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ABSTRACT: Recent procedures for quanhfying the ingestion of non-nutritive bacterial sized particles 
by bacterivores lack the necessary resolution for the accurate determination of ingestion rates. Here, 
we descnbe how the filter-transfer-freeze procedure of Hewes & Holm-Hansen (1983) permits con- 
comitant epifluorescence and phase contrast microscopy which lets us unambiguously discriminate 
between lngested and non-ingested fluorescent microspheres (FM) in 4 specles of apochlorotic 
nanoflagellates. This rapid procedure reduces the subjectivity of grazing rate determlnations while 
improving precision. We have used this procedure to observe non-continuous feeding, egestion 
processes and the effect of growth inhibition on phagotrophy. 

INTRODUCTION 

The ecological significance of nanoflagellates as 
consumers of the picoplankton has been suggested by 
studies describing the ubiquity of picoplankton and 
their nanoflagellate grazers in the marine environment 
(Sieburth 1976, 1979, Sieburth et  al. 1978, Johnson & 
Sieburth 1979, 1982, Burney et  al. 1981, 1982, Caron et  
al. 1982, Fenchel 1982c, Azam et al. 1983, Linley et al. 
1983, Sherr & Sherr 1984, Sherr et  al. 1984, Davis et al. 
1985). Current methods to estimate the grazing poten- 
tial of nanoplankters include the use of radioisotopes 
(Haney 1973, Holhbaugh et al. 1980, Lessard & Swift 
1985), the correlation of the abundance of predators 
and prey (Sherr et al. 1984), the difference between 
potential and observed bacterial growth rates (Davis & 
Sieburth 1984), or the comparison of prey densities 
with and without predators (Peterson et al. 1978, Fuhr- 
man & McManus 1984, Wright & Coffin 1984). 
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Several of these methods assume that bacterial 
growth without grazers is similar to growth with graz- 
ers, although it has been shown that bacterivorous 
nanoflagellates release nutrients (Burney et  al. 1981, 
Sherr et al. 1983, Andersson et  al. 1985, Goldman et al. 
1985, Giide 1985, Taylor et al. 1985) and in turn nurture 
bacterial production (Sherr et  al. 1982, Sieburth & 
Davis 1982). Radioisotope techniques suffer from 
several limitations including artifacts arising from 
isotopic label leaking into the medium. Methods for 
estimating predation that assume predator-free fil- 
trates after filtration through > 0.4 pm Nuclepore filters 
(Wright & Coffin 1984) are suspect, since such filtration 
permits the passage of flagellates capable of signifi- 
cant bacterivory (Cynar et  al. 1985a). The interpreta- 
tion of grazing rates obtained with any of these indirect 
methods, in which the fate of the prey is not observed 
microscopically, is burdened by several potentially 
faulty assumptions. 

Fenchel (1980) used non-fluorescing beads to study 
feeding in d a t e s ,  but found that beads < 1 pm could 
not be resolved with phase contrast microscopy. 
Bsrsheim (1984) has recently reported on the use of 
fluorescent microspheres (FM) for directly observing 
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the clearance rates of freshwater ciliates using epi- 
fluorescence microscopy. This ability to directly 
observe feedmg behavior and quantify particle uptake 
is an improvement in quantifying phagotrophy. 
Although the Utermohl settling chamber used by 
Barsheim (1984) is applicable to the microplankton 
such as  ciliates, it is inappropiate for nanoflagellates 
(Sieburth 1979). 

McManus & Fuhrman (1986) have estimated bac- 
terivory in nanoflagellates by enumerating ingested 
fluorescing paint particles (FPP) with epifluorescence 
microscopy in samples concentrated onto Nuclepore 
filters. We tried this procedure, but found it was dif- 
ficult to discriminate between ingested and non- 
ingested particles. This prompted us to combine the 
filter-transfer-freeze (FTF) procedure of Hewes & 

Holm-Hansen (1983) with the  use of bacterial-sized 
fluorescent microspheres to permit the concomitant 
use of epifluorescence and phase contrast microscopy 
to directly and unambiguously detect and quantify 
ingested bacterial sized particles. Here we  use this 
procedure to directly study the processes involved in 
nanoflagellate phagotrophy. 

