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Cover: Heterotrophic nanoflagellates (Monosiga sp.) from Lake 
Vechten under the epifluorescence microscope. The 
primulin-stained cells with a diameter of about 6 micrometer, 
show yellow-white fluorescence and have one flagellum surrounded 
by a collar. The red cells are autofluorescent chroococcoid 
cyanobacteria with a diameter of 1 to 2 micrometer. 

Omslag: Heterotrofe nanoflagellaten (Monosiga sp.) uit de plas 
Vechten onder het epifluorescentie microscoop. De met primuline 
gekleurde cellen, met een diameter van ongeveer 6 micrometer, 
fluoresceren geel-wit en bezitten een kraag rond de flagel. De 
rode cellen zijn autofluorescerende cyanobacteriën met een 
diameter van 1 tot 2 micrometer. 
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STELLINGEN 

1. Het belang van bacteriën in een oecosysteem hangt niet af van 
hun aantal maar van hun activiteit. 

2. De relatie tussen thymidine-inbouw en bacteriële groei berust 
waarschijnlijk niet op de DNA synthese, in tegenstelling tot 
de heersende opvatting (D. J. W. Moriarty. 1986. Measurement 
of bacterial growth rates in aquatic systems from rates of 
nucleic acid synthesis. Adv. Microbial Ecol. 9:245-292). 

3. Bacteriële afbraak moet niet worden verward met mineralisatie 
(F. B. van Es. 1984. Decomposition of organic matter in the 
Wadden Sea. Netherlands Institute for Sea Research -
Publication Series 10:133-144). 

4. Het terugdringen van protozoën leidt mogelijk tot helderder 
water (B. Riemann. 1985. Potential importance of fish 
prédation and zooplankton grazing on natural populations of 
freshwater bacteria. Appl. Environ. Microbiol. 50:187-193). 

5. Statistiek maakt niet recht wat krom is (Prediker 1:15). 

6. Aan gesaneerde gifgrond zit vaak nog een luchtje (R. Buisman 
en A. van Pelt. Grondreiniging moet beter. Natuur en Milieu, 
November 1987 :12-16 ) . 

7. Ruimtelijke ordening omvat het plannen van zaken die nooit 
zullen gebeuren, en het legaliseren van ontwikkelingen die al 
begonnen zijn. 

8. Gezien de Belgische verdeeldheid, getuigt de keuze van Brussel 
als centrum van de Europese eenheid van een grenzeloos 
optimisme. 

9. De redenering dat een hogere maximum snelheid leidt tot een 
lagere gemiddelde snelheid en minder milieuvervuiling, is even 
dwaas als het grote aantal 100-km-borden langs sommige 
weggedeelten. 

10. Een goede stelling is een groot probleem. 

Stellingen bij het proefschrift "Bacterial production, protozoan 
grazing, and mineralization in stratified Lake Vechten" van Jaap 
Bloem. 

Wageningen, 20 oktober 1989. 
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for you will find it after many days. 
(Ecclesiastes 11. 1) 



CONTENTS 

Preface 

1 . Introduction 

2. Fixation, counting, and manipulation of heterotrophic 
nanoflagellates. Applied and Environmental Microbiology 
52:1266-1272 9 

3. Bacterial activity and protozoan grazing potential in a 
stratified lake. Limnology and Oceanography 34:297-309 ... 16 

4. Nutrient cycling through phytoplankton, bacteria and 
protozoa, in selectively filtered Lake Vechten water. 
Journal of Plankton Research 11:119-131 29 

5. Protozoan grazing, bacterial activity, and mineralization 
in two-stage continuous cultures. Applied and 
Environmental Microbiology 54:3113-3121 42 

6. Protozoan grazing and bacterial production in stratified 
Lake Vechten, estimated with fluorescently labeled 
bacteria and thymidine incorporation. Applied and 
Environmental Microbiology 55:1787-1795 51 

7. Discussion 60 

Summary 68 

Samenvatting 70 

Curriculum vitae 73 



PREFACE 

The research reported in this thesis was performed between August 
1984 and June 1988, at the Limnological Institute of the Royal 
Netherlands Academy of Arts and Sciences in Nieuwersluis, The 
Netherlands. I am indebted to many people who contributed to this 
study. The subject was proposed by Thomas Cappenberg, who 
pleasantly stimulated and supervised the project, together with 
Alex Zehnder (Department of Microbiology, Wageningen Agricultural 
University). Excellent technical support was given by Marie-Jose' 
Bar-Gilissen, who also drew most figures. Important contributions 
were provided by the students: Marion van Drunen, who 
conscientiously fixed and counted innumerable flagellates; Mathieu 
Starink, who enthusiastically evaluated methods for measuring 
protozoan grazing, and reached control of fluorescently labelled 
bacteria; and Frank Ellenbroek, who patiently worked on 
disentanglement of the thymidine incorporation method, and reached 
impressive activity in the radioisotope-laboratory. 

Measurements with radioisotopes were kindly supported by Guus 
Postema, Willem de Kloet, and Klaas Siewertsen, in the laboratory 
as well as on the lake. Fast and safe transport to and from the 
lake was punctually performed by Heb Roon. Advice and support with 
chemical and physical analyses was provided by Harry Korthals, 
Kees Steenbergen, Ten Dekkers, Henk Verdouw, Anja Sinke, and Frans 
de Bles, and also by Wim Roelofsen and Mark van Loosdrecht (both 
of the Wageningen Agricultural University). Onno van Tongeren 
energetically created and solved statistical problems, and 
critically helped to improve manuscripts, together with the 
reviewers acknowledged in the papers. Thanks are also due to Ed 
Marien for very accurate photography, to Cecilia Kroon for typing 
some large tables, and to all other colleagues of the Limnological 
Institute for (incidental) support and a pleasant working 
atmosphere. 

I thank Claudia Albert and Thomas Berman (Kinneret Limnological 
Laboratory, Israel) for the fruitful cooperation, and Tom Fenchel 
and Use Jensen (University of Aarhus, Denmark), who kindly 
introduced me in protozoology. I enjoyed the hospitality in the 
U.S.A., and the interesting discussions with a.o. Bob Sanders and 
Karen Porter (University of Georgia, Athens), David Kirchman 
(University of Delaware, Lewes), Michael Pace (Institute of 
Ecosystem Studies, Millbrook, New York), John Hobbie (Marine 
Biological Laboratory, Woods Hole. Massachusetts), and Joel 
Goldman (Woods Hole Océanographie Institution). 

Finally, I thank my colleagues of the Institute for Soil 
Fertility (Haren, The Netherlands) for giving me the opportunity 
to finish this thesis. 



INTRODUCTION 

Stratified Lake Vechten 

Lake Vechten (52°04'N and 5°5'E) is situated in the central part 
of The Netherlands, near the city of Utrecht. The lake was formed 
in 1941 by excavation of sand used for the construction of a 
nearby highway. Since the foundation of the Limnological Institute 
in 1957, Lake Vechten has been a major research site of the 
Vijverhof Laboratory (Gulati and Parma, 1982). 

The lake is small with a surface area of 4.7 ha, and is 
slightly eutrophic, about 10 m deep and monomictic, i.e. 
stratified in summer (Steenbergen and Verdouw, 1982). In years 
with a severe winter and a long period of ice cover, 
stratification occurs also in winter (i.e. dimictic). In early 
spring, the lake is well mixed and has a relatively low 
temperature of about 5°C and a high oxygen concentration of about 
11 mg 02.1-^ in the whole water column. From late April onwards, 
the water is warmed up starting at the surface. Since the density 
of water is greatest at 4°C, the warming up results in a lower 
density of the upper water layer, which prevents mixing with 
deeper colder layers. Thus, in May a stable thermal stratification 
is established, which lasts to the end of October or the beginning 
of November when the upper stratum cools down, becomes heavier and 
is mixed again with the deeper strata. 

