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Correlations between the biomass of phytoplankton and the biomass of bacteria and between the biomass of
bacteria and the biomass of protozoans suggest that there is coupling between these compartments of the
“microbial loop.” To investigate this coupling on the species level, bacteria and protozoans from untreated lake
water inocula were allowed to grow on detritus of the green alga Ankistrodesmus falcatus or the cyanobacterium
Oscillatoria limnetica in continuous-flow systems for 1 month. Denaturing gradient gel electrophoresis (DGGE)
of the 16S and 18S rRNA genes was used to monitor the development of the bacterial community structure and
the eukaryotic community structure, respectively. Nonmetric multidimensional scaling of the DGGE profiles
revealed the changes in the microbial community structure. This analysis showed that significantly different
bacterial communities developed on the green algal detritus and on the cyanobacterial detritus. Although
similar results were obtained for the eukaryotic communities, the differences were not significant. Hence, our
findings indicate that the origin of detritus can affect the structure of at least the bacterial community. A
phylogenetic analysis of 20 18S ribosomal DNA clones that were isolated from the continuous cultures revealed
that many sequences were related to the sequences of bacterivorous protozoans (members of the Ciliophora,
Rhizopoda, Amoeba, and Kinetoplastida). One clone grouped in a recently established clade whose previously
described members are all parasites. The affiliations of about 20% of the clones could not be determined.

In aquatic environments, photosynthetically produced or-
ganic carbon is decomposed by heterotrophic bacteria, which
in turn are consumed by heterotrophic protozoans. Correla-
tions between phytoplankton biomass and heterotrophic bac-
terial biomass (10, 12, 41) and between heterotrophic bacterial
biomass and protozoan biomass (8, 9, 11, 28) suggest that there
is coupling between the compartments of the so-called micro-
bial loop (4). However, most descriptions of such relationships
have been based on bulk measurements of the compartments,
and whether there are correlations at the species level is an
intriguing question. For example, is organic carbon derived
from different phytoplankton species decomposed by different
species of specialized bacteria? Or is protozoan species com-
position governed by bacterial species composition or just by
the concentration of edible food particles? Although numer-
ous studies have shown that bacteria have different rates of
growth on natural carbon sources (6, 7, 16, 21, 32, 33) and that
heterotrophic protozoans selectively graze on larger bacteria
(15, 29, 31), little is known about whether the development of
aquatic microbial communities depends on various organic
carbon sources. This lack of information is attributable to the
difficulty of determining the presence of microbial species due
to the fact that the majority of these microorganisms cannot be
grown with the current cultivation methods. Molecular tech-
niques can be used to assess genetic composition without cul-
turing all members of a community. To investigate the poten-

tial dependence of microbial community structure on the
source of detritus in lakes, we used denaturing gradient gel
electrophoresis (DGGE). We determined the bacterial com-
munity structure and the eukaryotic community structure (22,
35) for communities that developed on detritus derived from
the green alga Ankistrodesmus falcatus or on detritus derived
from the cyanobacterium Oscillatoria limnetica in specially de-
signed two-stage continuous-flow systems (34). Since DGGE
does not provide quantitative results (38), we converted the
band patterns to reflect whether particular sequence types
were present or absent. Our qualitative measures of microbial
community structure were analyzed by nonmetric multidimen-
sional scaling (NMDS) and a statistical method used for com-
parisons of the DGGE patterns. Special attention was paid to
the eukaryotic microbial community. Since most heterotrophic
protozoans are bacterivorous, we wanted to determine wheth-
er the carbon source used by the bacteria also influenced the
community structure of the protozoans.

