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ABSTRACT Mixotrophy by the photosynthetic dinoflagellate Heterocapsa triquetra was investigated 
using fluorescently labelled algae (FLA) (size 1 . 3 , 6  pm). Experiments were conducted in nitrogen- and 
phosphorus-replete/depleted medium under light and dark conditions. Incubations ranged from several 
hours to several days. The dinoflagellate was capable of phagotrophy when exposed to light and dark 
periods in nutrient-depleted medi'um. H. triquetra showed similar ingestion rates in the light (range: 
0.1 to 0.4 FLA dino-l d-l) and in the dark (range: 0.06 to 0.4 FLA dino-' d-'). The dinoflagellate was able 
to selectively ingest the different FLA. The cyanobacterium Synechococcus sp. was not ingested, 
whereas a small round flagellate and the diatom Thalassiosira pseudonana were observed inside the 
cells. The flagellate was ingested at higher rates than the diatom in both the light and the dark. About 
40 % of the labelled flagellate was removed from the suspension by H. triquetra in the light and 22 "/0 in 
the dark. The diatom was removed from the suspension at the same rate (27 to 30%) in both light and 
dark treatments. After 5 d incubation in nutrient-depleted medium and no addition of FLA, the propor- 
tion of small H. triquetra cells (<l000 pm3) increased from 50 to over 75 %. In the presence of FLA, the 
distribution of H. triquetra cell volumes showed that the proportion of larger cells p2000  pm3) increased 
from 6 to >20 % during long incubations in the light and the dark. Since the frequency of observed cells 
with ingested FLA varied from 3 to 20% for the same period, the proportion of larger cells may be the 
phagotrophic proportion of the population. However, only 8 (dark) to 12% (light) of the observed H. tri- 
quetra cell volume increase can be explained in terms of carbon from the ingestion of fluorescently 
labelled phytoplankton. We conclude that phagotrophy in H. triquetra may be important in maintaining 
the population in environments of low nutrient concentration and low light intensity. 
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INTRODUCTION 

The idea that algae can ingest particles as a supple- 
mentary mode of nutrition is not new. Hofeneder 
(1930) reported that the freshwater dinoflagellate Cer- 
atium hirundinella engulfed algae by extruding a 
pseudopod which was subsequently used to bring the 
prey inside the cell through the ventral area. Manton & 
Parke (1962) suggested that the pryrnnesiophyte 
Chrysochromulina polylepis was not a strict autotroph, 
due to the presence of red-brown pellets inside the 
cells which they believed were remains of ingested 
organisms. 
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Observations with light microscopy have been used 
to identify ingested organisms in mixotrophic dinofla- 
gellates. Ingested ciliates, dinoflagellates and diatoms 
have been identified in Ceratium furca, Gymnodinium 
sanguineum, and Gyrodiniun~ uncatenatum using the 
protargol technique (Bockstahler & Coats 1993a). The 
development of transmission electron microscopy has 
also made it possible to identify bacteria and ciliate 
remains inside dinoflagellate cells (Jacobson & Ander- 
sen 1994, Jacobson & Anderson 1996). Using this tech- 
nique, Jacobson & Andersen (1994) showed the pres- 
ence of food vacuoles in some photosynthetic 
dinoflagellates (e.g. Dinophysis). Methods developed 
to quantify ingestion of bacteria or algae by ciliates 
and heterotrophic flagellates have been employed to 
study phagotrophy in photosynthetic algae (i.e. Bird & 
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Kalff 1987, Tranvik et al. 1989, Sanders et al. 1990, 
Nygaard & Tobiesen 1993, Keller et al. 1994, Aren- 
ovski et al. 1995, present study). Ingested CMFDA- 
stained protists and phycoerythrin-rich flagellate 
material has been observed in several mixotrophic 
dinoflagellates using epifluorescence microscopy (Li et 
al. 1996, Stoecker et al. 1997). 

Dense blooms of dinoflagellates have occurred regu- 
larly since 1979 in the coastal waters of western Swe- 
den (Olsson & Edler 1991). Maximal cell densities are 
often observed in subsurface nutrient-depleted waters 
(late summer). The species (e.g. Ceratium spp.) occur- 
ring in these blooms have their maximal growth rate in 
deep layers where light intensities are low (Olsson & 
Graneli 1991). The ability of phytoplankton cells to 
develop and divide in such conditions would seem to 
require acquisition of additional energy and nutrients 
by non-photosynthetic means such as mixotrophy. 
Mixotrophic behaviour has been recorded among 
several bloom-forming dinoflagellates (Bockstahler & 

Coats 1993a, Jacobson & Anderson 1996, Li et al. 1996, 
Stoecker et al. 1997) and feeding may be an important 
aspect of the ecology of these species. 

