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ABSTRACT: The interactions between different metazooplankters (cladocerans, rotifers, copepods), 
protozoans (ciliates, nanoflagellates) and bacteria (mixed lakewater culture) were examined in labora- 
tory microcosm experiments. Growth of bacteria was stimulated in batch cultures by the addition of 
glucose. During 24 h experiments most of the bacterial production was consumed by nanoflagellates 
which achieved high growth rates. Moderate biomasses of copepods, rotifers or small cladocerans 
(Bosmina longirostris, Ceriodaphnia reticulata) had no or only weak effects on protozoan development. 
In contrast, Daphnia (D. galeata. D. magna) in higher densities consumed protozoans and bacteria 
simultaneously. Bacterial abundance was strongly reduced in all treatments but bacteria were either 
mainly consumed by protozoans (nanoflagellates) or by metazoans (Daphnia). This resulted in striking 
differences in the bacterial morphology of the remaining bacteria after 24 h. A shift in bacterial size 
structure towards the appearance of large aggregates and long filaments correlated to predation by 
protozoans. These protozoan-resistant morphotypes dominated ungrazed bacterial biomass after 24 h. 
When bacteria grew wlthout predation or when Daphnja suppressed protozoan growth, the onglnal 
bacterial size structure largely remained, and freely dispersed rods and cocci predominated. These 
model experiments illustrate the different impacts of metazoan and protozoan grazers which could both 
control bacterial production but produced a very different bacterial biomass distribution. 
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INTRODUCTION 

Because free-living heterotrophic bacteria are an 
important component of planktonic systems (Cole et al. 
1988), their regulation by nutrients and predation is 
one of the central topics in aquatic microbial ecology. 
The link between bacteria and their main grazers, 
heterotrophic nanoflagellates (HNF), is believed to 
have a controlling function on bacterial abundance, 
growth and community composition (Giide 1989, 
Sanders et al. 1992). Protozoans are themselves part of 
the pelagic food web and subject to predation by vari- 
ous other phagotrophs, especially metazooplankton. 
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Interactions between microbial and classical food webs 
need to be considered to increase our understanding of 
bacterial population dynamics and the regulating 
mechanisms within microbial food webs. Information 
about predation patterns, prey selection and feeding 
rates of metazooplankton on protozoans and bacteria is 
essential, and is now available for several zooplankton 
groups (Stoecker & Capuzzo 1990, Arndt 1993, Jiir- 
gens 1994). The picture becomes more complex when 
feedback effects and cascading interactions between 
the different trophic levels are included. There is 
evidence that feedback mechanisms at the bacterial 
level, e.g. the development of grazing resistance, seem 
to be a widespread phenomenon and are especially 
important in more productive systems (Jiirgens & 
Giide 1994). 
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Bacterial assemblages can change on a genotypic 
and phenotypic level due to the presence of predators, 
and intense predation by bacterivorous protozoans can 
result in an  increased proportion of grazing-resistant 
bacteria (Gude 1979, Jiirgens & Gude 1994). High 
protozoan grazing pressure occurs only if nanoflagel- 
lates and small ciliates are not themselves controlled 
by predation. Evidence of a tightly coupled metazoan- 
protozoan-bacteria food chain has been observed in 
mesocosm experiments (Jiirgens et al. 1994) where 
removal of filter-feeding rnetazooplankton resulted in 
a strong increase of phagotrophic protozoans and a 
concomitant shift in the bacterial community towards 
grazing-resistant forms (mainly long filaments). F~eld 
data from lake plankton also indicate that the presence 
of filter-feeding zooplankton has a pronounced effect 
on the bacteria-protozoan interactions and the devel- 
opment of grazing-resistant bacteria (Giide 1989, Jiir- 
gens & Stolpe 1995). 

Here we used an experimental system to mimic 
short-term interactions among the 3 trophic levels, 
bacteria, heterotrophic protozoans and metazooplank- 
ton. The experiments were designed (1) to examine the 
development of morphologically grazing-resistant bac- 
teria after substrate enrichment and In the presence of 
heterotrophic protozoans and (2) to test whether the 
presence of rnetazooplankton has a profound effect on 
the protozoan-bacteria-interactions and if it prevents 
the development of grazing-resistant bacteria. 

