteria on marine snow are.

Ploug et al. (42) reported that bacteria of the Cytophaga/
Flavobacteria cluster comprised 13 to 74% of the DAPI cell
counts on marine snow aggregates in the Southern California
Bight. On naturally derived marine snow aggregates at the
polar front in the Southern Ocean, the associated bacterial
community was dominated by g-Proteobacteria and also by
members of the Cytophaga/Flavobacteria cluster, whereas
a-Proteobacteria were of minor importance (M. Simon, unpub-
lished data). Two reports of highly diverse bacterial commu-
nities on marine snow aggregates (16, 44) seem to contradict
our finding of a limited diversity of lake snow-associated mi-
crobial communities. A diverse particle-associated community
of bacterial phylotypes was also found in Mediterranean waters
at various depths that showed close similarities to that of the
surrounding water at 400-m a depth but not in the mixed layer
(1). This report, however, only presented sequence data de-
rived from PCR-amplified 16S rDNA clones which merely
show the qualitative diversity of microbes on marine aggre-
gates but do not give any indication of their quantitative oc-

FIG. 8. Generalized scheme of the microbial colonization and
turnover of dissolved amino acids on lake snow aggregates. (Upper
panel) Succession of a- and b-Proteobacteria and Cytophaga/Flavobac-
teria over time (days) or depth (meters). (Lower panel) Consumption
and release of dissolved amino acids over time (days) or depth
(meters).
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currence. In fact, a qualitative diversity at least as great as that
reported for marine snow-associated microbial communities
also exists on lake snow aggregates in Lake Constance. Huber
(30), sequencing 16S rDNA clones of four samples of natural
and lab-made aggregates in Lake Constance at various sea-
sons, found a total of 230 different clones, some of which
matched known bacterial species by 100% sequence similarity.
Thus, it seems even more surprising that the microbial com-
munity on lake snow aggregates was composed of bacteria
belonging to narrow phylogenetic clusters. This observation,
together with the presented results, demonstrates that the
qualitative diversity of a microbial community does not directly
represent the quantitative occurrence of their individual mem-
bers. It shows instead that aggregates and presumably also
other habitats harbor a huge pool of very different microbes
like seeds which may only propagate when the (micro)environ-
mental and growth conditions become favorable.

In conclusion, our results show that during the formation
and microbial decomposition of lake snow aggregates a spe-
cialized bacterial community of a small number a- and b-Pro-
teobacteria evolves. During aging and sinking of the aggregates
it undergoes a distinct succession and mediates their decom-
position. This community is instrumental in key processes of
solubilizing POM and recycling of labile DOM in lacustrine
environments such as Lake Constance and appears to be
closely related to that found on activated sludge flocs.
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