MATERIALS AND METHODS

Experimental setup. Nonaxenic A. falcatus (Centre for Limnology strain E01)
and Oscillatoria cf. limnetica (Centre for Limnology strain MR1) were grown
under light-limiting conditions in modified Guillard medium (34) in the first
stages (volume, 2 liters) of two continuous-flow systems (designated the Alga
system and the Cyano system) until the steady state was reached (dilution rate,
0.36 day21). The two-stage continuous-flow system has been described previously
(34). The cultures were grown at a constant temperature (20°C) at pH 8.0 6 0.2
with illumination by type TLE 32W/33 circular fluorescent lamps (Philips). The
inner sides of the lamps facing the culture vessels were shielded with aluminum
foil to decrease the light intensity. The light intensity for the Ankistrodesmus
cultures (Alga system) was manipulated so that the chlorophyll a (Chla) con-
centrations in the two systems were approximately the same. Samples (10 ml per
assay) were removed every 24 h and used to determine the concentrations of
Chla and total suspended solids (TSS).

After 30 days the cultures were considered to be steady-state cultures based on
the TSS and Chla concentrations. The two second stages (volume, 1 liter) (the
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replicates were designated Alga 1, Alga 2, Cyano 1, and Cyano 2) of each flow
system were then filled with water from Lake Ketelmeer (The Netherlands) and
connected to the first stages. Lake Ketelmeer is a small turbid lake (surface area,
35 km22; mean depth, 3 m) with a short water retention time (;1 week). This
lake water was used as an inoculum for bacteria and heterotrophic eukaryotes
and was chosen because both cyanobacteria and green algae are present in Lake
Ketelmeer (36). If the origin of detritus governs microbial community structure,
the lake water inoculum should have contained microorganisms that were spe-
cialized for decomposing these carbon sources. The second stages received
UV-C-killed phytoplankton from the first stages at a dilution rate of 0.30 day21.
The UV-C intensities needed to kill O. limnetica and A. falcatus were 5 and 18
W z m22, respectively. The procedures used to assess lethal UV-C intensities
have been described previously (34). For 1 month, samples were removed and
used for Chla, TSS, and community structure analyses (DGGE and 18S rRNA
sequence determination).

Chla and TSS. The Chla and TSS assays used have been described previously
(34). Duplicate measurements were obtained with each assay.