MATERIALS AND METHODS 

Nanoflagellate predators. All 4 apochlorotic nano- 
flagellates fall in the 2 to 8 pm size range. Three of the 
flagellates were isolated from Narragansett Bay by 
Davis & Sieburth (unpubl.), and include the kineto- 
plastids Pseudobodo tremulans (Greissmann 1914; 
ATTC 50061), Monas gracdis nom. prov., and the cryp- 
tomonad Cyathomonas sp. (previously referred to as 
Bodo sp.; Davis 1982, Davis & Sieburth 1984; ATTC 
50108). An aloricate choanoflagellate in the genus 
Codosiga (James-Clark 1868) was obtained from 
B.S.C. Leadbeater, University of Birmingham, Eng- 
land. The flagellates were grown in 500 m1 polycarbo- 
nate flasks containing autoclaved seawater with 1 to 4 
sterile rice grains added for enrichment of the indigen- 
ous bacterial prey. Observations of flagellate morphol- 
ogy and motility were made with a Zeiss IM-35 
inverted phase contrast and epifluorescence micro- 
scope at 4 0 0 ~ .  Flagellate volumes were determined 
from length (L) and width (W) measurements taken 
from micrographs made of the experimental popula- 
tions and calculated as (4~ /3 ) (L /2 )~(W/2)  from Hodg- 
man et al. (1962). 

Prey-sized fluorescent particles. The trialdehyde 
resin-based fluorescent p a n t  parbcles (FPP) (Radiant 
Color Co., Richmond, California, USA) as  used by 
McManus & Fuhrman (1986) have no defined size 
range, and have been size fractionated before use in 
order to mimic the size spectrum of bacteria. Wet 

filtration of the FPP passing through a 1 ,pm Nuclepore 
filter and collected onto a 0.4 pm Nuclepore filter were 
sized using image analysis (Sieraclu et al. 1985) at 
1500x magnification. 

Fluorescent carboxylated microspheres (Fluores- 
brite, Polysciences Inc., Warrington, Pennsylvania, 
USA) are available in an assortment of diameters span- 
ning those of natural bacteria. We used 0.57 pm diame- 
ter spheres of yellowish-green fluorescence (458 nm 
excitation maximum, 540 nm emission maximum). The 
microspheres were suspended in 3 bovine serum 
albumin (BSA w/v final concentration) in an  attempt to 
adsorb protein and simulate the proteinaceous mem- 
branes of natural prey. The quantity of protein cova- 
lently bonded to the FM was not determined. Image 
analysis was also used to size the FM as  described 
above. 

Sample preparation and microscopic examination. 
The enumeration method of Davis & Sieburth (1982) 
was originally attempted in which cultures of nano- 
flagellates with and without FM were stained with 
acndine orange, concentrated on 1.0 pm Nuclepore 
filters, and examined with only epifluorescence mi- 

croscopy since the translucent Nuclepore filter pre- 
cludes phase contrast microscopy. We then transferred 
the filter-concentrates of the predator-prey suspen- 
sions from the membrane filter to a glass slide by 
freezing (Hewes & Holm-Hansen 1983) to allow the 
use of both phase contrast and epifluorescence micros- 
copy on the same preparation. Five to 10 m1 of pre- 
served sample was filtered onto the shiny side of a 1 to 
2 wm Nuclepore membrane by gentle vacuum (< 8 cm 
Hg) until only a film remained, but not to dryness. The 
filter was placed on a clean glass slide containing a 
uniform condensation of water droplets obtained by 
breathing on a cold slide. The glass slide with filter 
was immediately placed on a 2 kg block of aluminurn 
at 5 "C. While the preparation is completely frozen, 
the membrane filter is peeled off to ensure a good 
transfer of the cell concentrate. After thawing, a 
coverslip is placed directly on the slide while avoiding 
the trapping of air bubbles, and the edges are sealed 
with paraffin to reduce drylng during storage. These 
slide preparations were examined with concomitant 
phase contrast and epifluorescence microscopy (UV or 
blue excitation) using an Olympus BHT-F epifluores- 
cence microscope at 1250x magnification. 

Influence of the growth inhibitor cycloheximide on 
predafion. Cyathomonas sp. grown in rice grain 
enrichment culture was dvided into 2 treatments (with 
2 replicates each) plus a control. Cycloheximide, an 
inhibitor of protein synthesis in eucaryotes (Moms 
1966). was added to 2 of the treatments at 0.1 g I- '  and 
l g l- ' ,  which are l x  and 10x the concentration used 
by Newell et  a l .  (1983). Stenle pairs of replicate flasks 
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containing BSA coated FM (1 X 10' ml-' final con- 
centration) were inoculated at  1 h intervals for 4 h with 
xenic nanoflagellate cultures of each treatment and 
were examined directly with concomitant phase con- 
trast and epifluorescence dumination on a Zeiss IM-35 
inverted photomicroscope at 400X magnification. Por- 
tions of the replicate treatments were removed and 
fixed with glutaraldehyde (1 '10 v/v) at the end of 
hourly incubation periods for 4 h. Samples were pre- 
pared and examined as above, and the presence or 
absence of ingested spheres was determined for 300 to 
500 flagellates per replicate using microcomputer- 
based plankton counting software (Cynar et al. 1985b). 

