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INTRODUCTION

Detritus in aquatic environments is often character-
ized by high bacterial density and heterotrophic activ-
ity. Most commonly studied autochthonous detritus in
aquatic environments include phytoplankton aggre-
gates, fecal pellets and larvacean houses (Alldredge &
Silver 1988). These organic-rich detrital materials are
often colonized by bacteria at densities many orders of
magnitude higher than in the surrounding water
(Simon et al. 2002). Elevated bacterial activities on and
around the detritus could lead to its rapid remineral-

ization and disintegration (Smith et al. 1992). Because
rates of bacterial solubilization are often higher than
those of uptake, dissolved organic matter would leak
out of the detritus and benefit bacteria even in the sur-
rounding water (Grossart & Simon 1998, Kiørboe et al.
2001). Accumulation of bacteria due to attachment and
growth would also transform the detritus into hotspots
for bacterivory (Caron 1987, Kiørboe et al. 2004, Tang
et al. 2006a) and genetic material exchange (Turley &
Mackie 1995).

A type of detritus less studied is carcasses of zoo-
plankton. Zooplankton represent the most abundant
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multi-cellular organisms in the aquatic world. Not all
zooplankton bodies, however, are alive in the natural
environment. It is not uncommon for zooplankton to
suffer mortality from starvation, diseases, pollution,
injuries, environmental stresses and harmful algal
blooms (Carpenter et al. 1974, Murtaugh 1981, Byron
et al. 1984, Burns 1985, Ianora et al. 1987, Kimmerer &
McKinnon 1990, Hall et al. 1995, Delgado & Alcaraz,
1999, Gomez-Gutierrez et al. 2003). Indeed,  a handful
of studies show that dead zooplankton are prevalent in
both freshwater and marine environments (Wheeler
1967, Weikert 1977, Terazaki & Wada 1988, Gries &
Güde 1999, Dubovskaya et al. 2003, Tang et al. 2006b).
These zooplankton carcasses not only contribute to the
dietary intake by deep-sea fauna (Genin et al. 1995,
Haury et al. 1995), but are also important sources of
organic substrates for microbes throughout the whole
water column. Microbial decomposition of zooplank-
ton carcasses provides an alternative pathway for
nutrient regeneration, elemental recycling and micro-
bial production in many aquatic ecosystems (Harding
1973, Lee & Fisher 1992, Reinfelder et al. 1993). A
recent study (Tang et al. 2006b) shows that when the
carcasses of marine zooplankton were exposed to nat-
ural seawater, they were rapidly colonized and decom-
posed by ambient bacteria. During this process a large
number of bacteria emerged from the decomposing
carcasses and substantially contributed to bacterial
production in the surrounding water. When bacterial
activity was suppressed by the addition of antibiotics,
unidentified epiphytes and protozoans were able to
colonize and decompose the carcasses, but at a lower
pace (Tang et al. 2006b). Although zooplankton car-
casses, have been observed in both freshwater and
marine environments, comparable studies on decom-
position of freshwater zooplankton carcasses have not
been attempted.

In the present study, we investigated the microbial
decomposition of zooplankton carcasses from Lake
Dagow, Germany, under different temperatures and
oxygen availabilities. We measured the change in
ambient bacterial abundance, composition and enzy-
matic activity to better characterize the decomposition
process. We also studied the effects of antibiotics on
the decomposition process to test whether eukaryotic
microorganism such as fungi and protozoa could be of
potential importance for the degradation of zooplank-
ton carcasses. 

MATERIALS AND METHODS

Study location. Lake Dagow is a eutrophic lake char-
acterized by high plankton abundance. The bottom
layer of the lake becomes hypoxic in the summer due to

stratification and high organic input from the surface
layer (Chan et al. 2005). The zooplankton community in
the spring and summer of 2006 was dominated by the
cladocerans Bosmina sp. (50% by numerical abun-
dance), Daphnia sp. (27%), the cyclopoid copepods
Mesocyclops leuckarti and Thermocyclops oithonoides
(17% combined) (authors’ unpubl. data). In a prelimi-
nary field study, decomposing carcasses were found
among the zooplankton collected from the surface
layer, which clearly showed disintegration of internal
tissues and high abundance of bacteria (Fig. 1). These
preliminary observations confirm that zooplankton car-
casses naturally occur and may serve as potential
hotspots for microbial activities in Lake Dagow.