DNA extraction, PCR, and DGGE. DNA was released from cells by mechan-
ical force (bead beating), phenol extraction, and ethanol precipitation (42). PCR
primers for the V2 region were used for amplification of the 16S rRNA gene. The
PCR primers used were F357GC (59-CGCCCGCCGCGCCCCGCGCCCGGC
CCGCCGCCCCCGCCCCCCTACGGGAGGCAGCAG-39), which contains a
GC-rich clamp and is specific for most members of the Bacteria, and R518
(59-ATTACCGCGGCTGCTGG-39), which is specific for most members of the
Bacteria, Archaea, and Eucarya (22). Each PCR amplification was performed in
a 50-ml reaction mixture containing approximately 100 ng of template DNA, 10
mM Tris-HCl (pH 8.3), 50 mM KCl, 0.01% (wt/vol) gelatin, 1.5 mM MgCl2, each
primer at a concentration of 0.5 mM, each deoxynucleotide at a concentration of
200 mM, 400 ng of bovine serum albumin, and 2.5 U of Taq DNA polymerase
(Boehringer, Mannheim, Germany). PCR cycling was performed with a Perkin-
Elmer model 480 thermocycler. The temperature cycling conditions were as
follows: preincubation at 94°C for 5 min, followed by 25 cycles consisting of 94°C
for 1 min, the annealing temperature (TA) for 1 min, and 72°C for 1 min. In the
first 20 cycles the TA was decreased by 1°C stepwise each two cycles, from 65°C
in the first cycle to 56°C in the 20th cycle. In the last five cycles the TA was 55°C.
The 25 cycles were followed by 5 min of incubation at 72°C. The primers used for
amplification of the 18S rRNA gene were F1427GC (59-CGCCCGCCGCGCC
CCGCGCCCGGCCCGCCGCCCCCGCCCCTCTGTGATGCCCTTAGATGT
TCTGGG-39) and R1616 (59-GCGGTGTGTACAAAGGGCAGGG-39). Both
of these primers are specific for eukaryotic aquatic microorganisms (35). The
temperature cycling conditions were as follows: preincubation at 94°C for 5 min,
followed by 25 cycles consisting of 94°C for 1 min, 52°C for 1 min, and 72°C for
1 min and then a final extension step consisting of 72°C for 5 min. The reaction
conditions were the same as described above. DGGE was performed as de-
scribed previously (35, 42). Briefly, PCR products of similar sizes were separated
on a 1.5-mm-thick vertical gel containing 8% (wt/vol) polyacrylamide (acryl-
amide/bisacrylamide ratio, 37.5:1) and a linear gradient consisting of the dena-
turants urea and formamide; the concentration of the denaturants increased
from 35% at the top of the gel to 55% at the bottom for separation of the 16S
ribosomal DNA (rDNA) fragment and from 30 to 55% for separation of the 18S
rDNA fragment (100% denaturant was defined as 7 M urea and 40% [vol/vol]
formamide). Equal amounts of PCR products were applied to the DGGE gel.
The concentrations of PCR products were estimated by separating the products
on 2.0% agarose gels, staining them with ethidium bromide (see below), and
analyzing digitized images with ImageQuant software (Molecular Dynamics Ltd.,
Kemsing, England). A 50-ml portion of the sample containing the smallest
amount of PCR product was loaded onto the DGGE gel; all other samples were
loaded in amounts relative to this sample. Electrophoresis was performed at
60°C with a buffer containing 40 mM Tris, 40 mM acetic acid, and 1 mM EDTA
(pH 7.6) (0.53 TAE buffer), and 75 V was applied to the submerged gel for 16 h.
Nucleic acids were visualized by staining the gel for 1 h in 0.53 TAE buffer
containing 0.5 mg of ethidium bromide per liter and then destaining it for 5 min
in demineralized water and photographing it with a charge-coupled device cam-
era (The Imager; Appligene, Illkirch, France). Digitized images were inverted by
using the Photostyler software (Aldus Corporation, Seattle, Wash.). The contrast
and gray balance of the entire image were adjusted to reduce the background.

Clone library construction. To estimate the eukaryotic species present in the
continuous-flow systems, the DNA extracted from three samples (Alga 1 stage on
day 23, Alga 2 stage on day 23, and Cyano 1 stage on day 29) were mixed and
used for clone library construction. 18S rDNA clones that were nearly full length
were generated by using the Eucarya-specific primers E4 (59-CTGGTTGATTC
TGCCAGT-39) and E1628 (59-CGACGGGCGGTGTGTA-39) (the numbers in
the designations indicate Saccharomyces cerevisiae sequence positions). Each
PCR amplification was performed in a 50-ml reaction mixture containing ap-
proximately 100 ng of template DNA, 10 mM Tris-HCl (pH 8.3), 50 mM KCl,
0.01% (wt/vol) gelatin, 1.5 mM MgCl2, each primer at a concentration of 0.5 mM,
each deoxynucleotide at a concentration of 200 mM, 400 ng of bovine serum
albumin, and 2.5 U of Taq DNA polymerase (Boehringer). PCR cycling was
performed with the Perkin-Elmer model 480 thermocycler programmed as fol-
lows: denaturation at 94°C for 5 min, followed by 25 cycles consisting of 94°C for
1 min, 54°C for 1 min, and 72°C for 1 min and a final extension step consisting
of 68°C for 10 min. The cloning and sequencing procedures used have been

described previously (42). A total of 120 clones were examined by DGGE. Only
clones whose DGGE band positions were different were sequenced. The se-
quences were determined in two directions by using the following Texas red-
labeled primers: M13 forward (59-TGTAAAACGACGGCCAGT-39), M13 re-
verse (59-GAAACAGCTATGACCATG-39), E382 forward (59-CGGAGAGGG
AGCCTGAG-39), E565 reverse (59-ATTACCGCGGCTGCTGG-39), E1128
forward (59-AAACTTAAAGGAATTGACG-39), and E1179 reverse (59-CCCG
TGTTGAGTCAAATT-39), (the numbers in the designations indicate S. cerevi-
siae sequence positions).