During summer stratification, three strata can be distinguished. 
The layer between the surface and a depth of about 5 m is the 
epilimnion, with a water temperature of about 20°C and a high 
oxygen concentration (Fig. 1, chapter 3). In the metalimnion, 
roughly between 5 and 8 m depth, both temperature and oxygen 
concentration show a steep decline (thermocline and oxycline). Due 
to the steep density gradient of the thermocline, this layer is 
very stable. The anaerobic bottom layer with a temperature of 8 to 
10°C is the hypolimnion. 

Microbial activity in the metalimnion 

During 1969 and 1970, Cappenberg (1972) studied the distribution 
of specific bacterial groups in Lake Vechten by counting viable 
bacteria grown on selective media. Because on any culture medium 
only a small fraction of the natural bacteria can be grown, viable 
counts yield much lower numbers than direct microscopical counts. 
However, viable counts are considered as a relative measure of 
active bacteria. Due to the dispersion of bottom detritus (dead 
organic particles) and nutrients in spring, increasing numbers of 



heterotrophic bacteria were found in the bottom layers of the 
lake, depleting the oxygen in the hypolimnion by their metabolic 
activities. In summer, the largest numbers of viable heterotrophic 
bacteria were found in the metalimnion, which was attributed to 
the gradients of oxygen tension and available organic matter. 

In the years 1977 to 1980 during summer stratification, 
Blaauboer et al. (1982) and Steenbergen and Korthals (1982) found 
the highest chlorophyll concentrations and primary production 
rates in the metalimnion of Lake Vechten. In this stratum the 
phytoplankton was dominated by Synechococcus sp. (Cyanobacteria) 
and Mallomonas caudata (Chrysophyceae). Maxima of phytoplankton 
biomass and primary production near the thermocline can be 
explained by an equilibrium between downward light penetration and 
upward nutrient flux at this site (Sorokin, 1981; Lovell and 
Konopka, 1985). Moreover, sedimenting plankton and detritus may 
accumulate at the thermocline, due to reduced sinking velocities 
in the pronounced density gradient (Cappenberg, 1972; Herndl and 
Malacic, 1987). Because accumulation of detritus as well as high 
primary production may promote the growth of heterotrophic 
bacteria, a high bacterial production may be expected in the 
metalimnion. However, the depth distribution of bacterial 
abundance and production in stratified lakes with an anaerobic 
hypolimnion has not been examined thoroughly (McDonough et al., 
1986). 

The microbial loop 

Realistic estimates of bacterial numbers and production can now be 
obtained by recently developed techniques (Van Es and Meyer-Reil, 
1982). Bacteria can be stained with fluorescent dyes and counted 
directly by epifluorescence microscopy (Hobbie et al., 1977). 
Thymidine incorporation and frequency of dividing cells (FDC) are 
proportional to growth rate, and are considered to be the most 
promising indicators of in-situ bacterial production rates (Azam 
et al., 1983). The frequency of dividing cells (Hagström et al., 
1979) is tedious to determine and difficult to calibrate. 
Tritium-labelled thymidine incorporation (Fuhrman and Azam, 1980; 
1982) is relatively rapid, sensitive, specific for heterotrophic 
bacteria, and most widely used. Thymidine is a precursor of DNA 
synthesis, which is incorporated into DNA by thymidine-kinase. 
This enzyme has not been found in other organisms than 
heterotrophic bacteria (Moriarty, 1986). A major problem of the 
thymidine technique is the determination of the conversion factor 
needed to convert thymidine incorporation to bacterial production. 

Heterotrophic aquatic bacteria utilizing dissolved organic 
matter, which mainly originates from phytoplankton, were found to 



sustain high growth rates. Although population doubling times 
(generation times) of less than 1 day have often been reported 
(Van Es and Meyer-Reil, 1982; Moriarty, 1986; Pace, 1988), the 
variation in bacterial numbers is relatively small, suggesting a 
sink of bacteria. Azam et al. (1983) hypothesized that actively 
growing marine bacteria (size 0.2-2 jam) are kept below a density 
of 5 to 10 x 109 bact.l-^ primarily by heterotrophic 
nanoflagellates (HNAN, size 2-20 .urn), which reach abundances of 
around 10^ HNAN.l-^. HNAN are in turn consumed by 
microzooplankton, such as ciliates, of the same size range as the 
larger phytoplankton (20-200 jam) . Thus, energy released as 
dissolved organic matter by phytoplankton may be returned to the 
main food chain via a microbial loop of bacteria-heterotrophic 
nanoflagellates-microzooplankton. In the conventional concept of 
aquatic ecosystems, only carbon and energy flow via the main food 
chain of phytoplankton-zooplankton-fish was recognized. 
Previously, the role of smaller organisms was largely ignored 
because of technical limitations. 

Protozoan grazing and mineralization 

There are mechanical limitations to the size difference between 
predator and prey. A 15-m-long whale feeding on krill smaller than 
10 cm is an extreme example. Compared with a bacterium smaller 
than 1 jjm, however, a 150-jim-long ciliate is a protozoan whale 
(Fenchel, 1986). In contrast to bigger zooplankton, HNAN are very 
efficient bacterivores because of their small size and high 
maximum growth rates, which are close to those of their prey. 
Evidence for protozoan control of bacterial numbers in-situ was 
presented by Fenchel (1982), who observed predator-prey 
oscillations between marine bacteria and HNAN in Limfjorden 
(Denmark), with a lag of 4 days between bacterial and flagellate 
peaks. It was calculated that HNAN are capable of filtering 10 to 
70% of the water column per day. 

Johannes (1965) reported that the mineralization of dissolved 
inorganic phosphate from organic detritus proceeds faster and more 
completely in the presence of bacteria and protozoa than in the 
presence of bacteria alone. He suggested that the grazing protozoa 
keep the bacteria in a prolonged state of physiological youth, 
resulting in an increased rate of organic matter decomposition. 
Similarly, Sherr et al. (1982) observed that the decomposition of 
phytoplankton cells (Peridinium cinctum, Dinophyceae) was 
accelerated when HNAN were present. Although the mechanisms of 
this stimulation were not exactly identified, their results 
suggested that protozoan grazing increased the availability of 
mineral nutrients, especially phosphorus, to bacteria which 



degrade mineral-poor detritus. Thus, HNAN can play a dual role in 
aquatic ecosystems: (1) they can be a link in the food chain 
between small bacteria and algae on the one hand and bigger 
(micro)zooplankton on the other, and (2) they can accelerate the 
decomposition and mineralization of organic matter. 

Protozoa in freshwater 

Whereas most studies on the role of HNAN have been performed in 
the sea, little is known about these protozoa in freshwater. 
Stratified lakes may be especially interesting because of the 
steep physical, chemical and biological gradients. Peak population 
densities of ciliates have been found at or just below the 
oxic-anoxic boundary (Finlay, 1981; Pace and Orcutt, 1981; Finlay 
and Fenchel, 1986a,b). The oxic epilimnion is avoided by the 
ciliates and their numbers decrease with depth in the anoxic 
hypolimnion. The ciliate Loxodes sp. shows peak abundances at 
extremely low oxygen tensions (less than 0.05 mg 02-1"^) or even 
in anoxic water. This behaviour may be a compromise between 
avoidance of high (toxic) oxygen concentrations and a periodic 
requirement for aerobic metabolism. Although Loxodes can switch to 
nitrate respiration under anaerobic conditions, the meta- and 
hypolimnetic ciliates are probably aerobes and cannot survive 
indefinite in anoxia (Bark and Goodfellow, 1985). 