Predation experiments. Flagellate enrichments of 
Pseudobodo tremulans, Monas gracilis, and Codosiga 
sp. were grown in the dark on a rotary shaker (140 rpm) 
at ambient temperature (20 to 25 "C). Forty-eight h old 
flagellate cultures grown on rice grains were filtered 
through 8 pm Nuclepore filters without vacuum to 
remove bacterial aggregates and then transferred to 
sterile l l teflon bottles. Replicate 1 m1 aliquots of the 
<8 pm filtrate were removed prior to the experiment, 
fixed (2 "/o glutaraldehyde v/v), stained with DAPI at 
10 pg ml-' final concentration (Porter & Feig 1980), 
and examined on 0.2 pm Irgalan black stained Nucle- 
pore filters (Watson et al. 1977) to determine bacterial 
concentrations. Specific volumes of a suspension of 
BSA treated 0.57 pm FM were pipetted into a known 
volume of each nanoflagellate culture in teflon bottles, 
so that the concentrations of FM and cultured bacteria 
were made approximately equivalent. At the end of 5, 
10, 20, and 40 min, 10 m1 portions were removed from 
each bottle and fixed as above, and prepared and 
examined as described above. An average of 360 
flagellates per preparation were examined in order to 
determine the number of ingested FM as described 
above. 

Calculation of predation parameters. The frequency 
of predators with 0, 1, 2, . . . 8 FM was converted to 
percentages and a mean ingestion rate (no. FM ind-' 
time-') was calculated for each species for each of the 
4 sampling periods. The grazing rate, which is expres- 
sed as no. bacterial-sized particles (BSP) ingested 
ind-' h-' ,  is calculated from the ingestion rate as graz- 
ing rate = (no. ingested FM ind-' min-') (60 min h-') 
(no. BSP no. FM-'), where the FM constitute 50 O/O of 
the BSP (FM + bacteria) present. This calculation 
assumes that the probability of a flagellate encounter- 
ing a n  FM or bacterium is essentially equal and con- 
stant over the 40 min sampling period. The Poisson 
distribution of FM uptake was computed at each incu- 
bation interval (Snedecor & Cochran 1980). The max- 
imum clearance rate or volume of water a flagellate 
cleared of bacterial-sized particles per unit time 
(nl h-') and predator cell volumes cleared per hour 

(h-') was calculated a s  in Fenchel (1980). A few of the 
commonly used terms have been abbreviated in this 
paper in order to avoid redundancy and are sum- 
marized here for easy reference: FPP, fluorescent paint 
particles; FM, fluorescent microspheres; FTF, filter- 
transfer-freeze; BSP, bacteria sized particles; BSA, 
bovine serum albumin. 

RESULTS 

Comparison of bacterial-sized particles and 
enumeration procedures 

The size distribution of bacteria from nanoflagellate 
enrichments, fluorescent paint particles (FPP), and 
fluorescent microspheres (FM) are compared in Fig. 1. 
The mode of the size distribution (n = 405) of the DAPI 
stained bacterial cultures is a t  0.59 pm, with 55 O/O of 
the cells occurring between 0.4 and 0.7 pm. The mode 
of the size distribution of the 0.57 pm FM (n = 158) is 

0.2 0.4 0.6 0.8 1 .O 

Equivalent diameter (pm) 

Fig. 1 A comparison of the size dlstnbutions of (A) fluorescent 
paint particles, (B) fluorochrome stained bacteria, (C) 0.57 pm 

fluorescent microspheres 

at  0.57 pm with 90 YO occurring in the 0.4 to 0.7 pm 
diameter range. The mode of the size distribution (n = 

901) of the FPP is at  0.3 pm, with 42 O/O occurring 
between 0.4 and 0.7 pm. 