Phylogenetic analysis. The 18S rDNA sequences obtained were compared
with sequences obtained from GenBank/EMBL by using BLAST (1). The se-
quences with the highest levels of similarity were used as reference sequences for
alignment. The alignment was based on secondary structure and was constructed
by using the Dedicated Comparative Sequence Editor (13). Phylogenetic trees
were constructed by using only unambiguously aligned sequence positions and
maximum-likelihood analysis (PAUP*, test version 4.0d59; David L. Swofford,
Laboratory of Molecular Systematics, Smithsonian Institution, Washington,
D.C.). Each analysis was performed five times. Nucleotide frequencies and tran-
sition-to-transversion ratios were estimated from the data. Nucleotide substitu-
tion rates were assumed to follow a gamma distribution with a shape parameter
of 0.5 and setting according to the HKY model (18). “Tree-bisection-reconnec-
tion” was used as a swapping algorithm. Maximum-parsimony bootstrap analysis
(1,000 replicates) was used to assess the robustness of the trees.

Data analysis. The DGGE patterns were converted to a binary (01) matrix
(35). A Nei-Li distance matrix was calculated from the binary data (23). This
distance matrix was analyzed by using the NMDS package from the Statistica
software package (StatSoft, Inc., Tulsa, Okla.). This procedure presented the
data in a Euclidean plane such that very similar values were plotted close
together. The resulting graphical representation (NMDS map) was much easier
to interpret than the original table of distances was. When it was applied to
DGGE data, the NMDS map showed every band pattern (a reflection of the
community structure at a particular point in time) as one point, and relative
changes in community structure could be visualized and interpreted by connect-
ing consecutive points (37, 38). The statistical significance of the differences in
community structure due to the source of detritus was determined by using the
Nei-Li distances and comparing the communities only at the same moment in
time. Two communities fed with different types of detritus were considered to be
different at a given moment in time if their Nei-Li distance was significantly
greater than the Nei-Li distances between replicate communities. For each of the
two sources of detritus we used two replicates and made six observations at
different times. On the first sampling day (day 3) the distances between replicates
were exceptionally small compared to the distances on later days, indicating that
there was a lack of independence from the shared inoculum. Therefore, these
distances were not included in the calculations. Thus, a total of 10 distances
between replicates were used for the bacterial and eukaryotic community to
calculate an average distance between replicates (Disrepl.). Each distance be-
tween communities growing on different sources of detritus was tested against
this distribution and was considered significant if Disalga-cyano,t . Disrepl. 1 (T z
Stddis-repl.), where Disalga-cyano,t is the distance between two communities fed with
algal or cyanobacterial detritus at time t, T is the Student t value (n 5 9; P 5
0.05), and Stddis-repl. is the standard deviation of Disrepl..

Nucleotide sequence accession numbers. The eukaryotic clone sequences have
been deposited in the EMBL database under accession no. AJ130849 to
AJ130869.

RESULTS

Decomposition of detritus. The Chla and TSS concentra-
tions in both first stages (Alga system and Cyano system) are
shown in Fig. 1. Although the first stages of both flow systems
were at a steady state at the beginning of the experiment, in the
Alga system the Chla concentration increased after 3 days,
while the TSS concentration was constant for the first 15 days.
In the Cyano system the Chla level was constant throughout
the experiment, while the TSS concentration decreased during
the first 15 days. As a result, the two systems had different Chla
concentrations after day 15, but their TSS concentrations were
about the same. On a dry weight basis, the second stages of the
two flow systems received approximately the same amounts of
UV-killed biomass after 2 weeks.