The formation of metalimnetic ciliate peaks has the obvious 
benefit that it brings cells into a zone where competition and 
prédation by bigger metazoan zooplankton are probably unimportant, 
because the latter avoid these microaerobic and anaerobic zones 
(Finlay and Fenchel, 1986a,b). Moreover, in this zone bacteria and 
sedimenting particles tend to accumulate, and the algal primary 
and bacterial secondary production tend to be high. Thus, the 
metalimnion seems to be a layer with a high food availability and 
a relatively low prédation pressure. Although predatory ciliates 
cannot be avoided by HNAN in the metalimnion, these benefits may 
also apply to HNAN. However, the vertical distribution of HNAN in 
stratified lakes has hardly been studied. Near the thermocline in 
Dalnee Lake (Kamchatka), Sorokin and Paveljeva (1972) reported a 
HNAN peak of 0.75 x 106 HNAN.!-1. This number may have been an 
underestimate, however, because the flagellates were counted 
alive. Living HNAN are very fragile and hard to see without 
fluorescent staining. 



Aim of the thesis 

This study is aimed at the role of HNAN in grazing on bacteria and 
inj mineralization of organic matter in stratified Lake Vechten. 
Whjen the research was started in 1984, several methods had been 
published for fixing and counting of HNAN. However, effects of 
these manipulations on HNAN had hardly been checked, although it 
had often been recognized that nanoflagellates are very fragile. 
Therefore quantitative effects of several fixatives, and of 
filtration and centrifugation, on HNAN were investigated 
(cjhapter 2) . 

During summer stratification in 1985, the vertical distribution 
d temporal variation in numbers of chroococcoid cyanobacteria, 

bacteria, HNAN, and ciliates in Lake Vechten were investigated to 
ofcjtain indications for predator-prey relationships (chapter 3). In 
addition, bacterial activity was estimated from thymidine 
incorporation, and potential grazing on bacteria by HNAN was 
estimated from experiments with selectively filtered lake water 
incubated in the laboratory. 

Batch incubations with selectively filtered Lake Vechten water 
(With bacteria alone and with bacteria and protozoa) were also 
used to study effects of protozoa on the breakdown of organic 
carbon, and the mineralization of inorganic phosphorus and 
nitrogen from dead chroococcoid cyanobacteria (Synechococcus sp.) 
(cjhapter 4). Also ingestion rates of HNAN and ciliates grazing on 
bacteria were estimated. 

Estimates from dynamic batch cultures with rapidly changing 
conditions, however, are rather crude. Much more accurate 
estimates of grazing and mineralization can be obtained with 
continuous cultures in steady-state, which facilitate maintenance 
oi stable low growth rates, small bacterial biovolumes and low 
bacterial concentrations, similar to values found in the lake. 
Therefore, HNAN grazing on bacteria was quantified in two-stage 
continuous cultures at various specific growth rates, and effects 
of protozoan grazing on carbon, phosphorus and nitrogen 
mineralization rates were examined (chapter 5). Moreover, gross 
growth efficiencies (yields) and carbon and phosphorus contents of 
bacteria and protozoa were estimated. Protozoan ingestion rates 
determined in continuous culture were compared with results of 
independent, recently published techniques for determination of 
ih-situ protozoan grazing. Thus, the validity of ingestion rate 
measurements with procaryotic inhibitors, bacteria-sized 
fluorescent microspheres, and fluorescently labelled bacteria was 
evaluated. 

Problems with the thymidine technique were also studied in 
continuous culture. At various specific growth rates, bacterial 
DlJjA synthesis was compared with thymidine incorporation, and an 



empirical conversion factor was obtained to estimate in-situ 
bacterial production (chapter 6). During summer stratification in 
1987, bacterial production rates estimated from thymidine 
incorporation were compared with protozoan grazing rates estimated 
with fluorescently labelled bacteria, in the epi-, meta- and 
hypolimnion of Lake Vechten. 

Finally (chapter 7) the role of bacteria and protozoa in the 
microbial food web of Lake Vechten is discussed. 
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Quantitative effects of several fixatives on heterotrophic nanoflagellates (HNAN) and phototrophic 
nanoflagellates (PNAN) were investigated by hemacytometer and epifluorescence counting techniques. Counts 
of Monas sp. cultures before and after fixation with unbuffered 0.3% glutaraldehyde and 5% formaldehyde 
showed no loss of cells during fixation, and cell concentrations remained constant for several weeks after 
fixation. Buffering of fixatives with borax caused severe losses, up to 100% within 2 h. Field samples from Lake 
Vechten showed no decline of HNAN and total nanoflagellate concentrations for at least 1 week after fixation 
with 5% formaldehyde and with 1% glutaraldehyde. With 1% glutaraldehyde, the chlorophyll autofluores­
cence of PNAN was much brighter than with 5% formaldehyde, although it was lost after a few days and thus 
limited the storage time of samples. However, when primulin-stained slides were prepared soon after fixation 
and stored at — 30°C, the loss of autofluorescence was prevented and PNAN and HNAN concentrations were 
stable for at least 16 weeks. Effects of filtration and centrifugation on HNAN were also studied. Filtration 
vacuum could not exceed 3 kPa since 10 kPa already caused losses of IS to 20%. Similar losses were caused by 
centrifugation, even at low speed (500 x g). 

Heterotrophic nanoflagellates (HNAN; size, 2 to 20 u.m) 
are now being recognized as major consumers of bacterial 
production and as catalysts for mineralization in aquatic 
ecosystems (4, 9, 18, 21, 31). Quantitative field studies on 
HNAN and phototrophic nanoflagellates (PNAN) have been 
permitted by recently developed epifluorescence micro­
scopic) counting techniques (2, 5, 10, 20). Since nanoflagel-

^re very fragile (20, 23), loss of cells as a result of 
and manipulation before counting must be pre-
Moreover, chlorophyll autofluorescence must be 

/ed for distinction between phototrophic and hetero­
trophic cells. 

Although various fixatives are used (11, 26, 29), buffered 
(2, 20, 22) and unbuffered aldehydes are the most common in 
quantitative studies. The highest final concentration was 
used by Fenchel (7), who could keep samples fixed with 5% 
unbuffered formaldehyde for at least 1 month. However, 
forma dehyde is reported to cause loss of flagella, distortion 
of cel( shape, and loss of cells in many flagellates (16, 27). 
Someiauthors recommend a buffered (8, 26) or unbuffered 
(28) mixture of 1% glutaraldehyde (killing-fixing agent) and 
0.03 to 1% paraformaldehyde (preservative) as the best 
fixatiMe for fragile flagellates. Haas (10) considered a low 
concentration to be an advantage and used 0.3% glutaralde­
hyde. 

Despite the variability in fixation methods, hardly any 
quantitative control experiments have been published. Tsuji 
and Y^nagita (28) used the percentage of unbroken cells after 
fixation as an index for evaluation of fixatives and found 
100% unbroken cells in a mixture of 1% glutaraldehyde and 
0.03 to 1% paraformaldehyde. However, the presence of 
perfectly preserved cells does not prove that no losses occur 
during fixation. Therefore, counts of living flagellates before 
fixation should be compared with counts at several times 
after fixation. We know of only one such study, which was 
performed with electronic particle counters and showed 

Corresponding author. 

drastic losses of cells in both autotrophic and heterotrophic 
marine flagellates with all fixatives used (13). 

This paper describes quantitative effects of several fixa­
tives on HNAN and PNAN from laboratory cultures as well 
as freshwater field samples. In addition, effects of filtration 
and centrifugation on HNAN are discussed. 

MATERIALS AND METHODS 

Monas sp. (6 to 10 n.m) and Bodo sp. (6 to 10 |j,m) were 
isolated from Lake Vechten, The Netherlands (25), by 
successive dilutions from enrichment cultures and cultured 
in 0.025% Knop solution (15) enriched with 100 mg of yeast 
extract • l i ter -1 (Oxoid). Chlorella sp. (3 (Jim) was isolated 
from the same lake, and Haematococcus pluvialis (20 jjim) 
was isolated from a gutter at our institute. The last two 
species were cultured in mineral medium no. 11 as described 
by Allen (1). Field samples from Lake Vechten were ob­
tained with a 5-liter Friedinger sampler from a depth of 4.8 to 
6.0 m. 

