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ABSTRACT A vanety of macromolecules labeled with FITC (fluorescein isothiocyanate), including 
carbohydrates (dextran) and proteins (ferritin, casein, albumin, concavalin A),  spanning a range of 
molecular weights from 55 to 2000 kD, were actlvely ingested by marine heterotrophic flagellates at  
substrate concentrations of 1 to 10 mg  I - '  The uptake capacity for the macromolecules was positively 
correlated to clearance rate for bacterial-s~zed prey Ingested FITC appeared In the food vacuoles of the 
cells The biomass of a cultured bactenvorous flagellate species Increased in cultures amended with 
10 mg of 2000 kD dextran 1.' to an  extent that could not be  explained by bacterivory However. 40 kD 
devtran did not stimulate flagellate growth On  the basis of these results, we  suggest that protists have 
the capacity to ~ n g e s t  colloids of widely different sizes, spanning the slze range of bacteria and larger 
organisms to macromolecules possibly lncludlng the recently discovered abundant non-hving sub- 
micrometer colloids in sea water 

INTRODUCTION 

Bacteria are generally considered to be the only 
pelagic microorganisms that utilize dissolved organic 
matter (DOM), and thus transform it to a particulate 
form that can be further processed within aquatic food 
webs. Feeding on DOM by protists is generally believed 
not to occur except at concentrations several orders of 
magnitude above those prevailing in natural waters, as 
protists are competitively inferior to bacteria in the up- 
take of low molecular weight dissolved compounds at 
low concentrations (Haas & Webb 1979, Fenchel 1987). 

DOM is usually defined as the organic matter able 
to pass a filter of 0.2 Km pore size. In addition to truly 
dissolved compounds DOM comprises a multitude of 
colloids such as some bacteria that may pass a 0.2 pm 
filter (Stockner et al. 1990), viral particles (Sieburth 
1979, Bergh et al. 1989), and less well defined non- 
living colloids (Koike et al. 1990, Wells & Goldberg 
1991). It has recently been demonstrated (Koike et al. 
1990) that at least 10 (Yo of oceanic 'DOM' is in the form 
of amorphous detrital particles in the size range 0.4 to 
1.0 pm that easily pass the pores of the 0.2 pm filters 
usually employed in the separation of DOM and par- 
ticulate organic matter (POM). Due to the ubiquity of 

these particles, more than 95 % of the bacterial-sized 
particles in oceanic water were shown to be non-living. 
Colloids of viral and macromolecular size are also 
abundant (Bergh et al. 1989, Wells & Goldberg 1991). 
The spectrum of non-living colloids exceeds bacteria 
by one or several orders of magnitude both in particle 
abundance and total carbon (Koike et al. 1990, Wells & 
Goldberg 1991), and,  due  to their small average size 
compared to bacterial cells, also in surface area. 

Although phagotrophic protists have not been found 
to utilize dissolved low molecular weight compounds, 
they may have the potential to ingest components of 
the colloidal fraction of DOM. Very little is known 
about detrital colloidal and non-living particulate 
organic carbon as a food resource for pelagic, hetero- 
trophic flagellates. Investigators have previously noted 
the presence of detrital matter in protist food vacuoles 
(Gast 1985, Sherr & Sherr 1992). Sherr (1988) detected 
uptake of fluorescently labeled macromolecules (500 
to 2000 kD dextran) by flagellates and also flagellate 
growth at the expense of such compounds. Moreover, 
Gonzalez & Suttle 1993) have demonstrated that 
flagellates and ciliates are able to ingest and digest 
viral size particles (50 nm fluorescent microspheres 
and fluorescently labeled marine viruses). 
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Here, we present some experiments confirming the 
previous study of Sherr (1988) which showed that 
phagotrophic, nanoplanktonic flagellates are able to 
ingest a high molecular weight carbohydrate. More- 
over, we examine this phenomenon in closer detail 
using a mono-specific culture of a phagotrophic flagel- 
late and mixed assemblages of protists, and expand 
the evidence for uptake into food vacuoles to several 
other macromolecules, including hi.gh molecular weight 
proteins. 