Zooplankton carcasses. Zooplankton were collected
in Lake Dagow by horizontal net tow with a standard
ring net (0.5 m mouth diameter, 200 µm mesh body, fil-
tering cod end) just under the water surface. The cod
end content was carefully transferred to a 2 l container.
Surface lake water was collected by submerging a 1 l
polycarbonate bottle. Samples were stored in a cooler
and transported back to the laboratory within an hour.
In the laboratory, the zooplankton sample was allowed
to stand, so that dead zooplankton settled to the bottom
while live zooplankton  actively swam near the sur-
face. Live zooplankton were removed from the bottle
and concentrated on a nylon mesh. The live zooplank-
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Fig. 1. Mesocyclops leuckarti. A copepod carcass (ca. 1 mm
long) from Lake Dagow, Germany, observed with dark-field
microscopy. The carcass has lost most of its internal tissues.
Internal decomposition has caused the eyespot to retract from
its normal position. Dense internal bacteria are clearly visible.
A few ciliates can be seen on the carapace, presumably

feeding on bacteria
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ton were immediately killed by brief exposure to acetic
acid, rinsed repeatedly with 5 µm filtered lake water
and transferred to a sterile Petri dish. The carcasses
were examined under a dissecting microscope, and
individuals of ca. 1 mm in length of the copepod
species Mesocyclops leuckarti and Thermocyclops
oithonoides were selected for experiments. The 2 spe-
cies are similar in morphology and were not separated
in the present study.

Incubation experiments. Aliquots of whole and 5 µm
filtered lake water were taken to measure initial
(Day 0) bacterial abundance and protease activity.
Twenty-five fresh carcasses were preserved in a sterile
2 ml Eppendorf vial for DGGE analysis of initial bacte-
rial community composition associated with the cope-
pod carcasses. The remaining copepod carcasses were
randomly divided into 4 incubation series. Each series
consisted of 4 Petri dishes with 50 carcasses in 20 ml of
5 µm filtered lake water under the following condi-
tions: (1) aerobic 20°C; (2) aerobic 6°C; (3) anaerobic
20°C; (4) antibiotics 20°C. For aerobic condition the
Petri dishes were loosely covered to allow gaseous
exchange. For anaerobic condition the lake water was
first thoroughly purged with nitrogen gas before use,
and the Petri dishes were placed inside an air-tight
container flushed with nitrogen gas. For the antibiotics
treatment, a streptomycin/penicillin mixture (Sigma
Chemicals) was added to a final concentration of 10 mg
l–1 (Tang et al. 2006b). An additional series with only
5 µm filtered lake water incubated aerobically at 20°C
was used as the control.

Microscopy. On Days 2, 4, 6 and 8, one Petri dish from
each series was sacrificed for microscopy and other
measurements. For ambient bacterial abundance, the
contents of the Petri dish were gently mixed, and 1 ml of
the water (without carcasses or visible detritus) was
withdrawn for DAPI direct counts (Porter & Feig 1980).
The aliquots were stained with 200 µl of DAPI stock
solution (10 µg l–1) and filtered onto 0.22 µm black poly-
carbonate membranes. At least 500 to 1000 cells per
sample were counted. On each of the days given above,
5 carcasses were randomly selected from each incu-
bation series and transferred onto a glass slide. The
carcasses were observed under a microscope; loss of
internal tissues and appearance of dense bacterial mass
were readily visible under dark-field (Tang et al. 2006b).
Images of the carcasses were recorded with a digital
camera (CC12, Soft Imaging System).