The patterns of decomposition in all of the second stages
were similar. Theoretically, if the decomposition rate is zero,
the concentrations of Chla and TSS in the second stages should
increase until the levels in the first stage are reached. As soon
as the Chla concentration started to decrease, the second
stages became yellowish instead of green. In the Alga system,
the decomposition rate exceeded the inflow of UV-killed cells
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after approximately 10 days, while in the Cyano system this
situation occurred after 5 days. The sharp increases in the Chla
and TSS concentrations in the Alga 2 stage were caused by a
defective pump. The increases in the Chla and TSS concentra-
tions in the Cyano 2 stage were apparently due to changes in
the decomposition rate, and the green color reappeared in this
stage.

Microbial community structure. In the 16S rDNA DGGE
analysis (Fig. 2A) 54 different bands were detected, while 58
different bands were detected in the 18S rDNA DGGE anal-
ysis (Fig. 2B). The relative changes in the structures of the
bacterial and eukaryotic communities, as visualized by NMDS,
are shown in Fig. 2C and D. Three days after the experiment
started, the bacterial communities (Fig. 2C) growing on differ-
ent types of detritus were still quite similar. A similar obser-
vation was made for the eukaryotic communities (Fig. 2D). A
clear divergence between the bacterial communities grown on
different types of detritus occurred on day 7. This trend per-
sisted, and on day 17 the differences became significantly
greater than the differences between the replicates (P , 0.05).
Although the structures of the eukaryotic communities also
changed, the trend was not as clear as the trend in the bacterial
communities, and the differences between the replicates were
as great as the differences between the treatments (green algal
detritus versus cyanobacterial detritus).

Eukaryotic phylogeny. Of the 120 clones analyzed, 20 were
found to have different DGGE bands. The sequences of these
20 clones were determined and phylogenetically analyzed by

maximum-likelihood and parsimony methods (Fig. 3), and the
frequency with which a band was found at the same position as
the clones in the different stages of the two systems is shown in
Table 1. Since 58 different band positions were identified on
the 18S rDNA DGGE gels, our clone library accounted for at
most one-third of the total eukaryotic diversity in the two
systems. Of the 20 clones, 5 belonged to the Ciliophora (Fig.
3A), 3 belonged to the Rhizopoda (Fig. 3C), 3 belonged to the
Metazoa (Fig. 3D), 1 belonged to the Drips (Fig. 3D), 1 be-
longed to the Amoeba (Fig. 3B), 1 belonged to the fungi (Fig.
3B), and 1 belonged to the Kinetoplastida (Fig. 3E), and the
affiliations of 4 clones were not determined. Three of the
sequences formed a unique terminal cluster with the fungi as
the closest relatives (Fig. 3B).

Most bands that were produced by the clones sequenced
were not restricted to one of the two systems. Clone LKM36,
a clone whose sequence was related to Ciliophora sequences,
was the only clone that was frequently found only in the Alga
system. Clones LKM48 and LKM118 were also found only in
the Alga system. However, these clones were detected only
once (Table 1).

DISCUSSION

We performed an experiment in which we investigated
whether the origin of detritus can be a factor that governs
microbial community structure. Although we found differences
between replicates of the bacterial community growing on the

FIG. 1. Concentrations of Chla and TSS in the two continuous-flow systems (Alga and Cyano systems). The asterisks indicate increases in the Chla and TSS
concentrations that were caused by a pump defect. l, liter; d, day.
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same type of detritus, the effect of the carbon source (green
algal detritus versus cyanobacterial detritus) was significantly
greater (Fig. 2). In contrast to the bacterial community, the
eukaryotic community developed rather chaotically; i.e., the
differences between detritus sources were obscured by differ-
ences between replicates. This might be interpreted as due to
poor reproducibility of the microcosm experiments and to the

fact that development of microbial communities at the physical
scale which we used is not determined solely by culture con-
ditions, such as light, temperature, and nutrients. However, it
is too soon for general conclusions to be made.