MATERIALS AND METHODS 

Organisms. A heterotrophic, bacterivorous flagellate 
(E4, ca 3 to 5 pm diameter with 2 equilength flagella, 
isolated from Oregon, USA, coastal waters) was used 
in culture experiments to determine ingestion of 
inacromo!ecules labclcd viith FITC (fl~orescein iso- 
thiocyanate) and growth at  the expense of high 
molecular weight materials. This species was able to 
ingest several different FITC-labelled macromolecules 
(see be!ow) as well as monodisperse 50 nm fluorescent 
microspheres (Gonzalez & Suttle 1993). For experi- 
ments with mixed assemblages of protists, water was 
collected from an incoming tide at the Oregon Marine 
Biology Institute, Charleston, Oregon. Experiments 
were carried out either directly upon sampling or after 
incubation to stimulate the growth of protists (pre- 
screened through 20 pm mesh netting to exclude 
predators and incubated in the dark at 15 "C). In one 
case, yeast extract was added to the water (10 mg I-') 
to stimulate growth of bacteria and bacterivorous 
flagellates. 

Microscopy. All microscopy was conducted with a 
Zeiss Universal equipped for epifluorescence (75 W 
Xenon lamp and filter sets for UV and blue excitation, 
lOOx Neofluar lens). For detection of FITC-labeled 
macromolecules in flagellate food vacuoles, samples 
were killed by sequential addition of 20 1 1  alkaline 
Lug01 solution, 0.4 m1 borate-buffered formaldehyde, 
and 20 p1 3 % sodium thiosulfate (Sherr et al. 1993), 
stained with DAPI (4',6-diamidino-2-phenylindole, 
10 yg ml-l, final concentration) for 7 to 10 min, and 
filtered onto 0.8 pm black polycarbonate filters 
(Poretics). Flagellates were identified by their blue 
DAPI fluorescence upon excitation with UV Ilght. Each 
flagellate encountered was also inspected with blue 
light excitation, to determine the presence or absence 
of yellow-green FITC fluorescence. At least 100 
flagellates (50 in the growthhptake experiment) were 
inspected in each sample. In the field samples, hetero- 
trophic and autotrophic/mixotrophic forms were dis- 
tinguished by the absence or presence of chlorophyll 
autofluorescence (blue excitation). As no FITC uptake 

was detected in flagellates with chlorophyll fluores- 
cence, FITC uptake results are presented as per- 
centage of heterotrophic flagellates with ingested 
fluorochrome. 

Flagellates and bacteria in field samples were 
enumerated after DAPI staining. In growth experi- 
ments with the flagellate E4, flagellates and bacteria 
were enumerated and sized after staining with acri- 
dine orange (Hobbie et al. 1977). At least 50 flagellates 
or 250 bacteria and 10 fields of view were counted. In 
experiments where cell volumes were determined, at  
least 20 flagellates or 50 bacteria were sized. Diameter 
of flagellates was estimated by eye-piece micrometer, 
and the volume of each cell was calculated assuming a 
spherical shape. Length and width of bacteria were 
measured from photomicrographs according to Tranvik 
(1988), and volume of each measured cell was calcu- 
lated assuming a cylindrical shape with a hemispere at 
either end. 

Uptake experiments. Macromolecules conjugated 
with FITC used in the experiments included dextran (a 
bacterially-produced polysaccharide, 2000 kD), bovine 
milk casein (protein, 375 kD), bovine albumin (protein, 
67 kD), succinyl-concavalin A (con A; lectin, 55 kD), 
horse spleen ferritin (protein, 650 kD), and lipopoly- 
saccharide (LPS; bacterial cell wall component). The 
compounds were purchased from Sigma (St. Louis, 
MO, USA), except for the ferritin, which was obtained 
from Molecular Probes (Eugene, OR, USA). Aliquots of 
the FITC-labeled compounds were dissolved or diluted 
in ~ 0 . 2  pm filtered, reagent grade water (E-pure, 
Barnstead, Dubuque, IA, USA), and filtered (0.2 pm) 
prior to use. The FITC-casein resulted in some general 
FITC-staining of protists and bacteria in a preliminary 
experiment employing this subtrate. Assuming that 
this was due to the presence of non-conjugated FITC, 
we isolated the high molecular weight fraction by gel 
filtration through a prepacked Sephadex G-25 column 
(PD-10, Pharmacia, Uppsala, Sweden). After this 
treatment, the general staining by FITC-casein was 
reduced, but not totally eliminated. For uptake experi- 
ments, 10 m1 subsamples were incubated with FITC- 
substrate at 1 mg 1-' or 10 mg 1 - '  for 2 h at 15 'C in the 
dark, and fixed by the Lugol-formaldehyde-thiosulfate 
method. Control samples were fixed before adding the 
FITC-substrate. 