Microbial community composition. On each sam-
pling day, 25 carcasses were transferred from each in-
cubation series to a sterile 2 ml Eppendorf vial and
stored at –20°C until DNA extraction. DNA of both bac-
teria and fungi were extracted following the protocol of
Zhou et al. (1996), which includes treatment with zirco-
nium beads and a mixture of 60°C hot phenol-chloro-

form-isoamylalcohol. DNA extraction was checked on
an agarose gel (1%). Amplification of 16S rRNA gene
fragments of bacteria using the universal primers 341f-
GC and 907r and subsequent DGGE analysis of bacter-
ial community structure were performed according to
Brinkhoff & Muyzer (1997). Amplification of 18S rRNA
gene fragments of fungi using the primers ITS3f-GC
and ITS4r (White et al. 1990) was done according to
Buscot et al. (2000). For subsequent DGGE analysis of
fungal community structure the same protocol was
used as for bacteria. An equal amount of DNA was
loaded in each lane (ca. 500 ng). The denaturing gradi-
ent ranged from 40 to 70% (urea/formamide). DGGE
gels were stained with SYBRGold (Molecular Probes)
for 45 min and illuminated on a UV table (Biometra).
Cluster analyses of the DGGE banding patterns were
performed using the software GelCompare II, Version
3.5 (Applied Maths). All gels were internally standard-
ized by selecting sequenced bands as standard. We ap-
plied 5 to 20% background subtraction depending on
the signal-to-noise ratio of the corresponding gel. Pat-
terns were compared (curve-based) by using Pearson
correlation as similarity coefficient and UPGMA (un-
paired group method of analysis) to generate the den-
drogram. We used the curve-based approach instead of
comparing single bands because this analysis is more
robust (Ferrari & Hollibaugh 1999).

Protease activity. Protease activity was measured in
triplicate or quadruplicate on each sampling day using
L-leucine-methyl coumarinyl amide (Leu-MCA) as a
substrate analogue (Hoppe 1983). For each replicate, 5
carcasses and 3 ml of surrounding water were trans-
ferred from each incubation series to a 1 cm square
cuvette. Only water was used for the control series. To
each cuvette, fluorogenic substrate was added to a
final concentration of 0.1 mM to ensure saturation of
uptake. All cuvettes were incubated at 20°C in the
dark for 1 h. At the end of the incubation, the fluores-
cence of the cuvette was measured on a fluorometer
(Kontron; excitation 365 nm, emission 455 nm).
Because the carcasses settled to the bottom of the
cuvette during incubation, we measured the fluores-
cence in 2 steps: A fluorescence reading was taken
with the carcasses sitting on the bottom of the cuvette;
the cuvette was then gently inverted to re-suspend the
carcasses and a second fluorescence reading was
taken. The first reading would represent mainly the
protease activity in the ambient water; the second
(higher) reading would be the result of protease activ-
ity in ambient water plus the carcasses. The ratio
between the 2 readings therefore represents a conser-
vative ‘enrichment factor’ for protease activity associ-
ated with the carcasses. A calibration curve for the
enzyme assay was prepared by measuring the fluores-
cence over a range of substrate concentrations.
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RESULTS

Microscopic observations

At 20°C under both aerobic and anaerobic conditions
the carcasses were densely colonized by bacteria after
only 2 d. During the peak of the decomposition the car-
casses lost integrity and bacteria emerged from the in-
side (Fig. 2). Toward the end of the experiments some
carcasses had lost most of the internal structures and
mainly an empty carapace remained (Fig. 2). Proto-
zoans were also seen swimming around the carcasses.
The decomposition process was much slower at 6°C,
and a dense internal bacterial mass was not apparent
until Day 6. In the antibiotics treatment, the carcasses
remained largely intact after 4 d; however, on Days 6
and 8 the carcasses were colonized by a massive
amount of epiphytic fungi (Fig. 2) and some protozoans.