The abundance of a sequence was not included in our mea-
surements of community structure since we used only the pres-
ence or absence of a DGGE band. Therefore, the changes in

FIG. 2. Structures of the microbial communities depending on the source of detritus (green algae or cyanobacteria). (A) 16S rDNA-defined (bacterial) community,
as revealed by DGGE. (B) 18S rDNA-defined (eukaryotic) community, as revealed by DGGE. (C) NMDS map of the bacterial communities grown on different types
of detritus. (D) NMDS map of the eukaryotic communities grown on different types of detritus. Symbols: E, Alga 1 stage; h, Alga 2 stage; F, Cyano 1 stage; ■, Cyano
2 stage. The lines connect the community structures of replicate stages. The numbers indicate the numbers of days from the beginning of the experiment. Boldface
numbers indicate significant differences (P , 0.05) in community structures between different sources of detritus. The white bands in panel B, lane c, indicate the band
positions for the 18S rDNA clones (Table 1). For each of block of lanes, data for the six times when samples were obtained are shown in consecutive lanes. The arrow
in panel A indicates the band belonging to O. limnetica; this band was not included in the Nei-Li distance calculation.
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the community structure which we measured reflected only
changes in species composition, not changes in species abun-
dance. In addition, changes in the community structure, as
detected by NMDS analysis, were influenced by the total num-
ber of bands in a DGGE pattern and by the number of bands
shared by DGGE patterns. Differences in community structure
could, therefore, have originated from differences in species
diversity (the number of different DGGE bands obtained for
two communities) or from differences in species richness (the
total number of DGGE bands per community). In general, the
bacterial richness of the Alga systems was somewhat greater
than the bacterial richness of the Cyano systems. However, the
differences in community structure that depended on the

source of detritus were largely due to differences in bacterial
diversity. The eukaryotic richness fluctuated greatly between
sampling days and in all second stages. Thus, differences in the
eukaryotic community structure between duplicates and be-
tween sources of detritus originated from variations in both
eukaryotic richness and diversity.

Our results show that the origin of detritus can affect the
structure of the microbial community, at least the bacterial
community in our systems. Variations in the chemical compo-
sition of phytoplankton (25, 27, 30) and in bacterial substrate
utilization may explain the effects on the bacterial community.
Although some authors have described chemosensory feeding
of bacterivorous protozoans (40), there is very strong evidence

FIG. 3. Maximum-likelihood trees showing the phylogenetic positions of the 18S rDNA clones. The trees are rooted. The numbers indicate the levels of bootstrap
support (percentages of 1,000 replicates) obtained in a parsimony analysis. (A) Tree constructed by using S. cerevisiae sequence positions 22 to 641 and 744 to 1643.
(B) Tree constructed by using S. cerevisiae sequence positions 50 to 641 and 744 to 1643. (C) Tree constructed by using S. cerevisiae sequence positions 25 to 641 and
744 to 1643. (D) Tree constructed by using S. cerevisiae sequence positions 50 to 641 and 744 to 1643. (E) Tree constructed by using Leishmania donovani sequence
positions 25 to 993, 1102 to 1300, and 1399 to 2067. Within the order Kinetoplastida, Bodo caudatus can be used as an outgroup (14). The EMBL accession numbers
for the sequences are as follows: Gymnodinium beii, U37365; Alexandrium tamarense, X54946; Sarcocystis muris, M64244; Theileria parva, L02366; Glaucoma chattoni,
X56533; Tetrahymena nanneyi, X56169; Opisthonecta henneguyi, X56531; Colpoda inflata, M97908; Blepharisma americanum, M97909; Hartmanella vermiformis, M95168;
Acanthamoeba castellanii, M13435; Balamuthia mandrillaris, AF019071; Chytridium confervae, M59758; Saccharomyces cerevisiae, Z75578; Tilletia caries, U00972;
Chlorarachnion reptans, X70809; Chlorarachnion sp. 1, U02075; Thaumatomonas sp., U42446; Paulinella chromatophora, X81811; Euglypha rotunda, X77692; Cercomo-
nas 3, U42449; Cercomonas, U42450; Cercomonas 2, U42451; Heteromita globosa, U42447; Ichthyophonus hoferi, U25637; Psorospermium haeckelii, U33180; “Prototheca
richardsi,” AF07445; Unknown L29455, L29455; Dermocystidium salmonis, U21337; Dermocystidium sp., U21336; Chaetonotus sp., AJ001735; Artemia salina, X01723;
Brachionus plicatilis, U49911; Bodo caudatus, X53910; Trypanoplasma borreli, L14840; Blastocrithidia culicis, L29265; Phytomonas sp., L35076; Leptomonas sp., X53914;
Crithidia fasciculata, X03450; Endotrypanum monterogeii, X53911; Leishmania donovani, X07773; Trypanosoma brucei, M12676; and Trypanosoma cruzi, X53917.
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that size-selective feeding by protozoans occurs (15, 29, 31). If
protozoan prey selection is based solely on size, one might not
expect that detritus would have a strong effect on eukaryotic
community structure unless the size spectrum of the bacterial
community also changes due to the origin of the detritus.