To check for the appearance of aggregates of the 
FITC-labeled compounds, the compounds were incu- 
bated with 0.2 pm filtered seawater or HPLC grade 
water for 4 h at 10 mg 1-' in the dark at room tempera- 
ture. Subsamples of 1 m1 were filtered onto 25 mm 
diameter 0.2 pm polycarbonate filters (Poretics, Liver- 
more, CA, USA), and 0.2 and 0.02 pm aluminum filters 
(Anopore, Anotec Separations, New York, NY, USA) for 
microscopic examination of FITC-fluorescing particles. 
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To assess the relationship between the growth state 
of bacterivorous flagellates and their ability to ingest 
macromolecules, we assayed for both the ingestion of 
FITC-labeled dextran, ferritin, and con A, as well as 
clearance rate for 0.5 pm blue fluorescent sulfate poly- 
styrene latex beads (Interfacial Dynamics Corp., 
Portland, OK, US4) as an analogue of bacterivory. 
Samples were taken at  various stages of the growth 
curve for 2 replicate cultures of E4 grown at 15 'C in 
the dark in filtered seawater, amended with 10 mg 
yeast extract 1-' to stimulate the growth of bacterial 
prey. FITC-substrate uptake was determined after 2 h 
of incubation with 10 mg FITC-substrate 1-l. From one 
of the cultures, killed controls were examined for up- 
take of FITC-labeled substrates. Bead uptake rate was 
derived from linear regression of numbers of beads 
ingested per flagellate after 0, 15, 30, and 45 rnin of 
incubation of subsamples amended with beads. The 
bead abundance was 31 to 64 % of the bacterial 
abundance for each occasion the uptake rate was 
determined. Samples were stained with acridine 
orange and flagellates were detected under blue 
excitation. For each flagellate encountered (at least 50 
flagellates were examined for each sample) the 
abundance of the fluorescent beads in the vacuoles 
was quantified using UV excitation. 

In additional experiments, the effect of dextran on 
flagellate ingestion of bacteria was studied. Sub- 
samples of 10 m1 from an E4 flagellate culture, grown 
on 10 mg yeast extract 1-' (see above), were incubated 
for 4 h prior to experiments with 2000 kD dextran (non- 
fluorescent) at concentrations of 0 to 100 mg dextran 
I - ' .  Fluorescent labeled bacteria (FLB; prepared ac- 
cording to Sherr et al. 1987) were added at an abun- 
dance of 106 1 - l ,  and the samples were fixed after 
30 min of incubation at 15 "C by the Lugol-formalde- 
hyde-thiosulfate method. At least 50 flagellates were 
inspected in each sample, and the average number of 
ingested beads was determined and corrected for 
'ingested' beads in time 0 controls. In a similar experi- 
ment, no dextran was added prior to FLB uptake as- 
says, but the FLB's were preconditioned overnight at  
4 "C in the dark in dextran solutions at concentrations 
of 0 to 2000 mg dextran 1-' (yielding a final concentra- 
tion during experiments of 0 to 20 mg dextran 1 - l ) ,  to 
obtain a dextran coating of the FLB. 