Bacterial abundance

Ambient bacterial abundance in the control
remained relatively constant at 4 to 5 × 106 cells ml–1

throughout the experiment. In contrast, bacteria sur-
rounding the copepod carcasses increased >2-fold at
20°C in both aerobic and anaerobic treatments after
2 d, after which it decreased rapidly to near the initial
abundance (Fig. 3). At 6°C, bacterial abundance
remained low for 2 d but then increased after 4 d and
remained at around 8 × 106 cells ml–1 (Fig. 3). In the
antibiotics treatment, bacterial abundance did not in-
crease until Day 6 and reached a maximum of only 7 ×
106 cells ml–1, after which it decreased to 3 × 106 cells
ml–1 (Fig. 3).

Microbial community composition

DGGE banding pattern and subsequent cluster
analysis revealed that bacterial community composi-
tion was variable over time and between treatments
(Fig. 4A). The bacterial community of freshly killed
copepods was clearly different from those incubated
for 2 to 8 d. The antibiotics treatment was very differ-
ent from all other samples except for the Day 8, 20°C
aerobic sample. Surprisingly, bacterial communities on
copepod carcasses of the anaerobic treatments were
similar to those in the aerobic 20°C treatments (Days 2
to 6) indicating that fastidious anaerobes may be
important for the rapid degradation of copepod car-
casses at high temperatures. In contrast, bacterial com-
position varied little in the aerobic 6°C treatment (Days
4 to 8), suggesting that temperature was a selecting
factor for bacterial composition.

Fungi-specific PCR and cluster analysis of DGGE
banding patterns showed that the fungal community
was very diverse and varied greatly over time and
between treatments (Fig. 4B). The average number of
bands was much higher than that of bacteria (21 vs. 9).
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Fig. 2. (A) A copepod carcass heavily colonized by bacteria;
some bacteria are emerging through fractures on the carcass
(arrow). (B) A mostly empty carapace remaining at the end of
decomposition. (C) In the antibiotics treatment, the carcass

was colonized by a massive amount of fungi (arrow)
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However, cluster analysis of DGGE banding pattern
did not show distinct clusters which could have been
related to time or treatment, indicating that the fungal
community was rather sensitive to even slight changes
in environmental parameters.

Protease activity

On Day 0, there was no difference in protease activ-
ity between 5 µm-filtered lake water (9.87 ± 1.70 µM
h–1; mean ± SD) and unfiltered water (11.40 ± 1.28 µM
h–1; t-test; p = 0.23), indicating that most of the protease
activity in suspension in Lake Dagow could be attrib-
uted to the <5 µm fraction. Protease activity associated
with decomposing carcasses showed a similar tempo-
ral trend to ambient bacterial abundance, and was
substantially higher than the control in most cases. At
20°C, under both aerobic and anaerobic conditions,
protease activity increased by 4- to 6-fold (before re-
suspension) after 2 d, then gradually decreased
(Fig. 5). Protease activity before re-suspension
increased more slowly in the 6°C treatment, and was 5
times higher than the control by the end of the experi-
ment (Fig. 5). In these 3 treatments, measured protease
activity was consistently higher after re-suspension of
the carcasses, suggesting that enzyme activity was
highly localized within the decomposing carcasses. We
calculate an enrichment factor as the ratio in measured
enzyme activity after re-suspension to that before re-
suspension. In the present study, the enrichment factor
was 4 to 7 at the peak of the decomposition process

(Fig. 6), which indicates that protease activity was at
least 4 to 7 times more enriched within the decompos-
ing carcasses relative to the surrounding water.

In the antibiotics treatment, protease activity re-
mained relatively low in the first 4 d, but increased
> 10-fold on Day 6, the highest among all treatments
(Fig. 5). By the end of the experiment the protease
activity in the antibiotics treatment remained nearly 4
times higher than in the control. However, unlike the
other treatments, the enrichment factor was close to 1
on Days 6 to 8, despite the very high enzyme activity
(Fig. 6), indicating that protease activity was distrib-
uted rather homogeneously in the water.