Although we observed no significant differences between the
eukaryotic communities growing on the different types of de-
tritus, it was interesting to gain insight into the phylogenetic
positions of the protozoan species developing in the flow sys-
tems, especially since eukaryotic microorganisms are largely
neglected in molecular ecology. Since we constructed our clone
library from three samples obtained on two sampling dates,
this library does not represent the complete eukaryotic com-
munity. We obtained 20 different clones, while eukaryotic
DGGE produced 58 different bands. Thus, our library ac-
counts for one-third of the DGGE-detected eukaryotic diver-
sity. Surprisingly, the clone library did not include A. falcatus.
Apparently, the high UV-C intensity (18 W z m22) needed to
kill this alga destroyed its DNA. The phylogenetic position of
the 18S rDNA clones was inferred by maximum-likelihood
analysis (Fig. 3). Replicate analyses (n 5 5) always resulted in
the same phylogenetic tree. Since the second stages were kept
in the dark, there was no algal and or cyanobacterial growth,
and bacterivory or uptake of detritus or dissolved organic mat-
ter was the only possible mode of feeding. Not surprisingly,
most of the sequences found were related to sequences of
bacterivorous eukaryotes (members of the Ciliophora,

Amoeba Rhizopoda, and Kinetoplastida). Microscopic obser-
vations confirmed that these bacterivorous eukaryotes were
present. However, we did not identify species. Two sequences
(LKM80 and LKM85) were closely related to the sequence of
Brachionus plicatilis, a rotifer species capable of feeding on all
members of the microbial loop (3). One sequence (LKM88)
was closely related to the sequence of a Chaetonotus sp. (Gas-
trotricha). Since we did not prefilter the lake water inoculum,
the metazoan grazers were not eliminated and could develop
in the second stages of the flow systems. Three sequences
(LKM11, LKM15, and LKM46) were not related to any of the
eukaryotic sequences in the EMBL database and formed a
unique terminal clade supported by a moderately strong par-
simony bootstrap value. The closest relatives of these se-
quences were the fungi (Fig. 3B). We provisionally designated
this cluster LKM11 after the first clone. Another sequence,
LKM118, was not related to any previously described eukary-
otic sequence. Phylogenetic analysis placed the LKM118 se-
quence just below the “crown” of the eukaryotic tree, although
this position was very unstable (data not shown).