Cultures of the cryptomonad Cyathomonas sp. were 
prepared according to the usual and the new proce- 
dure and photomicrographed with combinations of 
epifluorescence and phase contrast microscopy in 
order to illustrate the ability to discriminate between 
ingested and non-ingested FM using these 2 proce- 
dures (Fig. 2). Fig. 2A,B illustrate the difficulty of 
visualizing Nuclepore membrane filter preparations 
while the ability of the FTF procedure to detect the 
position of FM with phase contrast microscopy (Fig. 
2C) and concomitant epifluorescence microscopy (Fig. 
2D,E) illustrate the latter procedure's versatility. 
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Influence of the growth inhibitor cycloheximide on bacteria ml-' for cultures of Monas gracilis, 
predation Pseudobodo tremulans, and Codosiga sp., respectively. 

Ingested spheres were detected In both untreated 
and cycloheximide treated nanoflagellate cultures. 
Mean ingestion rates over 4 h in the presence of 0.1 
and 1.0 g cycloheximide 1-' were reduced to 40 and 
22 O/O that of the control population (Fig. 3). This would 
indicate that cycloheximide inhibits grazing in the 
flagellates during 4 h of treatment, but that inhibition 
is not complete. 

Clumping of bacteria was observed In the M. gracihs 
enrichment cultures. 

Ingestion of FM could be discerned without ambi- 
guity in each flagellate species. The percentage of 
each flagellate population with a given number of 
ingested FM (Fig. 4) follows the expected Poisson 
distribution after 5 min, indicating that the initial FM 
uptake follows the response predicted for organisms 
ingesting prey with equal probabhties. This relation 

Ingestion rate estimates breaks down, however, after 20 min (Fig. 4).  Individu- 
als with 3 to 6 ingested FM after the first 5 min of 

The initial bacterial concentrations in the experi- incubation comprised 2 to 7 % of each population, 
mental flasks were estimated at 3.9, 6.7, and 18.3 X 106 corresponding to grazing rates of 72 to 144 BSP 

Fig. 2. Micrographs comparing images produced with vanous procedures and rnicroscoples used to detect microsphere uptake in 
the cryptornonad Cyathomonas sp. (A) Acridine-orange stained flagellates on a membrane filter dlurninated by blue light using 
epifluorescence rnlcroscopy; (B) similar preparation of flagellates incubated w th  rnicrospheres; (C) a filter-transfer-freeze 
preparation of flagellates incubated wlth spheres and exarnlned with phasc contrast microscopy; (D) the same preparation 
viewed with concomitant phase contrast and epifluorescence rnlcroscopy, showing non-ingested spheres adjacent to the 
flagellates; (E) ingested spheres when the focal plane bisects the flagellates. All bars = 5 pm; f = flagellurn; arrows in (A) and 

(B) point to nanoflagellate cells; arrows in (C) and (D) point to protistan flagella 
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Duration of exposure to cycloheximide (h) 

Fig. 3. Effect of cycloheximide on the inhibition of sphere 
ingestion in Cyathornonas sp. Vertical bars denote range of 
replicates when values deviate from the mean by more than 

7 % 

Monas 

5 rnin 

Monas 

20 min 

Codos~ga I Codosiga 
6 0  5 min 20 min 

C 

Pseudobodo I Pseudobodo 
0) 
a 6 0  5 min 20 min 

No. ingested fluorescent microspheres ind - l  

Fig. 4 .  Influence of incubation time on the percent of popula- 
tions with a given number of ingested spheres as shown by 
the 5 and 20 rnin time series histograms (I). The expected 

Poisson distributions are also plotted (--) 

ind-' h-'. However, 52 to 79 % of the predators had 
not ingested FM after 5 rnin and this percentage was 
reduced to 15 to 18 O/O after 40 rnin for Pseudobodo 
tremulans and Codosiga sp. 65 % were non-feeding 
cells after 20 min for Monas gracilis (Fig. SA). The 
change in the percent of each population with 1 or 
more ingested microspheres as a function of time is 
curvilinear. 

The effect of incubation time on the mean number of 
ingested FM ind-' is dustrated in Fig. 5B. The 
response of each species is unique, with 0.4 to 0.8 FM 

Time (min) 

Fig. 5. Effect of incubation time on the ingestion of fluorescent 
mlcrospheres showing (A) percent of each flagellate popula- 
tion without ingested FM; (B) the mean number of ingested 

FM ind-' 

ind-' observed after 5 min and 2.7 to 3.4 FM ind-' 
recorded after 40 min. Microsphere ingestion by the 
Monas g r a c ~ s  and Pseudobodo tremulans populations 
appears to begin to level off after 10 min of incubation, 
while the Codosiga sp. populations show no indication 
of this. 