Growth experiments. To obtain flagellate cultures 
with low abundance of bactelia for the study of growth 
at  the expense of macromolecules, a flagellate culture 
(E4) was inoculated into 0.2 pm filtered, aged sea- 
water, that was amended with 107 heat-killed bacteria 
ml-' [prepared from a bacterial isolate according to the 
procedure by Sherr et al. (1987) for the preparation 
of fluorescent labeled bacteria, but without using 
fluorochrome]. In this way bacterial prey was added, 

but a minimum of dissolved substrates for additional 
bacterial growth was provided. After 5 d of growth at 
15 'C in the dark,  the cultures were diluted 4 times 
with 0.2 pm filtered aged seawater to further decrease 
the bacterial abundance, and divided into 100 m1 repli- 
cates in tissue culture flasks, some of which were 
amended with bacterial inhibitors (200 mg 1- '  van- 
comycin + 1 mg I - '  penicillin; Sherr et al. 1986) to 
selectively inhibit bacterial growth. The cultures were 
left 1 d for the protists to recover from possible direct 
effects of the antibiotics. Thereafter, substrate was 
added at  10 mg 1- '  to some of the replicates, and abun- 
dance of bacteria and flagellates was followed over 
several days. Cultures with bacteria in the absence of 
flagellates were obtained by screening through 0.8 pm 
polycarbonate filters. Growth experiments were tried 
with dextran (40 and 2000 kD, ferritin, LPS, albumin, 
and extracellular polysaccharides extracted from cul- 
tures of a marine bacterium, Pseudornonas atlantica 
(ATCC 43667). Only dextran results are reported here. 
Antibiotics seemed to efficiently inhibit increase in 
bacterial abundance, but the bacterial cell volumes 
increased markedly when the other substrates were 
added. This was not the case with dextran, which 
apparently was not utilized to a great extent by bac- 
teria. Thus, for the other substrates it was not possible 
to distinguish direct flagellate utilization of the sub- 
strates from indirect effects due  to increased bio- 
volume of bacterial prey. 

RESULTS AND DISCUSSION 

Uptake of macromolecules 

Most of the FITC-labeled substrates contained no 
particulate materials retained on filters with pores 
2 0.02 pm that could be detected by microscopy. Also, 
most did not form fluorescent particles when added to 
filtered seawater. Exceptions to this were LPS and 
albumin. LPS (prepared by Sigma by extraction of 
Escherichia coli cells with phenol) contained numerous 
brightly fluorescent bacterial-shaped particles, and 
consisted largely of fluorescent irregular aggregates ca 
0.1 to 0.5 pm in size. Due to the obvious particulate 
appearance, we did not filter LPS before addition to 
samples. Albumin contained some tiny fluorescent 
dots, that could be observed on 0.02 and 0.2 pm 
Anopore filters, but not on the 0.2 pm Poretics filter. 
Dextran appeared to give a background fluorescence 
on 0.02 pm filters, but not on 0.2 pm filters, brighter 
than the dim background fluorescence of control filters 
without added FITC compounds. The fluorescence was 
amorphous, without any distinguishable brighter dots, 
suggesting that the high MW dextran passed through 



304 Mar. Ecol. Prog. Ser. 92: 301-309, 1993 

the 20 nm pores inefficiently. All other substrates 
(ferritin, casein, con A) appeared to be truly dissolved, 
or occurred in a form that could readily pass the pores 
of the filters. Moreover, all substrates behaved simi- 
larly in reagent grade water and in seawater. Hence, it 
is likely that any observed uptake into flagellates was 
due to uptake of the pure substrate or aggregates 
<20 nm formed by the substrate, except for LPS and 
possibly also albumin. 

All the FITC-compounds investigated were ingested 
by both the cultured flagellate (Table l), and by flagel- 
lates of the mixed assemblages (Table 2).  As in the pre- 
vious study (Sherr 1988), ingested FITC did not seem 
to be associated with ingested bacteria or other par- 
ticles. The only noticeable labeling outside of protist 
vacuoles was by con A in the mixed assemblages, 
where some FITC fluorescence was found in conjunc- 
tion with algal surfaces and detritus particles. In 
preparations of :he cu1tu:cd species, fluoresce.n.ce wss 
always observed in 1 to 3 food vacuoles in the region of 
the cell opposite the flagella, the same area in which 
ingested bacteria and bacterial-sized fluorescent 
micr~spheres are found in grazing experiments with 
this flagellate. Thus, the FITC-labelled macromole- 
cules appeared to have been ingested by phagocytosis, 
similar to the ingestion of much larger food items. 