There may be different advantages of mixotrophy in 
different algal taxa, depending on nutrient require- 
ments. In nutrient-limited waters, the importance of 
phagotrophy as phosphorus or nitrogen source for 
some mixotrophic species has been shown. By feeding 
radioactively labelled bacteria to photosynthetic dino- 
flagellates (e.g. Alexandrium tamarense), Nygaard 
& Tobiesen (1993) showed that up to 100% of the 
phosphorus requirements of dinoflagellates could be 
supplied by phagotrophy. In N-limited surface waters 
of Chesapeake Bay, USA, the dinoflagellate Gymno- 
dinium sanguineurn could potentially meet 15 % of 
its nitrogen requirement through the ingestion of 
small ciliates (Bockstahler & Coats 199310). In contrast, 
phagotrophy in the dinoflagellate Fragilidium subglo- 
bosum occurs in nutrient-replete B-medium and is not 
related to nutrient limitation (Skovgaard 1996). Bac- 
terivory in the non-dinoflagellate Dinobryon cylindn- 
cum (chrysophyte) provides a source of organic growth 
factors (i.e. vitamins) and/or mineral nutrients when 
dissolved forms are depleted (Caron et al. 1993). 

Under low light conditions, the advantage of mixo- 
trophy is considered to be due to the additional carbon 
source to balance low photosynthesis (Bird & Kalff 
1987). Mixotrophy by photosynthetic algae may not 
provide them with all the necessary elements to grow 
(Sanders & Porter 1988) but it may be enough to keep 
them alive under adverse light conditions. 

The aims of the present study were to investigate the 
potential for phagotrophy in the photosynthetic dino- 
flagellate Heterocapsa triquetra when growing under 
favourable and adverse nutrient and light conditions 

(nitrogen and phosphorus sufficiency/deficiency and 
light/darkness). Phagotrophy and particle size selec- 
tion by the dinoflagellate were quantified using differ- 
ent sizes of fluorescently labelled algae (FLA). 

MATERIALS AND METHODS 

Phytoplankton cultures. The photosynthetic dinofla- 
gellate species Heterocapsa triquetra (LAC25SK91) 
was isolated from the Skagerrak (Sweden). Batch cul- 
tures were grown in f/2 and f/4 medium (Guillard & 
Ryther 1962) at a temperature of 16"C, salinity of 26%0 
and with a level of photosynthetically active radiation 
(PAR) of 100 pm01 m-2 S-' under a 16/8 h light/dark 
cycle. The algae used as FLA were a small unidentified 
autotrophic flagellate (LACllJA88, 3 pm), the cyano- 
bacterium Synechococcus (LAClOSK86, 1 pm) and the 
diatom Thalassiosira pseudonana (LAC23SK86, 6 pm). 
Cultures used in this study were obtained from the 
Lund Algal Collection (LAC) (Dept of Marine Ecology, 
Lund, Sweden). 

FLA preparation. We followed the procedure of 
Rublee & Gallegos (1989) adapted from the method of 
Sherr et al. (1987) for preparing fluorescing bacteria. 
However, to ensure a low phosphorus concentration in 
the seawater, no phosphate buffer was used to dilute 
FLA just before its addition to the Heterocapsa trique- 
tra culture. The algae used as FLA (flagellates, cyano- 
bacteria, diatoms) were stained with 5-(4,6-dichlorotri- 
azin-2-yl) aminofluorescein (DTAF). Ingested cells 
were enumerated and identified by size differences 
using epifluorescence microscopy. 

Experimental designs. (1) Phagotrophy o f  Hetero- 
capsa triquetra under nutrient-replete versus nutrient- 
depleted conditions (Expt A): To test phagotrophy by 
H. triquetra under nutrient sufficiency, cells were har- 
vested during exponential growth in f/2 medium. To 
obtain nutrient-depleted conditions, batch cultures 
which were grown in f/4 medium were diluted with 
filtered (GF/F) sea water (salinity = 26%, NOg = 
0.08 pM and PO, = 0.01 pM) in late exponential phase, 
3 times in succession (every second day) Cultures 
were diluted each time by a factor of 5 (200 m1 of the 
culture was poured into 800 m1 f~ltered seawater). This 
dilution process was to ensure that nutrient concentra- 
tions would be low. 

A mixture of fluorescently labelled flagellates and 
cyanobacteria (10 ml) was added to 1 1 of nutrient- 
replete/depleted dinoflagellate culture (5 X 103 cells 
ml-') and mixed by gentle shaking. The initial abun- 
dance of each FLA species was 6 X 103 cells ml-'. 
Aliquots from these mixtures (dinoflagellates + FLA) 
were incubated in 60 m1 tissue culture flasks (4 repli- 
cates) In the light (100 pm01 m-' S-') and the dark. 
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Uptake of FLA by Heterocapsa triquetra was moni- 
tored over time for 48 h. Samples were removed imme- 
diately (time zero) and at  selected intervals (0, 0.5, 1, 2, 
3, 6, 12, 24, 48 h)  and were fixed with Lugol's solution 
and formalin (2 % final concentration). 