DISCUSSION 

Comparison of procedures for quantifying 
phagotrophy 

This study was originally concerned with the use of 
inert particles to study the early stages of phagotrophy 
of BSP by various species of nanoflagellates. Neither 
FPP nor FM mimic the exact size distribution of the 
indigenous bacteria enriched by rice grain, upon 
which the nanoflagellates are cultured (Fig. 1). The 
spherical fluorescent particles also do not mimic the 
shapes of natural bacteria. The FPP distribution is 
skewed to the smaller, <0.4 pm fraction, presumably 
due to the tendency for the trialdehyde resin to aggre- 
gate. By contrast, FM with a nominal diameter of 
0.57 pm had a tight distribution around the mean size 
of the bacterial prey and were therefore used in this 
study. Fluorescent microspheres of defined size proved 
superior both to the FPP which rapidly clump and 
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necessitate considerable preparation before use and to 
the use of stained bacteria that fluoresce dimly and 
fade quickly. No acute toxic effects of the FM have 
been observed in nanoflagellate cultures, even after 
several weeks of incubation. Although the wide size 
spectrum of the FPP may make them preferable as 
qualitative tracers of ingestion, the FPP might pose a 
problem in calculating grazing rates if only a subset of 
the size-spectrum is perceived as prey by the pre- 
dators, but more importantly, the procedure of filter- 
fractionating particles, checking the size distribution, 
and having to discriminate between large particles 
and clumps of smaller particles was found to be  time- 
consuming and unsatisfactory. The use of suitable 
diameter commercially available FMs proved highly 
satisfactory by comparison. 

Although fluorochrome-stained preparations were 
adequate to estimate populations of the flagellate 
Cyathomonas sp., and their associated bacterial 
enrichments concentrated onto Nuclepore filters (Fig. 
2A), Cyathomonas cultures incubated with FM, stained 
with acridine orange, collected onto Nuclepore filters 
and observed only with epifluorescence illumination 
in the usual manner (Fig. 2B) did not allow the unam- 
biguous determination of sphere ingestion. Initial esti- 
mates of FM ingestion using just epifluorescence mi- 
croscopy were highly variable and could not be deter- 
mined without substantial subjectivity. 

Cell morphology, flagella and other structures, can 
be observed with phase contrast microscopy (Fig. 2C), 
while concomitant illumination with blue or UV light 
shows all fluorescing microspheres (Fig. 2D,E) in con- 
text with the predator cells. The important difference 
between the usual procedures and the one developed 
here is the abh ty  to focus through a preparation and 
distinguish between non-ingested spheres (those that 
appear in a different plane of focus from the flagel- 
lates, Fig. 2D) and ingested spheres (those that are in 
the same plane of focus as the flagellates: Fig. 2E). The 
ability to adjust the brightness of the predators with 
white light and the brightness of the fluorescing 
spheres with blue or UV light sources enables the 
microscopist to optimize the contrast between flagel- 
lates and artificial BSP. We found that for both FPP and 
FM, the use of epifluorescence microscopy alone did 
not provide optimal dlumination for either the pre- 
dators or the BSP. Although the FTF technique is only 
semi-quantitative (Hewes & Holm-Hansen 1983), this 
should not seriously affect the quantification of the 
relative proportion of predators with and without 
ingested spheres. Our procedure eliminates the ambl- 
guity in the discnmination between ingested and non- 
ingested BSP reported by McManus & Fuhrman (1986). 
Also, examination of FTF preparations with negative 
phase contrast (anoptral) or Nomarski optics renders 

light Images against a dark background that enable 
one to discriminate cellular structures. Concomitant 
use of these transmitted light microscopies with epi- 
fluorescent microscopy may also be used to observe 
and detect the orientat~on of ingested FM, autofluores- 
cent, and fluorescent-stained prey or plastids. 