MATERIAL AND METHODS 

For grazing experiments with rnetazooplankton dif- 
ferent prey organisms (bacteria, algae, protozoans) 
were pooled to a 'food cocktail'. Concentrations, size 
and cell volume specifications of the prey organisms 
are given in Table 1. A mixed culture of bacteria (lake 
water inoculum), 3 species of nanoflagellates and 
Scenedesmus acutus were derived from continuous 
cultures; ciliates and metazooplankton were derived 
from batch stock cultures. The same food cocktail was 

used in another set of short-term grazing experiments 
to estimate feeding rates of metazooplankton on algae, 
protozoans and bacteria within a food mixture (Arndt 
et al. unpubl.). We estimated that of the final concen- 
tration of bacteria in the food cocktail approximately 
>80% was from the chemostat culture, the rest was 
from the protozoan stock cultures. To reduce the 
chance of strongly deviating bacterial compositions in 
the different treatments, we added 1 pm filtrate from 
all zooplankton cultures to the food cocktail. 

In previous studies the bacterial culture from the 
chemostat exhibited no significant growth when trans- 
ferred to batch culture (Jiirgens 1992). Because an 
active shift in bacterial assemblages towards grazing 
resistance during predation seems to require substrate 
supply (Jurgens & Gude 1994), we enhanced bacterial 
growth in the food cocktail by addition of glucose 
(30 mg 1-'). The mineral medium used for all stock 
cultures was a modified Chu-12 medium (Muller 1972) 
which supplied all mineral nutrients in excess of 
demands. 

Metazooplankters were from the culture collection at 
the Max Planck Institute (courtesy of W. Lampert) or, in 
the case of Cyclops kolensis, collected in the field a few 
days before the experiment (Schierensee, northern 
Germany). Zooplankton biomass was estimated by 
measuring the body length under a stereomicroscope 
equipped with a half-automated image analysis sys- 
tem (Bioquandt Inc.) and calculating biomass with 
published length-weight regressions (Peters 1984). 
Information on size, concentration and biomass of 
metazooplankters is provided in Table 2. The different 
metazoan grazers were added to the food cocktail in 
10 m1 (rotifers, Bosmina Iongirostris), 20 m1 (copepods, 
Ceriodaphnia recticulata), or 30 m1 (daphnids) glass 
vials which were fixed to a rotating wheel (1 rpm) and 
incubated in a temperature-controlled room at 20°C in 
dim light. Samples were taken at the beginning and 
after 24 h and fixed with glutaraldehyde (2 % final con- 
centration). A treatment which was kept without any 
metazooplankton served as a control. All treatments 
were run in 4 parallels except the experiments with B. 

Table 1. Specifications of prey organisms in the grazlng experiments 

Organism Specifications Culture cond~tions Approx. size Mean volume 
(pm) (V3) 

Heterotrophic bacteria Mixed lake-water culture Chemostat, on glucose 0.2-0.5 X 0.8-1.2 0.12 
Scenedesmus acutus Single cells Chemostat, inorganic medium 2.5-3 X 12-18 113 
Spumella sp. Bacterivorous chrysomonad Chemostat, on bacteria 3-5 (diameter) 30 
Bodo saltans Bacterivorous kinetoplastid Chemostat, on bacteria 3-4 X 5-6 4 5 
Paraphysomonas vestita Omnivorous chrysomonad Batch on bacteria 7-10 (diameter) 250 
Cyclidium sp. Bacterivorous scuticociliate Batch on bacteria 4-6 X 18-20 420 
Colpoda sp. Bacterivorous, holotrichous ciliate Batch on bacteria 25-30 X 35-55 9440 
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Table 2. Mean body length, concentration and biomass of metazoo- ANOVA and post hoc comparisons of the 
plankton in the grazing experiments means (Tukey's) 

Body length Concentration Biomass 
(mm) ( i n  l ' )  [mg dry wt I - ' )  

Brachlonlls rubens 0.15-0.18 3181 0.42 
Brachlon~ls ang i~ la r~s  0.15 1797 0.16 
Cyclops Boleiis~s 0.81-0.82 318 1.73 
Bosmina longirostris 0.36-0.37 1182 1.37 
Ceriodaphnia re t lc~~lata  0.55-0.61 37 1 1.44 
Daphnia galeata 1.59-1.90 182 3.46 
Daphnia magna 2.13-2.52 150 7.37 

longirostris and Brachionus rubens and B. angularis, 
where the number of experimental animals was suffi- 
cient for 1 trial only. These data will be shown but not 
included in a statistical analysis. Another control, 
which should provide estimates of bacterial growth in 
the absence of any predation, consisted of the mixed 
bacterial assemblage from the chemostat culture with- 
out any protozoans or metazoans. 