Con A fluorescence was also found in a large pro- 
portion of flagellates in killed controls. In the experi- 
ments with the E4 flagellate with the most vigorous 
uptake into live cells, the uptake into killed flagellates 
could easily be judged as being less bright, and the 
fluorescence appeared to emanate from a layer around 
the edge of the vacuoles rather than from a dense body 
of FITC-labelled material, as in the live samples. The 
fact that killed flagellates also took up some con A 
suggests that the uptake, at least to some extent, was 
due to a specific biochemical reaction, rather than an 
active, unspecific phagocytosis of colloidal DOM. 

Table 1 Fraction (X) of cultured flagellates ( l ~ v e  and kllled 
control) with fluorescent labelled food vacuoles after 2 h at 
15 "C with FITC-marked substrates added at 1 and 10 mg I-'. 
E4 culture started with heat-killed bacteria, 5 d old (2 3 X 

l o b  bacteria ml-'. 0.27 X 106 flagellates rnl-l). Casein was 
studied separately in a similar culture (15.9 X 106 bacteria 
ml-' and 11.5 X 10' flagellates ml-l). LPS: lipopolysaccharide; 

Con A: concavalin A; -: not measured 

I Dextran LPS Albumin Ferritin Con A Casein I 
1 mg l.' 

Kllled 0.0 1.6 1.0 0.8 19.2 - 
Live 80.1 16.5 73.9 80.3 97.7 - 

10 mg 1.' 
Kllled 0 0 5.5 0.0 1.9 10.3 5 , I  1 
Live 83.0 68.0 66.7 85.3 97.7 37.6 

Table 2. Fraction (%) of in situ flagellates (live and killed 
control) with fluorescent labeled food vacuoles after 2 h at 
15 'C with FITC-marked substrates added at 1 and 10 mg I-' 
Samples from Oregon, USA, coastal waters. (A) Samples 
screened (20 pm) and incubated 2 d (2.3 X 10"acteria ml-l, 2.1 
X 10~lage l l a tes  ml-l). (B) Samples enriched with yeast extract 
(10 mg I-'), incubated 7 d (3.3 X 10"acteria ml-', 57 X lo3 

flagellates rnl-l). Abbreviations as in Table 1 

Dextran LPS Albumin Ferritin Con A Casein 

(A) l mg I-' 
Klled 0.0 5.2 5.9 4.0 1.0 - 

Live 10.0 31.1 27.6 13.0 23.5 - 

10 mg I-' 
Killed 0.0 8.9 0 1.0 5.4 - 

Live 15.8 39.6 27.2 17.3 30.6 - 

(B)  10 mg l'' 
Killed 0.0 ND 2.9 3.9 13.0 2.8 
Live 43.7 ND 50.0 19.6 58.8 48.1 

Thus, lectin-binding sites in food vacuoles may be 
involved in prey recognition and ingestion in protists. 
In other studies of lectin-binding sites involving con A, 
binding has been found to be efficient also in fixed 
organisms (Jansson et a1 1986). Killed controls were 
incubated with the FITC-substrates for as long as the 
live samples. Occasional time zero controls were also 
performed with con A. In these controls, uptake was 
detectable in only a few percent of the cells. 

Ingestion of all compounds was observed in flagel- 
lates in the fresh field sample, but not quantified. 
Flagellate abundance was too low to practially allow 
quantification of the uptake (460 flagellates ml-' and 
0.82 X 106 bacteria ml-l), as it was necessary to filter 
volumes so large that detritus obscured the detection 
of FITC. In samples that were incubated for 2 d,  the 
various substrates were incorporated into 15 to 30 % 
of the flagellates (Table 2). In samples enriched with 
10 mg yeast extract I-' and incubated for 7 d, roughly 
half of the flagellates in live samples ingested several 
of the substrates (Table 2). Protists with ingested FITC 
included 3 to 10 pm monads and some choanoflagel- 
lates. Forms that were never found with ingested FITC 
included a naked heterotrophic dinoflagellate and 
choreotrichous ciliates. No uptake was detected in 
flagellates with chlorophyll autofluorescence. 