DISCUSSION

The decomposition of freshwater copepod carcasses
in the present study was similar to previous observa-
tions of the marine copepod Acartia tonsa (Tang et al.
2006b). In both studies, the carcasses were rapidly colo-
nized by a dense bacterial mass, which turned the car-
casses opaque under dark-field microscopy, and they
gradually lost their internal tissues. At the peak of
decomposition, the carcasses lost integrity and bacteria
emerged from the inside, suggesting that decomposing
copepod carcasses contributed new bacteria to the sur-
rounding water. Direct evidence is provided by direct
bacterial count, which showed that the ambient bacter-
ial concentrations in all carcass treatments increased
relative to the control. The rate of increase was temper-
ature-dependent, also consistent with a previous report
(Tang et al. 2006b). Contrary to our expectation, anaer-
obic incubation did not slow down the decomposition
process, and the bacterial population dynamics were
comparable to those of the aerobic treatment. Together
with the high similarity in bacterial community struc-
ture between aerobic and anaerobic conditions at 20°C,
this may indicate that the pelagic bacteria in Lake
Dagow are mainly fastidious anaerobes that are equally
adapted to copepod carcass degradation in both aero-
bic and anaerobic conditions. The bacterial abundance
at 20°C decreased quite rapidly after Day 2, most likely
due to predation by protozoans. Marine and freshwater
detritus attract not only bacteria but also bacterivorous
protozoans (Simon et al. 2002). In a recent mesocosm
study on particle-associated bacteria, Tang et al.
(2006a) showed that strong grazing pressure from
bacterivorous flagellates kept the attached bacterial
population at a low level. In a preliminary study, we
observed ciliates swimming around decomposing
copepod carcasses collected from Lake Dagow (Fig. 1),
presumably feeding on the bacteria. In our laboratory
experiments, we also found flagellates in the treat-
ments, although we did not measure their abundance
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or grazing rate. Interestingly, the bacterial abundance
did not decrease in a similar fashion at 6°C. This obser-
vation suggests that protozoan activity was reduced by
the low temperature more so than the bacteria, which
allowed the bacteria to maintain a high abundance
toward the end of the experiment.

Abundance and DGGE banding patterns of bacteria
and fungi revealed that both rapidly colonize copepod

carcasses. Whereas the bacterial compo-
sitions, with the exception of the antibi-
otics treatment, were relatively similar
(>70%) in most cases, the fungi were sur-
prisingly diverse and varied greatly with
time and treatment. Microscopy, how-
ever, showed that fungi reached a high
abundance only when bacteria were sup-
pressed by antibiotics. In the antibiotics
treatment, fungi formed macroscopic
mycelia which were visible to the naked
eye (Fig. 2C). The relatively stable bacte-
rial community composition on copepod
carcasses may indicate that these bacteria
were tightly regulated by substrate avail-
ability (e.g. Carlson et al. 2002, Kritzberg
et al. 2006). Fungal community structure,
however, seems to be more dependent on
a combination of environmental factors
including substrate availability, tempera-
ture and competition with bacteria
(Buesing & Gessner 2006). The high
diversity of obviously different types of
fungi on the freshly killed copepods com-
pared to that of decomposing copepod
carcasses indicates that even live cope-
pods may have been naturally colonized
by presumably parasitic fungi (Carman &
Dobbs 1997, Decaestecker et al. 2005).

Elevated protease activity in the treat-
ments relative to the control indicates that
bacteria and most likely fungi produced a
large amount of protease to decompose
the carcasses. Consistent with micro-
scopic observations, the carcasses lost
their internal tissues rapidly, whereas the
chitin-based carapace was more resistant
to decomposition (Tang et al. 2006b). Re-
suspension of the carcasses in the
cuvettes led to substantially higher pro-
tease activity measurements, indicating
that most of the bacterial enzyme activity
was localized within the decomposing
carcasses, which was also consistent with
the microscopic observation of dense bac-
terial mass inside the carcasses at the
peak of decomposition. Other researchers