Ingestion during growth inhibition 

Nanoflagellate phagotrophy was reduced in the pre- 
sence of the eucaryote inhibitor cycloheximide, but 
was not completely blocked, as  shown in Fig. 3. The 
nanoflagellate cultures were in a post-exponential 
growth stage and would be expected to be synthesiz- 
ing RNA (the target of cycloheximide inhibition) more 
slowly. It is a well-known phenomenon that inhibitors 
can only inhibit actively metabolizing cells, therefore 
the observation of the incomplete blockage of FM 
ingestion in senescent populations is expected. We 
have observed similar responses of incomplete block- 
age of FM ingestion with cycloheximide in species of 
Pseudobodo, Bodo, and Monas (unpubl. data). The 
process of cell division may also be responsible in part 
for the insensitivity of cells to inhibitors. Studies using 
synchronous cultures of the ciliate Tefrahyrnena 
pyriformis suggest that the uptake of nutrients (Ham- 
burger 1965) and the inhibitor actinomycin (Nachtwey 
& Dickinson 1967) are delayed if added during the 
period of cell division. Bacterivory or bacterial produc- 
tion estimates using cycloheximide inhibition (Fuhr- 
man & McManus 1984) must be interpreted cautiously 
(Newel1 et al. 1983, Sanders & Porter in press), until a 
better understanding of the cell processes mediating 
phagotrophy and the assimilation of eucaryote 
inhibitors is obtained. 

Ingestion rates 

Predation rates for all 3 flagellates ranged from 0 to 
144 BSP ind-' h - ' ,  with maximum population clear- 
ance rates of 1.0, 1.2 and 0.4 nl h-' for Monas gracfis, 
Pscudobodo tremulans and Codosiga sp., respectively 
(Table 1). Species differences such as cell volume or 
feeding behavior may be important. 

Feeding behavior may be responsible for the low 
ingestion rates observed here and by others (Daggett & 

Nerad 1982, McManus & Fuhrman 1986). The pre- 
dators chosen for this study vary in body volume; 13 k 

6, 28 k 11, 33 _+ 11, and 155 f 51 ,um"mean + 1 SD) 
for Pseudobodo tremulans, Monas gracdis, Cyath- 
omonas sp. ,  and Codosiga sp. ,  respectively. Prey clear- 
ance is inversely related to predator cell volume, 
increasing with decreasing predator volume (Table 1). 
A special stalk or pedicel for attachment has been 
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Table 1. Predator and predation parameters determined from the uptake of 0.57 pm fluorescent microspheres for 3 different sized 
bacterivorous nanoflagellates. Obs.: observed rate; adj.: rate adjusted for potential egestion 

Species Size (*m) Volume Max. ingestion Max. clearance 
(FM ind-l h-') (nl h-') ( X  lo4 body vol. h-') 

L W (pm3) obs. (adj.) obs. (adj.) obs. (adj.) 

Pseudobodo sp. 3.2 2.4 13 8.3 (10.8) 1.2 (1 .G)  9.2 (12) 
Monas gracilis 3.4 4.0 28 3.8 (5.0) 1.0 (1.3) 3.5 (4.6) 
Codosiga sp. 7.4 5.4 155 7.0 (10.4) 0.4 (0.6) 0.3 (0.4) 

indicated for M. grachs and Codosiga (Leadbeater 
1985). All of the species used in this study have been 
observed to feed after attachment to the culture flask, 
which permits a feeding current to be created by 
flagellar osdat ions .  This 'filtering' type of behavior 
differs from the 'encounter' feeding behavior of various 
Bodonid flagellates (Davis 1982, Davis & Sieburth 
1984). Lighthill (1976) and Fenchel (1982a) present the 
view that small grazers would do better if attached to a 
surface where they could create feeding currents and 
draw water around them, than if they were free cells 
which would have to move through a parcel of water to 
encounter prey. Since these flagellates were isolated 
from open waters they are usually thought of as free- 
swimmers. A large fraction of the cultures, however, 
tend to attach to the surfaces of the container. Davis 
(1982) observed that strains of flagellates that do not 
attach to surfaces are rare. Attached predators pose 
problems for the accurate enumeration of bottled 
populations. The use of methods which do not take the 
attachment of flagellates into account wlll over-esti- 
mate grazing, since the attached predators may not be 
detected while still consuming unattached prey. Our 
precautions taken while determining ingestion specifi- 
cally eliminated aggregated particles and prevented 
the flagellates from attaching to the container wall. 
These free-swimming experimental populations were 
made to simulate the non-attached members of natural 
populations which feed on free cells, and may repre- 
sent our conception of how pelagic populations occur 
rather than the way they exist in nature. Caron et  al. 
(1982) found that nanoplankton abundances on marine 
snow were, on average, 23 times higher than in the 
surrounding bulkwater. The importance of micropar- 
ticulates as sites of enhanced microbial activity has 
been reported by Silver et al. (1978), Caron et al. 
(1982), and Goldman (1984a). Therefore it is likely that 
particle-associated prey are grazed more rapidly than 
the free 'prey' used in this study. Goldman (1984a) has 
suggested that nanoflagellates are always associated 
with particle surfaces, and comments that current pro- 
cedures have made it impossible to accurately estimate 
differences between free-swimming and particle- 
bound predators (Goldman 1984b). 