Uptake versus growth state 

Abundance of flagellates and bacteria, clearance 
rate for 0.5 um latex beads and uptake of dextran, 
ferritin, and con A were followed in batch cultures of 
the E4 flagellate. Bacteria reached maximal density 
within 3 d; thereafter they rapidly decreased, and 



Tranvik et al.: Uptake of 'colloidal DOM' 305 

remained at  2 to 3 X lob cells 1-' for the rest of the 
experiment (Fig. 1). Concomitant with the decrease in 
bacterial standing stock, the flagellate populations 
increased to their maximal abundance, from which 
they continously decreased during the remainder of 
the experiment (Fig. 1).  The specific clearance rate of 
the flagellates for 0.5 pm beads was highest during the 
time of bacterial decrease, apparently due to intensive 
bacterivory (Fig. 2). Thereafter the clearance rate 
decreased succesively with age  of the cultures. The 
fraction of the flagellates with ingested FITC-dextran, 
ferritin and con A exhibited a similar pattern (Fig. 2). 
As in the previous experiments, con A was taken up  to 
a considerable extent also in killed controls. Towards 
the end of the experiment, the fraction of the cells with 
con A was similar in live and killed samples. 

The only quantification of uptake of macromolecules 
we were able to do was to detect the fraction of the 
flagellate population that had a detectable amount of 
FITC-substrate in the food vacuoles. This fraction in- 
creased asymptotically with increasing clearance rate, 
and there was a positive correlation between clearance 
rate for beads and fraction of cells with ingested FITC- 

1 0  

d a y s  

1 0  

d a y s  

Fig. 1. Abundance of bacteria and E4 flagellates in 2 cultures 
(U and m).  The cultures were subsampled for experiments 
on the uptake of 0.5 pm latex beads, dextran, ferritin, and 

concavalin A at vanous times (see Fig. 2)  

substrate (Fig. 3). Possibly, if w e  were able to quantify 
the absolute amount of fluorescent compound incorpo- 
rated per flagellate, we would find a linear relationship 
between clearance rate for bacterial-sized beads and 
macromolecules. There was no sequential pattern in 
the uptake of beads and macromolecules, but rather a 
general simultaneous uptake of food items spanning a 
wide range of sizes. Possibly, the clearance rates for 
the macromolecules were much lower than the clear- 
ance rate for bacterial-sized particles, in line with the 
lower clearance rate demonstrated for small bacteria, 
as compared to large bacteria (Gonzalez et  al. 1990), 
and for viruses, a s  compared to bacteria (Gonzalez & 
Suttle 1993). 

Effect of dextran on uptake of bacterial-sized particles 

In flagellate cultures amended with dextran, the 
uptake of FLB was similar over a wide range of 
dextran concentrations (Fig. 4). Similarly, FLB were 
ingested at  similar rates regardless of whether they 
were preconditioned in dextran at concentrations up 
to 2000 mg 1-' (Fig. 4 ) .  Thus, even when offered a 
macromolecular food source at  very high concentra- 
tion, flagellate consumption of bacterial-sized food 
items was unaffected. 

Growth experiments 

In a preliminary growth experiment with dextran, 
changes in abundance of flagellates and bacteria 
leveled out within 4 d .  Thus, response of the microbes 
to additions of dextran was measured a s  biovolume 
change over 96 h.  In cultures without dextran or with 
40 kD dextran there was no significant change in 
flagellate biovolume (Table 3). This was the case both 
in cultures where bacterial activity was inhibited by 
antibiotics and in cultures without antibiotics. In cul- 
tures with added 2000 kD dextran flagellate biovolume 
increased (Table 3). The increase in biovolume was a 
consequence of both increased cell volumes and 
increased abundance. In the presence of 2000 kD 
dextran, average cell volume increased from 11.2 f 
1.5 pm3 at  the beginning of experiments to 22.9 f 
1.1 pm3 after 96 h (average f SD, n = 8). with no signif- 
icant difference between treatments with and without 
antibiotics. Cell volume in all other treatments was 
similar and did not change over time (10.8 f 1.2 pm3 
at  0 h, and 10.5 f 1.4 p m b t  96 h, n = 16). 