Lugol-fixed protozoans and algae were counted 
with settling chambers in an inverted microscope. At 
least 50 ciliates, 200 flagellates and 200 algae were 
counted per sample. Bacteria were counted after 
DAPI staining and filtering on black polycarbonate fil- 
ters in an epifluorescence microscope (Porter & Feig 
1980). The distribution of bacterial biomass into dif- 
ferent morphotypes was also assessed from DAPI 
preparations (not performed for the experiment with 
Brachionus angularis). The biovolume of the freely 
dispersed bacteria was measured with an automated 
image analysis system (Schroder & Krambeck 1991). 
Filamentous bacteria were counted at a lower magni- 
fication by examining stripes across the filter. Estima- 
tion of filamentous biomass was done by sizing fila- 
ments with the help of an ocular grid at a higher 
magnification. Only those parts of the filaments were 
included which crossed the ocular grid when passing 
along the stripes across the filter. The number of ag- 
gregated bacteria was estimated in the DAPI prepara- 
tions when aggregates were small and single bacteria 
could still be differentiated (up to approx. 50 cells). 
Samples where larger bacterial clumps appeared 
were stained and counted twice. From the first DAPI 
preparation only the number of freely dispersed sin- 
gle cells was obtained. Then a subsample was soni- 
cated (Branson Sonifier 250, 10 bursts of 3 S), which 
resulted in complete dispersion of the clumps without 
disruption of bacterial cells. The total number of bac- 
teria was counted after a second DAPI preparation of 
this sonicated subsample. The difference between the 
2 counts gives an estimate of the bacterial abundance 
in aggregates. Differences in HNF and ciliate num- 
bers among the treatments were tested with l-way 

RESULTS 

Enrichment of the food cocktail with glu- 
cose resulted in fast growth of bacteria a.nd 
protozoans during the 24 h experiments 
(Fig. 1). Realized bacterial growth was only 
visible in grazer-free controls (Fig. lA), which 
revealed approximately 2 doublings of the 
bacterial assemblage, achieving a density of 

37 X 106 cells ml-' after 24 h. No bacterial proliferation 
could be observed in the food cocktail with the mixed 
protozoan assemblage (Fig. l B ) ,  where protozoans 
were obviously able to control bacterial production and 
reduce bacterial density to low levels. Bacterial produc- 
tion was almost entirely channelled into protozoan 
growth. All flagellate and ciliate species increased in 
abundance but by far the strongest growth was ob- 
served for the kinetoplastid Bodo saltans, which in- 
creased by a factor of 4 (approx. growth rate: 0.08 h-') 
and which might have been largely responsible for the 
consumption of bacterial production. The other bac- 
terivorous protozoans, Spumella sp. and the 2 ciliates 
Cyclidium sp, and Colpoda sp., increased as well 
although to a lesser extent than B. saltans. Strong 
growth of the omnivorous flagellate Paraphysomonas 
vestita (growth rate approx. 0.11 h-') probably resulted 
from consumption of Scenedesmus because all Para- 
physomonas observed at the end of the experiment had 
ingested algae inside the food vacuoles. 

For a simplified comparison of the protozoan popula- 
tion changes in the different treatments, protozoans 
were pooled into heterotrophic nanoflagellates (HNF) 

Ban W. Scen. Spurn 

Fig. 1. Changes of bacteria, algae and protozoans during the 
24 h experiments in the treatment without metazooplankton. 
(A) Bacteria in the predator-free control. (B) Organisms in the 
food cocktail. Error bars indicate standard deviation of the 

mean over 4 replicates 
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Fig. 2. Changes In cell numbers of bacteria, heterotrophlc nanoflagellates (HNF) 
and c i l~ates  in the different grazer treatments For protozoan species composition 
see  Table 1 Shaded bars: time zero, filled bars after 24 h Error bars indl- 

cate standard dev~at ion of the mean over 4 replicates 

and ciliates. Changes in population 
sizes of protozoans and bacteria are 
shown for the different treatments 
with dnd wilhuut nletazoans in Fig. 2 .  
Abundance of Scenedesmus was 
omitted in this figure because the 
algae were not relevant for the bac- 
teria-protozoan interactions. The ex- 
periments with rotifers and Bosmina 
longirostris were not replicated but 
results are shown because the vari- 
ability in the other treatments with 
replicates was relatively low at least 
for bacteria and HNF. The mean 
coefficient of variation (CV) was 
12.3 5% for bacterial abundance, 30 % 
for HNF and 63 TO for ciliates. 