Our clearance estimates of 0.4 to 1.2 nl h-' (Table 1) 
are low compared to Davis & Sieburth's (1984) esti- 
mates made with > 4  X 106 bacteria ml-' in which 
mean rates of 15 to 39 nl h-' were obtained for 
estuarine nanoflagellates. Daggett & Nerad (1982) esti- 
mated the grazing rates of a fast growing, continuously 
feeding, Bodonid flagellate as 25 bacteria ind-' h-', 
which is only slightly greater than our 8 to 17 BSP 
ind-' h-' estimates. Fenchel (1982b) reported clear- 
ance rates of 1.4 to 79 nl h-' for similarly sized nano- 
flagellates. When clearance is expressed in units of 
predator cell volume swept clear per unit time, our rate 
of 0.92 X 105 h-'  for Pseudobodo tremulans (Table l )  is 
within 10 % of Fenchel's (1982b) estimate of 1.1 X 10' 
h-' for the same species. Similarly, our clearance rate 
for Monas gracilis (1.0 nl h-') is within the range of 
rates (0.2 to 1.0 nl h-') observed by Sherr et al. (1983) 
for a similarly sized isolate of the same genus. Using 
FPP with analogous methods, McManus & Fuhrman 
(1986) reported a low clearance rate of 0.6 nl h-' for a 
coastal isolate of an apochlorotic chrysomonad. 
Whether the differences in the various values of graz- 
ing rates reported in the literature are due to the 
inclusion of populations associated with the surfaces of 
particles and flasks in addition to the free cells or is 
due to the indigestibility of artificial particles remains 
to be investigated. It is not known if flagellates can use 
sensory transduction to discriminate between natural 
prey and non-nutritive particles, although Mueller et 
al. (1965), Dubonsky (1974), and Fenchel (1980) have 
reported no indication for this. However, Sibbald & 
Albright (1986) have recently reported a positive 
chemosensory response of Pseudobodo sp. to its bac- 
terial prey, and Pace (1986) has warned that FM may 
provide accurate grazing rates for specific species of 
cultured nanoflagellates, but natural community graz- 
ing rates may be inaccurate because some species may 
discriminate against FM. 

If all the individuals of a predator population were 
feeding, then one would expect a linear relation 
between the percent of the population with 1 or more 
ingested FM and the duration of incubation with FM. 
The non-linearity of this relation for each species 
studied (% without FM in Fig. 5A) suggests that the 
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populations contain both feeding and non-feeding 
indimduals. The curve of FM uptake after 5 min fol- 
lows the Poisson distribution; however a comparison of 
the observed and computed FM uptake distnbutions 
after 20 min incubation illustrates that the frequency of 
predators with no ingested FM is h g h e r  than would be 
expected from the Poisson distribution (Fig. 4). Non- 
continuous feeding may be indicated by a deviation 
from the Poisson distnbution. Processes of cell division 
may be  responsible in part for the non-continuous 
ingestion of particles as suggested by studies with 
d a t e s .  Chapman-Anderssen & Nilsson (1968) have 
reported that synchronous cultures of the d a t e  Tet- 
rahymena pyriformis did not ingest inert carmin parti- 
cles if added during the interval of cell division. 
Studies of the influence of cell processes on nano- 
flagellate phagotrophy have just been started, but pre- 
liminary observations by Dag Klaveness (unpubl.) 
indca te  that non-continuous feeding seriously affects 
the measurement of grazing rates on natural bacteria 
in the cryptomonad Cyathomonas. In the present study, 
batch cultures of flagellates grown in the dark are most 
probably asynchronous, thus resulting in a time- 
averaging of division events over the cell cycle. Our 
observation of a significant occurrence of non-phago- 
trophic flagellates may be  explained by intermittent 
mitotic activities of asynchronous populahons. 

Prey egestion may also be responsible in part for the 
observed patterns and rates of FM ingestion; however, 
egestion of FM has not been observed directly. Differ- 
ences in flagellate size may control the rate of forma- 
tion of digestive vacuoles and therefore the maximum 
number of ingested FM. Six or more FM ingested after 
40 min were observed in 22 '10 of the Codosiga sp. 
population which has a 5 to 7 pm diameter, while this 
value is 8 % in the Pseudobodo tremulans population 
with a 2 to 3 pm diameter. Such differences may also 
be  attributable in part to species-specific egestion 
rates. The presence of stringy clumps of bacteria in the 
Monas gracilis enrichment culture may have resulted 
in the lower bacterial abundance observed. If the bac- 
teria were initially underestimated and an equivalent 
amount of FM were added, then the bactena would 
outnumber the FM and ultimately affect the grazing 
estimate for this species. 