One sequence (LKM51) is particularly interesting. This se-
quence grouped in a recently established phylogenetic clade,
the DRIPs clade, which was provisionally named after its first
members (26). All of the sequences currently in this cluster are
from protistan parasites of fish, crustaceans, and amphibians,
and LKM51 exhibited a very high level of similarity (97.6%)
with the “Prototheca richardsi” sequence. The latter sequence
is from an agent that inhibits growth of amphibian larvae and
was previously classified as a unicellular unpigmented alga (5).
“P. richardsi” is the only DRIPs species whose free-living stage
has been observed. None of the other DRIPs members have
been cultured in vivo, and therefore the complete life histories
of these parasites remain unclear. Apparently, our culture
method supported growth of a free-living DRIPs species and
may be used for further investigations of the life histories of
these protistan parasites. Since we did not identify the eukary-
otic microorganisms by microscopy, we have no information
concerning the morphology of the species represented by se-
quence LKM51.

The resistance of most microbial species to cultivation has
hampered the study of microbial community structure for
many years. Recently introduced molecular techniques circum-
vent the problems and have been used increasingly to solve
problems in microbial ecology. rDNA sequence information is
now starting to reveal patterns and governing forces in natural
microbial community structure (24). We used DGGE of the
16S and 18S rRNA genes to show that the origin of detritus can
be a governing force in microbial community structure. Al-
though many workers have used detritus as a natural carbon
source to investigate bacterial production (17, 19, 39), to our
knowledge we are the first researchers to describe detritus-
dependent development of the microbial loop. Even though
our study should be considered a survey and was carried out in
small-scaled continuous-flow systems, the occurrence and sub-
sequent decline of single-species phytoplankton blooms (2, 20)
may result in organic carbon releases comparable to carbon
releases in our flow system. The effects described above can be
expected to take place in natural systems.
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TABLE 1. Identities and frequencies of occurrence (on six
sampling dates) of the 18S rDNA clones in

the second stages of our systems

Clone(s)a Taxon Panel in
Fig. 3

Frequency (no. of dates)

Alga 1 Alga 2 Cyano 1 Cyano 2

LKM67 Ciliophora A 5 4 4 1
LKM48 Rhizopoda C 1 0 0 0
LKM62,

LKM63b
Ciliophora A 1 0 0 2

LKM43 Ciliophora A 5 4 5 6
LKM8 Ciliophora A 3 3 4 4
LKM45 Rhizopoda C 2 4 4 6
LKM88 Metazoa D 3 0 3 4
LKM74 Amoebae B 3 4 1 1
LKM30 Rhizopoda C 2 4 0 3
LKM36 Ciliophora A 4 2 0 0
LKM15 LKM11c B 2 2 1 1
LKM51 DRIPsd D 0 3 1 3
LKM33 Fungi D 3 0 1 3
LKM11 LKM11c B 2 3 2 0
LKM46 LKM11c B 3 0 1 0
LKM80 Metazoa D 1 0 0 1
LKM85 Metazoae 1 2 3 4
LKM101 Kinetoplastida E 1 3 2 3
LKM118 Unknown 0 1 0 0

a The clones are arranged in order of their melting positions on the DGGE gel,
beginning at the top of the gel (Fig. 2).

b Clones LKM62 and LKM63 produced the same DGGE band in a 30 to 55%
denaturing gradient.

c LKM11, LKM15, and LKM46 form a unique terminal clade whose affiliation
is not known; this clade was provisionally named after clone LKM11.

d The DRIPs phylogenetic clade currently comprises the following taxa: Der-
mocystidium salmonis, Dermocystidium sp., rosette agent (unknown L29455 se-
quence), Ichtypphonus hoferi, Psorospermium haeckelii (26), and a sequence from
a protozoan formerly classified as the unpigmented unicellular alga “P. richardsi”
(5).

e The sequence of clone LKM85 was incomplete (S. cerevisiae sequence posi-
tions 4 to 558 and 630 to 1643) and therefore was not included in the phyloge-
netic analysis shown in Fig. 3D. The overall level of similarity of LKM85 to
Brachionus plicatilis was 99.4%.
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