In cultures without antibiotics there were either no 
or minor changes in bacterial biovolume (Table 3) ,  
probably because grazing losses were largely com- 
pensated by growth. In the presence of antibiotics, 
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1 0  

days  

days  
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0 I I 4 
0 10  2 0 

days  

Fig. 2. Clearance rate for 0.5 pm beads and fraction of flagellates ingesting dextran, ferritin, and concavalin A in the cultures 
depicted in Fig. 1. ( A )  Fraction of cells with ingested substrate in killed controls from one of the cultures 

bacterial biovolume decreased during the experiment. 
In cultures where the flagellates had been removed, 
there was a pronounced bacterial growth (Table 3), 
apparently due to absence of grazing pressure. The 
bacterial growth in flagellate-free cultures was only 
stimulated by dextran to a minor extent. Bacterial 
volumes per cell were similar in flagellate cultures 

bead clearance rate, nl/flagellate/hour 

Fig. 3.  Fraction of flagellates with ingested dextran ( A ,  A ) ,  

ferrlt~n (0 ,  m ) ,  and concavalin A (0, 0) as a function of clear- 
ance rate. Open symbols llve samples; filled symbols: killed 

controls 

with and without antibiotics, and in cultures with and 
without 40 or 2000 kD dextran. However, cell volumes 
decreased in all treatments from 0 to 96 h (from 
0.16 f 0.01 to 0.13 + 0.01 pm3, n = 24, average for all 
treatments + SD). Thus, changes in bacterial cell 
volumes were not correlated with the presence of 
dextran or antibiotics, but decreased in presence of 
flagellates, as can be expected during size-selective 
grazing (Andersson et al. 1985, Gonzalez et al. 1990). 

We can make a general calculation of dextran uti- 
lization by flagellates in the growth experiments. A 
wide range of volume to carbon conversion factors 
have been reported for bacteria and flagellates, and it 
should be recognized that the combination of factors 
chosen will influence the outcome of the analysis. If we 
assume an equal carbon to volume ratio of 0.2 pg pm-3 
for both preserved flagellates and bacterla (this is 
within the I-ange of reported values; Bratbak 1985, 
Bjerrnsen 1986. Berrsheim & Bratbak 1987, and refer- 
ences therein), and assume a flagellate net growth 
efficiency of 50 %, the difference in bacterial response 
between cultures with and without 2000 kD dextran 
cannot account for the flagellate production (Table 4 ) .  
With the same conversion factor, the final flagellate 
carbon yield corresponded to about 1 % of the dextran 
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Fig. 4. Average number of ingested fluorescent labelled 
bacteria (FLB) per flagellate in cultures preconditioned with 
2000 kD dextran at different concentrations (upper panel) and 
in cultures amended with FLB's preconditioned with dextran 

at various concentrations (lower panel) 

Q) - 
m 

0.3 W  

Q) 
ol m 
m . . ' m  . M  - - . 0.2 m W  

carbon added. Thus, the degree of dextran utilization 
was low, especially as some of the flagellate carbon 
yield was probably due to feeding on bacteria. 
Although the dextran was utilized with low efficiency, 
this experiment yields reasonable evidence that i t  
contributed to flagellate growth. A possible hypothesis 
would be that dextran is ingested accidentally along 
with bacteria, resulting in a 'reverse sloppy feeding'. 
However, such a mechanism would result in equal 
utilization of 40 and 2000 kD dextran. This was not the 
case, and, accordingly, 40 kD FITC-dextran was not 
ingested into food vacuoles (preliminary observations; 
Sherr 1988). Thus, it is probable that 2000 kD dextran 
contributed to flagellate nutrition due to the ability of 
the flagellates to phagocytize larger colloidal sized 
macromolecules, but not similar molecules of much 
smaller size. 

m 
J 
L 
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CONCLUSIONS 

W m ,  W . 
I ' ' ' ' " " 1  ' ' ' " " I  ' - ' ' ,'m' 

In this paper, we present evidence that a variety of 
macromolecules, including carbohydrates (dextran) 
and proteins (ferritin, casein, albumin, concavalin A) 
are actively ingested by heterotrophic flagellates at 
concentrations in the same range as the total organic 
carbon concentration of pelagic waters. Furthermore, 
we demonstrate that the uptake was not due to larger 
aggregates of the FITC-substrates, or passive staining 
of food vacuoles. Flagellates have the potential to 
ingest a variety of macromolecules into their food 
vacuoles, which suggests to us that naturally occurring 
colloids of similar size may also be ingested by protists. 