Fixatives at various final concentrations were prepared 
from stocks of 35 to 38% formaldehyde stabilized with 8 to 
13% methanol, 50% glutaraldehyde (Baker grade) in distilled 
water, and paraformaldehyde powder. In some experiments, 
fixatives were buffered at pH 7 with 0.01 M phosphate buffer 
(Na 2 HP0 4 plus KH 2 P0 4 ) or at pH 8 with borax 
(Na2B407 • 10H2O) (24) or hexamine (26). 

The staining procedure for nanoflagellates was a modifi­
cation of the method of Caron (2). The fluorochrome 
primulin (Janssen Chimica, Belgium) was dissolved in dis­
tilled water buffered at pH 4 with 0.1 M Trizma hydrochlo­
ride (Sigma Chemical Co., St. Louis, Mo.). Initially, a 
primulin concentration of 250 mg • liter"1 was used, which 
was lowered to 63 mg • l i ter - 1 later (see Results). The 
solution was prepared fresh and was filtered through a 
0.2-jxm-pore-size membrane filter (Schleicher & Schuil) be­
fore each use. Fixed samples (5 to 10 ml) were filtered onto 
a 1.0-jtm-pore-size Nuclepore polycarbonate filter (diame­
ter, 25 mm), prestained with Dylon no. 8 ebony black dye, at 
a vacuum not exceeding 3 kPa. A 1.2-n.m-pore-size 
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TABLE 1. Hemacytometer (volume, 0.8 mm3) counts of living 
HNAN from three Monas cultures 

Sample 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

No. 

I 

141 
138 
143 
140 
128 
140 
133 
151 
142 
142 

of Monas cells/0.8 mm3" for culture 

II 

165 
162 
174 
171 
155 
175 
166 
170 
164 
164 

III 

102 
85 

107 
106 
115 
87 

110 
109 
87 
89 

" For cultures I through III, there were 1.75 x 108, 2.1 
108 cells • liter-1, respectively. 

x 108, and 1.25 x 

Schleicher & Schuil membrane filter was used as a backing 
under the Nuclepore filter. The filter was then rinsed twice 
with 2 ml of 0.2-M-m-filtered Trizma buffer (pH 4.0) and 
flooded with 2 ml of primulin solution. The vacuum was 
removed, and the sample was allowed to stain, initially for 15 
min and later for 5 min (see Results). The stain was then 
filtered through, and the filter was rinsed four times with 2 ml 
of Trizma buffer. The removed filter was mounted with 
immersion oil between a glass slide and a cover glass. 
Primulin staining on 0.2-|o,m Nuclepore filters sometimes 
resulted in long filtration times and heavy staining of the 
whole filter surface, making counts impossible. These prob­
lems, probably owing to clogging, did not occur with 1.0-|j.m 
filters. 

The slides were examined at x 1,000 magnification by 
epifluorescence microscopy in a dark room with a Zeiss 
Universal II microscope equipped with a Neofluar 100 x 
objective lens, an HBO 50 mercury lamp, and a filter housing 
(Zeiss 466249-9904) which allowed the rapid exchange of 
four filter sets. The following filter sets were used: for 
primulin, a BP 365 exciter filter, an FT 395 beam splitter, and 
an LP 397 barrier filter (Zeiss filter set 487701); for chloro­
phyll a, a BP 450-490 exciter filter, an FT 510 beam splitter, 
and an LP 520 barrier filter (Zeiss filter set 487709); and for 
phycobilins, a BP 546 exciter filter, an FT 580 beam splitter, 
and an LP 590 barrier filter (Zeiss filter set 487715) (19, 30). 
For each water sample, at least 100 fields were counted on 
each of two filters. Usually, between 250 and 500 cells were 
counted per filter. 

Nanoflagellates were centrifuged with an MSE High 
Speed 18 centrifuge (Measuring & Scientific Equipment 
Ltd.) equipped with rotor no. 69181 (8 by 50 ml; angle, 30°) 
at 5°C, and with a Fixette table centrifuge equipped with a 
swing-out rotor at room temperature. 

RESULTS 

Counting of living HNAN. To study quantitative effects of 
fixation, HNAN concentrations before and after fixation 
should be compared. Therefore, a technique was needed to 
count living HNAN. This is possible with an electronic 
particle counter if the medium in which the cells are sus­
pended has a fairly high conductivity, like seawater (12). For 
freshwater samples, this implies the addition of an electro­
lyte to a final concentration of at least 0.6%. In two experi­
ments, we added 0.6% Ringer solution (containing, in grams 
per liter, NaCl, 5.44; KCl, 0.254; CaCl2, 0.109; NaHC0 3 , 
0.121; and citric acid, 0.082, final concentrations) to cultures 

of Monas sp. and found a loss of ca. 20% within 2 h, which 
increased up to ca. 70% within 20 h. Therefore, freshwater 
HNAN did not withstand the addition of low electrolyte 
concentrations and consequently could not be counted with 
an electronic particle counter. 

However, it appeared to be possible to accurately count 
living, actively swimming HNAN from cultures with a 
hemacytometer (Table 1). The 95% confidence limits did not 
exceed 10% of the mean (means ± 95% confidence limits for 
three cultures were 140 ± 4.4, 167 ± 4.3, and 100 ± 8.2 cells 
per 0.8 mm3) if the cell concentrations were in a suitable 
range (resulting in 5 to 10 cells per field) and counting was 
performed fast. Each of 10 replicate samples was counted at 
x400 magnification within 5 min. If the samples were al­
lowed to stand in the hemacytometer for longer than 10 min, 
the counts were drastically reduced because the cells mi­
grated to the edges of the cover glass, probably owing to 
oxygen depletion. 

Fixation of cultures. Hemacytometer counts of living 
HNAN were not possible with field samples because rela­
tively high cell concentrations are required. Therefore, fix­
ation experiments were started with cultures of Monas sp. 
The live cells were counted by hemacytometer before fixa­
tion. After fixation, counts were performed by hemacytome­
ter as well as epifluorescence microscopy. In the first exper­
iment, however, the fluorescence counts appeared to be up 
to 45% lower than the hemacytometer counts. One cause of 
the differences was the distribution of HNAN over the 
effective filter area. Near the edges, the HNAN densities per 
field were as low as 10% of the densities in the central filter 
area. These low densities may be explained by penetration of 
the sample under the edges of the filter tower. When the 
edges were excluded from the calculation, ca. 30% higher 
HNAN concentrations were obtained. Counting was there­
fore not started as soon as HNAN were observed but at a 
distance of 20 fields from the edges. 

Another cause of differences was the rinsing procedure 
with Trizma buffer during staining. When the rinse fluid was 
sucked down until the meniscus just reached the filter 
surface (5), lower HNAN concentrations were obtained than 
when the meniscus was kept 5 mm above the filter. With a 
Monas culture, the first method yielded (0.53 ± 0.12) x 108 

cells • liter"1 (mean ± standard deviation, n = 2). The 
second method yielded (0.80 ± 0.08) x 108 cells • l i ter -1 (n 
= 5), which agreed well with hemacytometer counts of (0.90 
± 0.11) x 108 cells • liter"1 (n = 4). Thus hemacytometer 
and fluorescence counts yielded identical results if the me­
niscus was not allowed to reach the filter surface during 
rinsing and if the edges of the filter area were not taken into 
account. 

In the first fixation experiment, three fixatives were tested: 
0.3% glutaraldehyde, a borax-buffered mixture of 1% glutar-
aldehyde and 1% paraformaldehyde (pH 8), and 5% formal­
dehyde (final concentrations). Hemacytometer counts 
showed no loss of cells during 4 weeks after fixation with 
0.3% glutaraldehyde and 5% formaldehyde. In the buffered 
mixture, however, 40% of the cells were lost after 2 weeks. 
Because of the disagreement between hemacytometer and 
fluorescence counts in the first experiment, it was repeated, 
with good agreement between the two counting methods. 
The results were similar to those of the first experiment 
(Table 2). With 0.3% glutaraldehyde and 5% formaldehyde, 
the heterotrophic Monas cells were well preserved for 
several weeks, whereas cells in the borax-bufifered mixture 
showed considerable losses. 