No obvious differences compared 
to the controls were visible in the 
treatments with rotifers (Brachionus 
rubens, B. angularis) and with Bos- 
mina longirostris (because of missing 
replicates not statistically tested). No 
significant reduction of protozoans 
occurred with Ceriodaphnia recticu- 
lata, and with Cyclops kolensis only 
a marginally significant reduction of 
ciliates (p = 0.06) was registered. 
Strong effects were visible in the 
treatments with Daphnia galeata and 
D. magna, where protozoan growth 
was repressed and population levels 
highly significantly (p  < 0.0001) 
reduced compared to the treatments 
without metazooplankton. 

Bacteria were reduced in all treat- 
ments, with and without metazoo- 
plankton, down to 2-4 X 10"ells 

Table 3. Abundance of different bacter~al morphotypes at  the beginning and after 24 h In the different treatments Mean (+SD) 
of 3 repl~cates (except for Brachionus and Bosmina) 

Free bactena In aggregates Filaments Total bacter~a 
(X 106 m ~ - i )  (X 10' m ~ - l )  ( X  103 m ~ - l )  ( ~ l o h r n l l )  

Start Only bacteria 
Bacteria + protists 
('food cocktail') 

After 24 h Only bacteria 
Bactena + protlsts 
+ Brachionus rubens  
+ Cenodaphnia reticulata 
+ Bosmina longirostns 
+ Cyclops kolensis 
+ Daphnia galeata 
+ Daphnia magna 
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ml-l, which means that essentially all bacte- 
rial production was consumed and bacterial 
abundance reduced below the ~ n ~ t i a l  con- 
centration level. The total number of bacte- 
ria was lowest in the 2 Daphnia treatments 
but differences were more striking when 
looking at the bacterial morphology of the 
ungrazed bacteria after 24 h (Table 3).  
Freely dispersed rods and cocci (termed 
'free bacteria') dominated with more than 
98'% at the beginning of the experiments 
but were reduced in all trials without Daph- 
nia to levels below 10"ells ml-' (then com- 
prising 17 to 40% of the remaining bacte- 
ria). In these treatments the majority of 
remaining bacteria were concentrated in 
large aggregates, comprising several 100 to 
several 1000 densely packed cells (Fig. 3) 
An example of the size distribution of these 
aggregates, as derived from DAPI prepara- 
tions, is shown in Fig. 4.  The majority of the 
bacterial clumps had maximal diameters in 
the range 20 to 40 pm. Relatively high 
bacterial numbers (2 to 3.5 x 10%ells ml-l) 
were concentrated in these aggregates 
(Table 3) .  Only a few clumps appeared in 
the Daphnia trials and the majority of bacte- 
ria were still freely dispersed. In the non- 
Daphnia trials long filamentous bacteria 
also appeared, especially with Bosmina lon- 
girostris (Table 3) .  

The biomass composition of the bacterial 
community in these 3 different bacterial 
growth forms (rods and cocci, filaments, 
aggregates) and the total bacterial biovol- 
ume are shown in Fig. 5. At the beginning, 
and in the bacterial controls after 24 h, 
nearly all biomass was contributed by freely 
dispersed, single bacterial cells. Strong 
differences were obvious between treat- 
ments where protozoans had developed 
and the Daphnia treatments in which proto- 
zoans were suppressed. Only with daph- 
nids, D. magna and D. galeata, was the 
major portion of the bacterial biomass still 
in the form of freely dispersed rods and 
cocci. Aggregates and in one case filaments 
(Bosmina longirostris) dominated the bacte- 
rial biomass in all other treatments. Aggre- 
gates and filaments are not or only partially 
available for protozoans (Jiirgens & Gude 
1994), which means that between 70 and 