An examination of the non-hnear relation of FM 
uptake over time (Fig. 5B) indicates that egestion may 
be  quite important. A similar trend is illustrated in 
Fig. 4, where the observed distribution of FM uptake in 
the Pseudobodo tremulans and Codosiga sp. popula- 
tions after 5 min parallels the computed Po~sson curve; 
however after 20 min the agreement between the 
observed and computed distnbutions is weak. Esti- 
mates of grazing rates for Monas g racds  and 
Pseudobodo are generally higher inihally and decline 

after 5 min, while Codosiga attained a maximum 
ingestion rate at 10 min and dechned thereafter. These 
trends may reflect the effect of a maximum rate of food 
vacuole formabon or the effect of egestion of FM after 
as few as 5 min for M. g rachs  and Pseudobodo and 
10 min for Codosiga. McManus & Fuhrman (1986) have 
also suggested that nanoflagellates are egesting FPP 
(Fig. 2 & 3). We assumed that the deviation from non- 
linear ingestion is due to egestion processes, and that it 
can be represented as a Linear function of time. 

Egestion was estimated as the difference between 
the maximum ingestion rate and the observed inges- 
tion rates. Maxlmum ingestion rates were calculated 
from the slope of a line tangent at each point on the 
curves in Fig. 5B. The residual differences between the 
maximum predicted and observed ingestion values 
were fitted to a linear regression and the slopes were 
interpreted as estimates of egestion. Egestion was esti- 
mated as 2.1, 4.2, and 5.3 FM ind-' h-' for Monas 
grachs,  Pseudobodo tremulans, and Codosiga sp. 
respectively, suggesting that ingestion and egestion 
processes are of a similar magnitude. Plots of the pre- 
dc ted  values generated by the regression equations 
are in close agreement with the observed values for 
each species. An examination of the time series of 
flagellate ingestion curves indicated that egestion may 
be important after 5 min of incubation for M. gracilis 
and P. tremulans and after 20 min for Codosiga. Inges- 
tion rates adjusted for egestion were obtained by 
adding the estimated egestion and observed ingestion 
rate estimates. Adjusted ingestion rates at 5 min were 
10.8 and 5 FM ind-' h-' for P. tremulans and M. 
g rachs  and 10.4 FM ind-' h-' for Codosiga after 
20 min, corresponding to gross clearance rates of 1.6, 
1.3, and 0.6 nl h-' (Table l ) ,  respectively. 

CONCLUSIONS 

Over the past few years, studies estimating the graz- 
ing rates of bacterivorous flagellates reported rates 
that vary by an order of magnitude (Daggett & Nerad 
1982, Fenchel 1982b, Sherr et al. 1983, Dams & 

Sieburth 1984). Most of these studies used indirect 
methods which do not permit the detection or quantifi- 
cation of processes affecting phagotrophy. 

Our dissatisfaction w ~ t h  the current procedures 
prompted our use of the FTF procedure for the rapid 
and non-complicated detection of FM ingestion. The 
additional resolution provided by the concomitant use 
of phase contrast and ep~fluorescence microscopy is 
crucial for the preclse determination of ingestion of 
small < 10 pm protists. Ruorescent microspheres used 
with the FTF procedure enabled us to detect and quan- 
tify the effect of cycloheximide on phagotrophy in the 
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cryptomonad Cyathornonas sp .  Our  grazing rate  esti- 
mates ,  a l though limited to only 3 species  of widely 
occurring nanoflagellates, d o  illustrate t h e  influences 
of size, non-continuous feeding, a n d  egestion on  
flagellate phagotrophy.  T h e  use  of FM as tracers of 
phagotrophy o n  a p e r  cell basis h a s  enab led  t h e  s tudy 
of cellular processes affecting t h e  transfer of energy  
be tween  t h e  2 smallest trophic entities, those in  t h e  
picoplankton a n d  nanoplankton size fractions. O u r  
procedure for t h e  unambiguous  detection of phagotro- 
phy  in nanoplankters  h a s  the  potential to  allow t h e  
direct investigation of the  cellular mechanisms of 
flagellate phagotrophy a n d  their chemosensory be-  
havior. 
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