For distinguishing between heterotrophic and photo-
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Fixativ 

A 

B 

C 

BLOEM ET AL 

„ Counting 
e method1' 

F 
H 

F 
H 

F 
H 

TABLE 2. Monas concentrations before and after fixation" 

Before 
fixation" 

1.25 ± 0.14 

1.25 ± 0.14 

1.25 ± 0.14 

2 h 

1.15 ± 0.04 
1.16 ± 0.04 

1.11 ± 0.01 
1.11 ± 0.05 

1.20 ± 0.01 
1.23 ± 0.04 

Monas concn 

1 day 

1.15 ± 0.00 
1.17 ± 0.02 

1.04 ± 0.08 
1.05 ± 0.01 

1.17 ± 0.01 
1.17 ± 0.09 

(108 cells/liter): 

After fixation'' 

l w k 

1.18 ± 0.06 
1.19 ± 0.07 

0.98 ± 0.02 
1.05 ± 0.08 

1.16 ± 0.01 
1.24 ± 0.01 

2wk 

1.19 ± 0.01 
1.15 ± 0.04 

0.97 ± 0.00 
1.04 ± 0.06 

1.18 ± 0.03 
1.18 ± 0.04 

<\PPL. ENVIRON. MICROBIOL. 

4 wk 

1.17 ± 0.01 
1.29 ± 0.06 

0.84 ± 0.02 
0.93 ± 0.05 

1.00 ± 0.06 
1.11 ± 0.02 

% Loss 
after 

4 wk 

6 
0 

33 
26 

20 
11 

" Fixatives: A, 0.3% glutaraldehyde; B, 1% glutaraldehyde plus 1% paraformaldehyde, buffered by borax (pH 8.2); C, 5% formaldehyde. 
* Abbreviations: F, fluorescence; H, hemacytometer. 
c Values are given as mean ± standard deviation of 10 determinations. 
d Values are given as mean ± standard deviation of two determinations. 

trophic nanoplankton cells in field samples, a good preser­
vation of chlorophyll autofluorescence is also required. This 
was studied in a third experiment, with a mixture of 
heterotrophic Monas and phototrophic Chlorella cells, both 
from cultures. Because of the previous results, 0.3% glutar­
aldehyde and 5% formaldehyde were tested again. In addi­
tion, phosphate-buffered 0.3% glutaraldehyde (pH 7) and 
borax-buffered 5% formaldehyde (pH 8) were used. 
Hemacytometer as well as fluorescence counts showed no 
considerable loss of Monas cells after 4 weeks with three of 
the four fixatives (Table 3). With borax-buffered formalde­
hyde, however, all cells were lost within 2 h. The 
hemacytometer counts showed no loss of Chlorella cells 
duririg 4 weeks with all fixatives used. The fluorescence 
counts of Chlorella were lower than the hemacytometer 
counts, probably owing to dead cells, which lack chlorophyll 
autofluorescence. The chlorophyll autofluorescence was 
preserved for a maximum of 1 week with 0.3% glutaralde­
hyde!. The phosphate buffer did not improve the results. The 

autofluorescence was completely lost after 4 weeks. In 5% 
formaldehyde, the autofluorescence of Chlorella cells was 
preserved for several weeks, although it was hard to see with 
borax buffer. 

Fixation, staining, and storage of field samples. Cultures 
showed the best preservation of cells and autofluorescence 
with 5% formaldehyde. With 0.3% glutaraldehyde, cell out­
lines tended to fade after a few weeks and chlorophyll 
autofluorescence was lost more rapidly. To obtain a better 
preservation, the glutaraldehyde concentration was raised to 
1% in experiments with field samples, which were counted 
by epifluorescence microscopy after fixation with 1% glutar­
aldehyde and 5% formaldehyde (Table 4). HNAN and 
PN AN were distinguished by chlorophyll autofluorescence. 
However, some of the cells showed no bright autofluores­
cence and were classified as doubtful cases. Their auto­
fluorescence was not improved when the fixatives were 
buffered at pH 8 with hexamine. HNAN and total nano-
flagellate concentrations were constant for 1 week with both 

TABLE 3. Concentrations of heterotrophic (Monas) and phototrophic (Chlorella) nanoplankton cells before and after fixation 

Fixât ve" 

A 

AIJ> 

C 

Species 

Monas 

Chlorella 

Monas 

Chlorella 

Monas 

Chlorella 

Counting 
method* 

F 
H 
F 
H 

F 
H 
F 
H 

F 
H 
F 
H 

Before 
fixation 

1.20 ± 0.26 

1.18 ± 0.09 

1.20 ± 0.26 

1.18 ± 0.09 

1.35 ±0.16 

1.35 ± 0.18 

2 h 

1.15 ± 0.08 
1.17 ± 0.06 
0.89 ± 0.01 
1.08 ± 0.01 

1.21 ± 0.02 
1.16 ± 0.03 
0.88 ± 0.01 
1.05 ± 0.06 

1.27 ± 0.03 
1.38 ± 0.01 
1.18 ± 0.10 
1.33 ± 0.03 

Concn (108 cells/liter)r: 

1 day 

1.23 ± 0.00 
1.20 ± 0.00 
0.82 ± 0.00 
1.05 ± 0.03 

1.23 ± 0.03 
1.20 ± 0.06 
0.78 ± 0.01 
1.10 ± 0.08 

1.23 ± 0.01 
1.38 ± 0.04 
1.10 ± 0.01 
1.27 ± 0.04 

After fixation 

l w k 

1.22 ± 0.01 
1.21 ± 0.07 
0.82 ± 0.10 
1.08 ± 0.07 

1.20 ± 0.00 
1.24 ± 0.03 
0.71 ± 0.01 
1.10 ± 0.03 

1.19 ± 0.04 
1.38 ± 0.10 
1.03 ± 0.08 
1.24 ± 0.06 

2wk 

1.21 ± 0.08 
1.21 ± 0.10 
0.55 ± 0.08 
1.06 ± 0.04 

1.23 ± 0.01 
1.20 ± 0.02 
0.47 ± 0.11 
1.06 ± 0.04 

1.29 ± 0.02 
1.36 ± 0.10 
1.12 ± 0.01 
1.15 ± 0.03 

4 wk 

1.02 ± 0.02 
1.19 ± 0.09 
0.00 ± 0.00 
1.08 ± 0.07 

1.24 + 0.04 
1.19 ± 0.04 
0.00 ± 0.00 
1.08 ± 0.04 

1.21 ± 0.01 
1.34 ± 0.01 
0.98 ± 0.00 
1.18 ± 0.04 

% Loss 
after 

4 wk 

15 
1 

100 
9 

0 
1 

100 
9 

10 
1 

27 
13 

Cl) Monas 

Chlorella 

F 
H 
F 
H 

1.35 ± 0.16 

1.35 ± 0.18 

0.23 
0.00 
1.15 

1.36 ± 0.02 

0.06 
0.00 
0.69 

1.29 ± 0.08 

0.07 ± 0.02 
0.00 

0.89 ± 0.04 
1.33 ± 0.13 

0.06 ± 0.01 
0.00 

0.90 ± 0.04 
1.37 ± 0.00 

0.00 
0.00 

0.99 ± 0.10 
1.18 ± 0.04 

100 
100 
27 
13 

" flixatives: A, 0.3% glutaraldehyde; Ab, 0.3% glutaraldehyde plus phosphate buffer (pH 7.0); C, 5% formaldehyde; Cb, 5% formaldehyde plus borax buffer 
(pH $.2). 