8 0 %  of biomass consisted graz- Fig. 3.  Mlcrophotographs of bacterial morphology after 24 h (DAPI-stained 
ing-resistant bacteria a t  the end the 24 h preparat~ons).  ( A )  With bacteria only; (B)  bacteria and protozoans; 
experiment. (C) bacteria, protozoans and Daphnia magna. Scale bars = 10 pm 
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Fig. 4 .  Example of size distribution of bacterial aggregates 
(from control without metazoans): frequency distribution of 
the longest linear diameter of bacterial aggregates, as  mea- 

sured in DAPl preparations 

bacter~a + protlsts (start) 
(8.2 + 0 9) 

only bacteria 
(32.5 t 0.9) 

0 Fnarnena 

m Aggregates 

bacteria + protists 
(3.3 + 0.2) 

Fig. 5. Morpholog~cal composition of the bacterial biomass in 
the different treatments. (A) Food cocktail at the start of the 
experiment (B) Controls without metazoans after 24 h. 
(C) Metazoan treatments. Contribution of 3 d~fferent bacterial 
morphotypes (freely dispersed rods and cocci, filaments. 
aggregates) to bacterial biomass (in %). Numbers below 
figures refer to total bacterial biovolume ( ~ n  10' pm%l-') 

DISCUSSION 

Non- or slow-growing prey organisms are a prereq- 
uisite when measuring food selection and feeding 
rates. In contrast, the addition of glucose In the present 
study as a carbon substrate for the bacteria produced a 
dynamic system with strong growth for all hetero- 
trophic microorganisms and enabled the occurrence of 
rapid feedback mechanisms on the bacterial level. Our 
goal was not to measure carbon flows or to compare 
feeding rates between the different compartments; 
instead, we wanted to illustrate how trophic interac- 
tions between bacteria, heterotrophic protozoans and 
metazoans can affect the development of grazing- 
resistant bacteria. 

This study shows that an active community of bac- 
terivorous protozoans is able to track and control even 
high bacterial production, as occurred after the glu- 
cose addition. Except in the protozoan-free controls 
the bacterial productivity was not visible because i t  
was directly channelled into production of protozoan 
biomass, especially to that of HNF. The efficient con- 
sumption of bacteria has been shown previously in 
grazing experiments with the same HNF species and 
the mixed bacterial chemostat culture (Jurgens 1992). 
A major difference between our dynamic system and 
batch grazing experiments with non-growing bacteria 
was visible in the phenotypic appearance of the bacte- 
rial assemblage and the final concentration of bacteria. 
Non-growing, stationary bacteria are usually reduced 
by HNF grazing down to levels of 2 to 5 X 105 ml-' with- 
out the appearance of peculiar bacterial morphotypes 
(Jiirgens 1992). Here, in contrast, HNF were grazing 
on a growing bacterial assemblage. The final bacterial 
concentration was 1 order of magnitude higher than in 
the latter case due to the development of large aggre- 
gates and long filaments. These cells comprised the 
major part of the bacterial biomass at the end of the 
24 h experiment and such complex morphotypes are 
obviously not, or only partly, susceptible to protozoan 
grazers. 

Because undefined bacteria were introduced to- 
gether with metazoan and protozoan cultures into the 
food cocktail and because we did not have a controlled 
genotypic composition of the bacteria, we have to be 
careful in the interpretation of the results. However, 
we think that our experimental design produced a 
comparable bacterial species composition in the differ- 
ent treatments with and without metazoans, therefore 
allowing a comparison of the results. The development 
of grazing-resistant growth forms in our experiments 
was not purely a result of negative selection, i.e. these 
forms remained whereas freely dispersed cells were 
removed. The most prominent grazing-resistant bacte- 
rial morphotypes were the aggregates which consis- 
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tently developed in all treatments with high protozoan 
grazing pressure. The appearance of bacterial aggre- 
gates within the 24 h experiments was a de  novo parti- 
cle synthesis and seemed to be entirely dependent on 
the presence of bacterivorous protozoans. When proto- 
zoans were not present (bacterial controls) or when 
they were suppressed (with daphnids), aggregation 
was lal-gely reduced. 