have also reported elevated enzymatic activities asso-
ciated with marine and freshwater particles (Karner &
Herndl 1992, Riemann et al. 2000, Karrasch et al.
2004), which may result in rapid hydrolysis of the par-
ticles and subsequent leaching of dissolved organic
materials from the particles (Smith et al. 1992, Grossart
& Simon 1998, Kiørboe et al. 2001). In our experiments,
a decomposing carcass supported protease activity up
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Fig. 4. Cluster analysis of DGGE banding patterns of (A) bacteria and
(B) fungi over an 8 d incubation period. ‘Natural sample’ refers to freshly
killed copepods with A and B being parallels. ‘Mycelium’ represents the

fungal mycelium obtained from the antibiotics treatment on Day 8
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to 7 times higher than in the surrounding water. These
observations support the notion that detrital particles
in aquatic environments are hotspots where intense
microbial activities occur on a microscopic spatial
scale. Conventional sampling of bulk water properties
would therefore underestimate microbial activities
associated with these hotspots.

Interestingly, the maximum protease activity in the
antibiotics treatment was the highest among all treat-
ments, although the corresponding ambient bacterial
abundance was not. Microscopic observations showed
that these carcasses were heavily colonized by epi-
phytic fungi, which might contribute to the high pro-
tease activity. Fungi play a key role in decomposing
leaf litters and other allochthonous detritus in fresh-
water ecosystems (e.g. Buesing & Gessner 2006), and
fungal infection of copepods and their eggs in

eutrophic lakes has been frequently observed (Red-
field & Vincent 1979, Burns 1980, 1985), but their role
in decomposing plankton carcasses has to date not
been reported. In a study with the marine copepod
Acartia tonsa, Tang et al. (2006b) also observed that
copepod carcasses were decomposed by unidentified
epiphytes in the presence of antibiotics. Their work
and the present study show that fungi in aquatic envi-
ronments are able to decompose plankton carcasses,
although they tend to be out-competed by bacteria.
Another interesting observation is that the enrichment
factor in the antibiotics treatment remained close to 1
despite the very high protease activity on Days 6 to 8,
when the carcasses were entangled in a massive mesh-
work of fungi. Unlike the bacteria, which colonized
and multiplied inside the carcasses, much of the fungal
mass remained on the outside of the carcasses. As a
result, ectoenzymes released by the fungi would more
readily diffuse into the surrounding water, which
would contribute to protease activity in the ambient
water and an enrichment factor close to 1. These
results show that bacteria and fungi rapidly decom-
pose detrital materials and contribute to ambient enzy-
matic activity in very different ways.

Traditional field sampling of zooplankton tends to
ignore its living or dead status. Yet non-consumptive
mortality (mortality not due to predation) could be high
at times (Gries & Güde 1999, Dubovskaya et al. 2003,
Tang et al. 2006b). Without distinguishing between liv-
ing and dead zooplankton one not only overestimates
the viable zooplankton population but also underesti-
mates their contribution to microbial production in the
water column. Although zooplankton carcasses proba-
bly contribute only a minor fraction of bacteria to the
total water column bacterial population (Tang et al.
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2006b), they are nonetheless microbial hotspots where
microbial activities proceed at high rates relative to the
ambient water. Our recent study suggests that individ-
ual isolates of marine snow bacteria can rapidly regu-
late their protease activity upwards and downwards
while on and off aggregate surfaces (Grossart et al.
2007). This ability allows the bacteria to conserve
energy when in suspension, but rapidly exploit aggre-
gate resources upon attachment and attain high
growth. Similarly, for a bacterium, zooplankton car-
casses represent highly concentrated substrate sources
in an otherwise nutritionally dilute environment; being
able to exploit these resources will be crucial to the
survival and proliferation of the bacterium. 

CONCLUSIONS

Our results show that decomposing zooplankton
carcasses support high bacterial activities and a rather
uniform bacterial community. For the first time we report
on the ability of fungi to decompose zooplankton car-
casses and contribute to ambient protease activity. These
observations suggest a previously unknown ecological
role of aquatic fungi that deserves further investigation.
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