* Abbreviations: F, fluorescence; H, hemacytometer. 
c Mean ± standard deviation of two determinations. 
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TABLE 4. Fluorescence counts of nanoplankton from Lake Vechten (sampling depth: 4.8 to 6.0 m, 7 May 1985) at several times 
after fixation 

Fixative Cell type 
106 Cells/liter at time after fixation": 

1 h 1 day 1 wk 

1% Glutaraldehyde 

5% Formaldehyde 

HNAN 
PNAN 
?NAN6 

HNAN 
PNAN 
?NAN* 

2.89 ± 0.01 
3.51 ± 0.05 
1.15 ± 0.10 

2.41 ± 0.32 
0.63 ± 0.35 
4.24 ± 0.04 

2.65 ± 0.05 
0.97 ± 0.11 
4.43 ± 0.23 

2.47 ± 0.17 
0.37 ± 0.05 
4.93 ± 0.27 

2.73 
0.09 
5.55 

2.49 
0.00 
5.49 

" Values are given as mean ± standard deviation of two determinations. 
* ?NAN, Doubtful cases (autofluorescence not clear). 

fixatives. Howeve r , chlorophyll autofluorescence was lost 
rapidly, resulting in low P N A N counts and a high fraction of 
doubtful cases . The brightest autofluorescence of P N A N 
was observed with 1% glutaraldehyde, a l though it was lost 
after 1 day . 

The loss of autofluorescence was studied with a cultured 
photot rophic flagellate, H. pluvialis. This species showed 
bright autofluorescence in wa te r 5 days after fixation with 
ei ther 1% glutaraldehyde o r 5% formaldehyde. Tr izma buffer 
( pH 4.0) did no t affect a u t o f l uo r e s c ence . H o w e v e r , 
autofluorescence strongly decreased when primulin was 
added , dissolved ei ther in Tr izma buffer or in distilled water . 
Since primulin seemed to cause loss of autofluorescence, the 
staining p rocedure was modified. Reduct ion of staining t ime 
from 15 to 5 min and of primulin concentra t ion from 250 to 63 
mg • l i t e r - 1 s t rongly reduced the fraction of cells showing 
doubtful autofluorescence in field samples (Table 5). The 
ratio of doubtful cases to P N A N was r educed from 0.57 to 
0.08, whereas H N A N and total nanoflagellate concentra­
t ions were not affected. Thus bright autofluorescence of 
P N A N was achieved up to 2 days after fixation with 1% 
glutaraldehyde. After 6 days , the chlorophyll autofluores­
cence had been lost, a l though the autofluorescence of 
phycobil ins was still intact . The fixed samples were s tored at 
5°C in a refrigerator. 

Because the chlorophyll autofluorescence of P N A N was 
p reserved for only a few days , the effect of s torage in a 
freezer was s tudied. Field samples were fixed with 1% 
glutaraldehyde immediately after being t aken, and the stain­
ing p rocedure was performed within 1 day . On the day of 
sampling (t = 0), 3 slides were counted and 25 slides were 
s tored in a freezer at - 3 0 ° C . At regular t ime intervals, th ree 
of the slides were taken out of the freezer and nanoflagellates 
were counted . H N A N and P N A N counts were constant for 

at least 16 weeks , and no dec rease of autofluorescence was 
observed (Table 6). 

Manipulation of HNAN. Regarding the fragility of H N A N 
and the required filtration in the staining p rocedure , the 
effect of filtration v acuum ( i .e . , the p ressure differential ove r 
the filter) on H N A N was invest igated. Exponent ia l ly grow­
ing cul tures of Monas and Bodo s pp . were fixed with 0 . 3% 
glutaraldehyde and counted 10 t imes by h emacy tomete r to 
obtain concent ra t ions wi thout filtration (vacuum, 0.00 kPa) . 
H N A N in field samples could not be counted by hema­
cytometer because of their lower concent ra t ions . After 
fixation with 5% formaldehyde, they were gravity filtered on 
l-|xm Nuc lepore filters wi thout v acuum applied (0.00 kPa) 
and counted in duplicate by epif luorescence microscopy. 
Fur ther epifluorescence counts were performed of Monas 
sp . , Bodo s p . , and the field samples after filtration on 0.2-u,m 
Nuc lepore filters at 3, 10, and 30 kPa , respect ively. At a 
vacuum exceeding 3 kPa , the cu l tures as well as the field 
samples showed considerable losses , be tween 15 and 36%, 
whereas no significant losses were observed at 3 kPa (Table 
7). Therefore , a v acuum of 3 kPa was used a s an uppe r limit 
for filtration of H N A N . 

In addit ion, the effects of centrifugation on Monas and 
Bodo s pp . were s tudied. Samples (15 ml) from exponential ly 
growing cul tures were centrifuged alive for 30 min in an 
M S E centrifuge at forces ranging from 500 x g (2,000 rpm) to 
38,000 x g (18,000 rpm) . After centrifugation, pellet and 
supernatant were mixed and the H N A N were fixed with 5% 
f o r m a l d e h y d e . F i x e d s a m p l e s w e r e c o u n t e d b y 
hemacy tomete r before and after centrifugation. Even low-
speed centrifugation (500 x g) c aused significant losses (18 
to 34%) of H N A N (Table 8). High-speed centrifugation 
(38,000 x g) d es t royed 5 5 % of the Monas cells and 9 8% of 
the Bodo cells. 

TABLE 5. Effect of staining time and primulin concentration on 
nanoplankton counts (Lake Vechten, 21 May 1985) 

Time 
after 

fixation 
(days) 

106 cells/liter 
Primulin 
concn 

(mg/liter) 

Staining 
time 
(min) HNAN 

250 
250 
250 
250 
125 
63 

15 
10 
5 
5 
5 
5 

7.35 
6.53 
7.11 
6.70 
6.83 
7.00 

PNAN 

2.62 
2.95 
3.24 
2.93 
3.70 
3.84 

?NAN" 

1.49 
0.87 
0.28 
0.91 
0.66 
0.30 

TABLE 6. Counts of HNAN and PNAN (Lake Vechten, 12 
November 1985) after up to 16 weeks storage in a freezer 

at -30°C 

Storage 
time 

0 
1 day 
5 days 
1 wk 
2wk 
4 wk 
8 wk 

16 wk 

Counts (106 cells/liter) of: 

HNAN 

2.93 ± 0.24 
3.09 ± 0.04 
2.96 ± 0.12 
3.00 ± 0.18 
2.97 ± 0.12 
2.93 ± 0.08 
2.89 ± 0.07 
2.89 ± 0.13 

PNAN 

0.96 ± 0.07 
0.98 ± 0.06 
1.04 ± 0.02 
1.06 ± 0.06 
1.00 ± 0.08 
1.07 ± 0.07 
0.97 ± 0.05 
1.01 ± 0.06 

" ?NAN, Doubtful cases. 
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TABLE 7. Effect of filtration vacuum on counts of Monas and Bodo cultures and HNAN from Lake Vechten 

Filtration 
vacuu 
(kPab 

Counts (108 cells/liter) (% loss) of: 

Monas sp. Bodo sp. 