If we accept that the process of bacterial aggregation 
is purely a result of protozoan grazing pressure, the 
presence of metazooplankton should prevent this 
process if they are able to control protozoan abun- 
dance. In feeding experiments with different zoo- 
plankton species it was shown that all the metazoo- 
plankter used here, except cyclopoids, are more or less 
similarly efficient consumers of heterotrophic nanofla- 
gellates (Jiirgens et al. 1996). However, in our experi- 
mental system described here, only Daphnia galeata 
and D. magna were able to suppress growth of the pro- 
tozoan community. We assume that the biomass of the 
smaller zooplankter was not sufficient to control proto- 
zoans which grew at very high rates. 

The general impact of daphnids on microbial com- 
ponents involves some special features, i.e. they are 
efficient consumers of larger bacteria and a wide 
range of protozoans (Jurgens 1994), and community 
filtration rates of Daphnia can be very high (e.g. Lam- 
pert 1988). Two mechanisms can prevent the develop- 
ment of grazing-resistant bacterial growth forms 
when daphnids are present: suppression of protozoan 
grazing pressure on bacteria and consumption of 
complex bacterial growth forms (Gude 1989). We 
should expect the same effect, i.e. the prevention of 
bacterial aggregates, when other filter-feeders (e.g. 
Bosmina, Ceriodaphnia) are present in high numbers. 
But the zooplankton densities chosen were related to 
maximal reported abundances in eutrophic lakes. For 
the smaller zooplankton species this was obvi.ously 
insufficient to control the strong HNF growth in the 
experiments. 

It has been demonstrated previously in laboratory 
microcosm experiments that grazing by protozoans 
can result in the development of complex bacterial 
growth forms (Giide 1979, 1982, Caron et  al. 1988). 
This can be due to genotypic changes of the bacterial 
assemblage towards grazing-resistant forms (Gude 
1979). But bacterial strains have also been identified 
which can change their phenotype in the presence of 
protozoans from growth in small, single cells towards 
growth in filaments (Shikano et al. 1990) or in aggre- 
gates (Gude 1982). Changes in surface structures and 
hydrophobicity (Rosenberg & Kjelleberg 1986) and the 
production of extracellular polymers (Geesey 1982) 
can be involved in the adhesion and aggregation 
process. 

Enhancement of bacterial aggregate formation by 
protozoan grazers might have been involved in many 
decomposition studies where microbial colonisation 
and succession on a natural DOC source was followed 
(e.g. Biddanda 1985, Biddanda & Pomeroy 1988, 
Alber & Va1iel.a 1994). I t  has been noted that the 
aggrcgates which appeared in these experiments con- 
sisted to a large degree of bacteria but also of extra- 
cellular polymers (Alber & Valiela 1994). In the major- 
ity of studies which cxdmined aggregate production 
in microcosm experiments, bacteria were considered 
as the catalysing agents. However, protozoan-free 
controls were generally missing in these experiments 
and thus we cannot assess to what extent grazing by 
bacterivores was necessary for the aggregate forma- 
tion. 

Shifts in the bacterial community structure towards 
grazing-resistant forms can regularly be observed in 
natural systems but to a less drastic extent than in 
experimental microcosms. The effect of increased 
grazer populations on the size distribution of bacteri- 
oplankton is well known, with an increased propor- 
tion of very small and very large cells (Simek & 
Chrzanowski 1992, Pernthaler et al. 1996). The ten- 
dency for aggregates and filaments to develop has 
been seen in freshwater plankton during population 
maxima of HNF (Gude 1989, Jurgens & Stolpe 1995). 
It seems that complex bacterial morphologies are 
more abundant in more productive systems such as 
sediments, hypertrophic ponds, detrital aggregates, 
and sewage treatment plants (Jurgens & Gude 1994, 
Sommaruga & Psenner 1995), which is in accordance 
with the assumption that these forms can predomi- 
nate when competition for substrates is low (Gude 
1989). 

Bacteria-protozoan interactions are known to play 
an important role in the decomposition of organic 
matter (Fenchel & Harrison 1976, Sherr et al. 1982) 
and grazing-induced shifts in bacterial communities 
certainly influence the carbon fluxes. A combination 
of well-defined laboratory studies with field experi- 
ments at  different scales is necessary to gain more 
insight into the role of feedback mechanisms in bacte- 
rial populations. Concerning the situation in plank- 
tonic systems, it is becoming increasingly clear that 
interactions between all trophic levels have to be 
included for a comprehensive understanding of regu- 
lating mechanisms and population dynamics in bac- 
terioplankton. 
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