1 1 0  100 1000 10000 

rable 3. Microbial biovolume (nl biovolume 1-' water f SD for 4 replicates) at  beginn~ng (0 h) and end (96 h) of incubation with 
and without the addition of 10 mg of 40 kD or 2000 kD dextran 1-'. NS: change in biovolume not significant at  p < 0.05 (2-tailed 

paired t-test); -: not measured 

Without antibiotics 

Dextran Dextran No dextran 
2000 kD 40 kD 

With antibiotics 

Dextran Dextran No dextran 
2000 kD 40 kD 

Flagellates 
Oh 105 f 17 87.8 k 11 
96 h 70.7 f 22 77.0 L 30 
Change NS NS 

Bacteria 
Oh 260 f 23 239 f 29 243 L 18 
96 h 225f  31 223 k 8.5 293 + 74 
Change -34.7 f 21 NS NS 

Bacteria in the absence of flagellates 
48.9 f 7.7 47.5 + 3.0 - - - 
358 f 60 - 308 f 64 - - - 

Change 309 f 65 - 261 k 66 - - - 
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Thus, we confirm the indication by Sherr (1988) of a 
possible high molecular weight/colloidal DOM + pro- 
tist pathway in pelagic carbon cycles. In addition, we 
demonstrate that high molecular weight carbohydrates 
(dextran) directly support biovolume production in 
cultures of a marine, heterotrophic flagellate. Protists 
have the capacity to ingest colloids of various sizes, 
spanning the size range from bacteria and larger 
organisms (Fenchel 1982, Sieburth & Davis 1982, Sherr 
& Sherr 1984) to viral particles (Gonzalez & Suttle 
1993) and possibly sub-micrometer colloids (sensu 
Koike et al. 1990, Wells & Goldberg 1991) to macro- 
molecules (Sherr 1988, this study). 

Uptake capacity for high MW substrates was corre- 
lated with the uptake of bacterial size prey, and bac- 
terivory was not affected by the presence of an avail- 
able source of high MW substrate, even at very high 
concentrations. Thus, the uptake of high MW DOM 
and bacterial size prey appeared to occur by the same 
mechanisms (indicated also by the appearance of high 
MW DOM in food vacuoles similar to vacuoles con- 
taining bacteria), and flagellates were not able to 
selectively ingest one of the sources. The degree of 
utilization of dextran by the flagellates was low in 
growth experiments, and richer high MW substrates 
could not be used for these experiments due to vigor- 
ous growth of bacteria that made the study of the direct 
DOM + flagellate pathway ambiguous. This indicates 
that, in terms of total carbon flow, heterotrophic flagel- 
lates play only a minor role in the processing of high 
MW DOM. It remains to be demonstrated whether this 
is the case also for naturally occurring macromolecules 
and small colloids. It has recently been demonstrated 
that DOM covers a continuum of colloidal size classes, 
the largest being similar to bacteria in size (Koike et al. 
1990, Wells & Goldberg 1991). This insight, together 
with the discovery of protistan phagocytosis of colloids 
much smaller than bacteria (Sherr 1988, Gonzalez & 

Suttle 1993, this study), suggests that sources of nutri- 
tion in heterotrophic nanoflagellates, often assumed as  
equivalent to bacterivorous nanoflagellates, may be 
more diverse than usually believed. In addition to 
being a source of energy, uptake of colloidal DOM may 
be of significance in other respects. Food items of sub- 
bacterial size with high C/N and C/P ratios may serve 
in balancing the diet of protists, as bacteria, the major 
food source of many protists, are more enriched than 
protists in N and P (Sleigh 1989). Conversely, colloidal 
DOM rich in N and P, e.g.  virus particles, would pro- 
vide nutnents during the feeding on carbon rich sub- 
strates, such as detritus particles. There may be differ- 
ences between different protlst taxa in their ability to 
utilize food items of sub-bacterial size. In their study of 
protist grazing on viruses, Gonzalez & Suttle 1993) 
noted that choanoflagellates were able to ingest viral- 

sized particles (50 nm latex beads) but not bacterial- 
sized beads (500 nm latex beads). Marchant (1990) also 
reported that choanoflagellates inefficiently ingested 
latex beads larger than 500 nm 
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