Counts (106 

cells/liter) (% 
loss) of HNAN 

0 
3 

10 
30 

2.19 ± 0.26* (0) 
2.14 ± 0.10 (2) 
1.79 ± 0.08 (18) 
1.41 ± 0.04 (36) 

2.28 ± 0.266 (0) 
2.15 ± 0.14 (6) 
1.82 ± 0.07 (20) 
1.64 ± 0.04 (28) 

3.06 ± 0.25 (0) 
2.97 ± 0.16 (3) 
2.60 ± 0.14(15) 
2.39 ± 0.30 (22) 

' Vajues are given as mean ± standard deviation of two determinations. 
; are given as mean ± standard deviation of 10 determinations. Values i 

Fob experimental purposes, it is desirable to increase 
HNAN concentrations and to separate HNAN from their 
growth medium. Therefore, living HNAN were concen­
trated by filtration, centrifugation, and settling. A 100-ml 
volurhe of a Monas culture was filtered down to a volume of 
10 ml to obtain a 10-fold-higher cell concentration. However, 
on 1-Lim Nuclepore filters, only a twofold concentration was 
achieved from (1.39 ± 0.05) x 108 to (3.16 ± 0.16) x 108 

cells J- liter"1 (mean ± 95% confidence limits, as counted by 
hemacytometer). At a vacuum not exceeding 3 kPa, the 
filtration took 2 to 3 h. Filtration was considerably faster on 
a 5-|fm Nuclepore filter, but this did not raise the cell 
concentrations at all. Some of the cells passed the 5-uxn 
filtere and were observed in the filtrate. Microscopic obser­
vations of both 1- and 5-u.m filters showed many HNAN 
sediipented on the filters. These cells could not be resus-
pend^d by gentle syringing. To prevent sedimentation of 
cells and clogging of the filter during filtration, the fluid 
above the filters was continuously stirred. Despite stirring, it 
was impossible to filter 100 ml of a Bodo culture because 
1-p.m as well as 5-u.m filters became clogged. We were 
therefore not able to concentrate HNAN by filtration. 

Centrifugation for 30 min at 1,000 x g in the swing-out 
rotor of the Fixette centrifuge resulted in the concentration 
of a Monas culture from (2.37 ± 0.36) x 108 to (8.08 ± 0.73) 
x 108 cells • liter"1 (mean ± 95% confidence limits). Since 
the pellet and the supernatant contained 96 and 4% of the 
cells,, respectively, a good separation was achieved. How-
ever> 50% of the cells were lost during centrifugation. Losses 
werq limited to 20% when a Bodo culture was centrifuged for 
30 rriin at 500 x g in the angle rotor of the MSE centrifuge. 
Because the pellet contained only 31% of the cells, no good 
separation was achieved, although the cell concentration 
was raised from (2.31 ± 0.31) x 108 to (9.03 ± 1.38) x 108 

cells • liter"1. In conclusion, HNAN could be concentrated 
fourfold by low-speed centrifugation, but a good separation 
was not obtained without severe losses. 

Np losses occurred when 300-ml volumes of Bodo and 
Monas cultures were incubated in 35-cm high-settling cylin­
ders at room temperature in the dark. After 24 h, both 
specjes showed a threefold concentration in the bottom 30 

TABLE 8. Effect of centrifugation on Monas and Bodo cultures 

Centrifugal 
forc^ (x g) 

1 
I 

0 
500 
,000 
,000 

10,000 
38,000 

Counts (108 

cells/liter) (% loss) 
of Monas sp." 

5.25 ± 0.13 (0) 
3.45 ± 0.23 (34) 
3.75 ± 0.19 (29) 
4.10 ± 0.24 (22) 
2.82 ± 0.16 (46) 
2.34 ± 0.11 (55) 

Counts (107 

cells/liter) (% loss) 
of Bodo sp." 

7.43 ± 0.86 (0) 
6.06 ± 0.30 (18) 
4.86 ± 1.05 (35) 
2.31 ± 0.21 (69) 
0.74 ± 0.20 (90) 
0.14 ± 0.07 (98) 

' Values are given as mean ± 95% confidence limits. 

ml, but this bottom volume contained only 29% of the Monas 
cells and 55% of the Bodo cells and therefore yielded a poor 
separation. 

DISCUSSION 

Fragility of HNAN. HNAN appeared to be very vulnerable 
to common manipulations such as centrifugation and filtra­
tion. Although, as far as we know, no control experiments 
have been published, different authors used different upper 
limits for the filtration vacuum. Sherr and Sherr (20) used a 
vacuum of not more than 0.7 kPa, well below our upper limit 
of 3 kPa which yielded no losses of HNAN in our experi­
ments (Table 7). However, higher values (7 kPa [10], 13 kPa 
[2, 3, 31], and 16 kPa [5]) have also been used. At 10 kPa, 
losses of 15 to 20% were found with cultures as well as field 
samples. Considerable losses, of at least 20%, were also 
caused by centrifugation, even at low speed (500 x g) (Table 
8). Since the Bodo sp. showed substantially higher losses 
than did the Monas sp., centrifugation of field samples may 
cause shifts in species composition. Determination of spe­
cies composition in field samples requires concentrated 
samples of live HNAN which can be observed by light 
microscopy and fixed by electron microscopy. For this 
purpose, Fenchel (7) centrifuged 0.5-liter water samples until 
a ca. 1-ml particle concentrate remained. For comparison, 
we concentrated 15 ml to 1 ml at 500 to 1,000 x g and found 
losses between 20 and 50%. At 1,000 x g, Monas sp. showed 
a loss of 29% in the angle rotor (Table 8), whereas 50% of the 
cells were lost in the swing-out rotor. The higher loss in the 
latter rotor can be explained by higher hydrostatic pressures 
which are generated in a swing-out rotor. Despite the risks of 
centrifugation, it still seems to be the best method available 
for concentrating HNAN. 

Fixation of HNAN. Sherr and Sherr (20) fixed nanoplank-
ton with 2% borax-buffered formaldehyde. The stored sam­
ples did not lose counts after 2 weeks, but the total number 
of heterotrophs and autotrophs did decline, by 46 and 18%, 
respectively, after 4 weeks. Borax-buffered fixatives also 
caused losses in our experiments. Within 2 weeks of fixation 
by a borax-buffered mixture of 1% glutaraldehyde and 1% 
paraformaldehyde, up to 40% of the Monas cells were lost 
(Table 2). With 5% borax-buffered formaldehyde, and thus a 
higher borax concentration, all Monas cells were completely 
destroyed within 2 h of fixation, whereas unbuffered 5% 
formaldehyde did not cause losses (Table 3). Borax tends to 
produce an internal swelling of Crustacea, which makes them 
turgid (24) and may therefore also cause collapse of 
nanoflagellates. Cell recovery and chlorophyll autofluoresc-
ence were neither decreased nor improved by buffering with 
hexamine and phosphate buffer. Therefore, buffers were 
omitted. 

Counts before and after fixation with unbuffered 0.3% 
glutaraldehyde and 5% formaldehyde showed no losses of 
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Monas cells during fixation, whereas cell concentrations in 
the stored samples remained constant for several weeks after 
fixation (Tables 2 and 3). Field samples showed no decline in 
HNAN and total nanoflagellate concentrations for at least 1 
week after fixation with 1% glutaraldehyde and 5% formal­
dehyde (Table 4). Losses during fixation could not be 
checked, because live counts before fixation could not be 
made with field samples. However, instantaneous losses 
during fixation are not probable, because cell concentrations 
of Oxyrrhis marina and other flagellates decreased only 
slightly (up to 11%) during and soon after fixation, whereas 
after 24 h, up to 75% of the cells had disappeared (13). The 
decrease continued over time. 

Klein Breteler (13) and Sorokin (23) concluded that naked 
protozooplankton cells are hardly preserved, if at all, in 
common fixatives. Quantitative controls with particle 
counters showed drastic losses of both heterotrophic and 
autotrophic flagellates after fixation with low concentrations 
of acetic acid, trichloroacetic acid, sublimate, benzoic acid-
5-hydroxy-sulfo, and Lugol iodine solution (13). According 
to Taylor (26), Lugol iodine produces a high residue of 
unidentifiable nanoplankton cells and cannot compare with 2 
to 5% glutaraldehyde in its capacity to fix flagella and cell 
contents. However, Pomroy (17) obtained comparable 
counts of marine microprotozoans from samples preserved 
with Lugol iodine and glutaraldehyde. Cultures of fragile 
Pavlova lutheri and Prorocentrum triestinum gave 96% of 
unbroken cells after fixation with 1% glutaraldehyde, 
whereas reduction of the glutaraldehyde concentration re­
sulted in a considerable decrease in the percentage of 
unbroken cells (28). This indicates that fixatives at concen­
trations that are too low may kill cells without fixing them. In 
our experiments, 0.3 to 1% glutaraldehyde yielded a good 
fixation. 

According to Porter et al. (18), formaldehyde is highly 
disruptive to soft flagellates and ciliates. The cell shape may 
become distorted, and flagella may be thrown off in many 
flagellates (27). Only very weak formaldehyde solutions, 
with a final concentration below 3%, should be used (26). 
The concentration of the stock solution of formaldehyde 
added should not exceed 4%, because the addition of concen­
trated stock solution to a sample exposes many cells to 
highly concentrated preservative before mixing is effective, 
and these cells will be destroyed or become unrecognizable 
(26). However, as suggested by Fenchel (7), we added 
concentrated (38%) formaldehyde to our samples; this re­
sulted in a final concentration of 5%, and we found no loss of 
HNAN cells or flagella. Only cells with visible flagella were 
counted as HNAN. HNAN and total nanoflagellates in field 
samples showed similar concentrations after fixation with 
5% formaldehyde and 1% glutaraldehyde (Table 4). Al­
though ruminai protozoa may be less vulnerable than plank-
tonic protozoa, the total counts of ruminai protozoa were not 
affected when the formaldehyde concentration was raised 
from 4 to 10 or even 18.5% (6). Therefore, no detrimental 
effects of formaldehyde were observed in our experiments. 

Fixation of PNAN. In field samples, the estimate of HNAN 
concentrations depends upon an accurate estimation of 
PNAN concentrations (2, 5). Since PNAN cannot always be 
recognized by shape, a good preservation of chlorophyll 
autofluorescence is required. Although HNAN could be 
preserved for several weeks, the autofluorescence of PNAN 
was lost more rapidly and thus limited the storage time of 
samples. In field samples, 5% formaldehyde strongly de­
creased the autofluorescence of PNAN, whereas 1% glutar­
aldehyde yielded a much brighter autofluorescence and thus 

higher PNAN concentrations (Table 4, 1 h after fixation). 
Therefore, 1% glutaraldehyde was used for fixation of field 
samples. Unfortunately, the autofluorescence was lost after 
2 days of storage at 5°C in a refrigerator. A drop in the 
fluorescence of chlorophyll pigments at 2 days after fixation 
for samples preserved with 1% formaldehyde was also noted 
by Davis and Sieburth (5). They used 1% glutaraldehyde 
when samples had to be counted more than 2 days after 
fixation. Algae fixed with 5% glutaraldehyde showed suffi­
cient retention of chlorophyll pigments to allow counting 
after 9 months of sample storage at 9°C (30). The retention 
time of chlorophyll autofluorescence after fixation depends 
upon the type of organism. Cultured Chlorella sp. and H. 
pluvialis cells, as well as green algae and cyanobacteria in 
field samples, showed a much longer retention of chlorophyll 
autofluorescence than did PNAN in field samples from Lake 
Vechten. The loss of autofluorescence in PNAN was pre­
vented when primulin-stained slides were prepared within 1 
day of fixation and then stored in a freezer at -30°C. PNAN 
and HNAN concentrations were stable for at least 16 weeks 
(Table 6), and no decrease in the fluorescence intensity was 
observed. Haas (10) observed significant fading of fluores­
cence in proflavine-stained slides after 1 to 2 weeks of 
storage at -15°C. However, Landry et al. (14) observed an 
excellent condition of nanoplankton cells after 4 months of 
storage at -15CC: Quantitative data were provided by Tsuji 
and Yanagita (28), who noted a loss of only 10% of Pavlova 
lutheri cells with red chlorophyll autofluorescence after 2 
months of storage at -20°C. Prolonged storage for nearly 6 
months did not cause a further decrease in the fluorescent 
cell number. Their technique was more complicated than 
ours and involved mounting of filters with glycerol jelly and 
storage in a desiccator. 

Concluding, HNAN were well preserved with 5% formal­
dehyde as well as 0.3 to 1% glutaraldehyde. With 1% 
glutaraldehyde, the chlorophyll autofluorescence of PNAN 
could be preserved for a few days, whereas 5% formalde­
hyde strongly decreased the autofluorescence. Prepared 
primulin-stained slides could be stored at -30°C for at least 
16 weeks without loss of counts and autofluorescence. 
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Abstract 

During summer stratification in Lake Vechten, heterotrophic nanoflagellates (HNAN) showed 
peak densities at very low oxygen concentrations in the lower metalimnion at a depth of 6-7 m. 
In this stratum, high HNAN numbers (>30 x 106 HNAN liter-') coincided with high bacterial 
activity. Assuming a conversion factor of 2 x 1018 bacteria mol - ' thymidine, we estimated a 
maximal bacterial production of about 4 x 10' bacteria liter-1 d -1 from thymidine incorporation. 
In the upper metalimnion (5-6-m depth) we found a low bacterial activity (estimated production 
1 x 108 bacteria liter-1 d-1) and low HNAN numbers (3 x lfj6 HNAN liter-1). HNAN seem to 
be a link in the food web between bacteria and cyanobacteria on the one hand and ciliates on the 
other. Grazing experiments with selectively filtered lake water indicated ingestion rates of about 
7 bacteria HNAN-1 h - 1 . We calculated that the metalimnetic HNAN are able to consume the 
entire bacterial production even at high bacterial growth rates. 

Increasing evidence suggests that an im­
portant part of the carbon and energy flow 
in aquatic ecosystems is channeled through 
the microbial loop in planktonic food webs 
(Azam et al. 1983; Porter et al. 1985). Dis­
solved organic matter, mainly from phy-
toplankton, is used as a carbon and energy 
source by heterotrophic bacteria, which can 
sustain high growth rates. Although popu­
lation doubling times of < 1 d have been 
reported (Van Es and Meyer-Reil 1982), the 
temporal variation in bacterial abundance 
is relatively small, suggesting a sink of bac­
teria. Azam et al. (1983) hypothesized that 
the bacterial production is grazed, primarily 
by heterotrophic nanoflagellates (HNAN, 
size 2-20 fim), which in turn are consumed 
by microzooplankton (size 20-200 /mi) such 
as ciliates. Thus carbon and energy released 
as dissolved organic matter by phytoplank-
ton may be returned to the main food chain 
via a microbial loop of bacteria-HNAN-
microzooplankton. The efficiency of this 

1 Present address: Institute for Soil Fertility, P.O. 
Box 30003, 9750 RA Haren, The Netherlands. 
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process depends on the yield (gross growth 
efficiency) of the grazers. 

Fenchel (1982e) observed a coupling be­
tween numbers of bacteria and HNAN in 
Limfjorden (Denmark) that suggested a 
predator-prey relationship. He calculated 
that, per day, between 10 and 70% of the 
water column was cleared of bacteria by 
HNAN. Grazing experiments with seawater 
samples indicated that HNAN control bac­
terial densities in situ (Andersen and Fen­
chel 1985). Most studies on the role of 
HNAN have been performed in marine sys­
tems; little is known about these Protozoa 
in freshwater systems. Stratified lakes may 
be especially interesting, because peak den­
sities of Protozoa (ciliates) have been ob­
served near the oxycline in the metalimnion 
(Bark and Goodfellow 1985; Finlay and 
Fenchel 1986). Maximal bacterial activities 
have also been found in the metalimnion 
(Cappenberg 1972; Lovell and Konopka 
1985). 

The aim of our study is to investigate the 
role of HNAN in grazing on bacteria in 
stratified Lake Vechten, The Netherlands. 
We studied the vertical distribution and 
temporal variation in numbers of bacteria, 
chroococcoid cyanobacteria, HNAN, and 
ciliates. Concurrently, bacterial production 
was estimated by [3H-methyl]thymidine in­
corporation. In addition, grazing experi­
ments with selectively filtered lake water 
were performed to provide a crude estimate 
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