(2) Particle size selection b y  Heterocapsa triquetra 
in nutrient deplete medium (Expt B): Three different 
sizes of FLA (cyanobacteria, flagellates, diatoms) were 
used in these experiments. H. triquetra cells were 
maintained in nutrient-depleted conditions as de- 
scribed for Expt A. After the addition of the FLA mix- 
ture (cyanobacteria + flagellates + diatoms) (10 ml) to 
the 1 1 culture of H. triquetra (initial abundance: 3 X 

103 cells ml-l), 20 aliquots were incubated in 60 m1 
tissue culture flasks. Two parallel sets of treatments 
were run, one in the dark and one in the light. The 
relative density of each FLA species was 3 X 103 cells 
ml-' (diatom), 6 X 103 cells ml-' (cyanobacteria), and 
6 X 103 cells ml-l (flagellate). The flasks were gently 
shaken twice a day to allow the resuspension of FLA in 
the medium. Cultures were monitored for 5 d ,  with 
4 replicates sampled at each time (0, 6, 24, 48, 111 h) 
for FLA and H. triquetra enumeration. H. triquetra cell 
volumes were measured at 0, 24,48 and 11 1 h. Control 
flasks contained H. triquetra and no FLA. Volumes and 
numbers of H. triquetra cells were quantified from 
these flasks initially and at 111 h. Dimensions of at 
least 50 cells were measured for calculations of cell 
volumes. Stereometric formulae in Edler (1979) were 
followed and cell carbon was then calculated using a 
conversion factor of 0.13 pg C pm-3 for the dinoflagel- 
late (Smetacek 1975) and 0.11 pg C pm-3 for the FLA 
(Strathmann 1967). 

(3) Effect o f  bacterial/chemical decomposition on 
FLA (Expt C): This was studied in the absence of Hete- 
rocapsa triquetra cells. 500 m1 of H. triquetra culture 
was filtered on a 3 pm polycarbonate membrane. After 
the addition of FLA mixture (diatoms, flagellates and 
cyanobacteria) to the filtrate, 2 sets of 3 replicates were 
incubated in 60 m1 tissue culture flasks in the dark and 
the light. FLA species densities were counted initially 
and at 111 h. 

Analytical methods. (1) Cell counts: Cell abundance 
of Heterocapsa triquetra was determined on samples 
fixed using Lugol's solution using a particle counter 
with a 400 pm aperture (HIAC/ROYCO 9064). Samples 
for counting FLA were fixed with Lugol's and formalin 
(2 % final concentration). The brown colour of Lugol's 
solution was bleached by adding 1 or 2 drops of sodium 
thiosulfate (3 %). FLA were counted after filtration of 4 
to 5 m1 subsample on 0.2 pm black Nuclepore filters. 
The mounted samples were kept frozen until micro- 
scopic observation. At least 80 to 100 cells of H. trique- 
tra were counted for each replicate in the uptake exper- 
iments. The number of FLA counted was at least 300 for 

each replicate in the disappearance experiments. Ob- 
servation of H. triquetra cells and enumeration of FLA 
were performed using a Leitz Dialux 20 EB epifluores- 
cence microscope equipped with a BP450-490 excita- 
tion filter, a 515 barrier filter and a 510 beam splitter. 

(2) Estimation o f  ingestion rates o f  F L A  b y  Hetero- 
capsa triquetra: Subsamples were fixed immediately 
after the addition of FLA to H. triquetra cultures so that 
a time zero value of ingested FLA per dinoflagellate 
cell could be determined. This value was used as a 
blank and subtracted from the number of ingested FLA 
observed in each sample. During short-term incuba- 
tion (Expt A), ingestion rate (FLA dino-' d-l) was calcu- 
lated from the slope of the number of FLA per dinofla- 
gellate cell versus time. 

During long-term incubation (Expt B), ingestion rate 
(IB) (FLA dino-l d-l) was calculated from the disap- 
pearance of FLA in the suspension during the incuba- 
tion: ZB = FLA/tHB where FLA is the amount of FLA 
removed from the suspension during the interval being 
considered, HB is the mean cell number of Heterocapsa 
triquetra (cells ml-') during the incubation, and t the 
incubation time (days). 

RESULTS 

Ingestion of FLA under nutrient-replete versus 
nutrient-depleted conditions 

In nutrient-replete medium (f/4), no ingested FLA 
were observed inside Heterocapsa triquetra cells incu- 
bated in the light and/or the dark (Expt A), therefore 
no data are presented. In nutrient-deficient medium, 
H, triquetra ingested FLA cells under both light and 
dark conditions (Expt A; Fig. 1). FLA were detectable 
inside H. triquetra cells after 30 min in short-term 
incubations (Expt A; Fig. 1). The number of FLA 
ingested per cell was linear for the first 6 h of incuba- 
tion in the light and the dark but decreased thereafter 
(Fig. 1). Ingestion rates of FLA by H. triquetra (cal- 
culated by linear regression over 6 h) were higher in 
the dark (0.38 + 0.12 FLA dino-' d-l) than in the light 
(0.16 + 0.03 FLA dino-l d-l) (Table 1). In these short- 
term incubations (Expt A), only the fluorescent flagel- 
late was observed inside H. triquetra, suggesting that 
Synechococcus cells were not ingested by the dino- 
flagellate. 

Particle size selection under 
nutrient-depleted conditions 

In Expt B, the ratio between the 3 FLA types did not 
vary significantly during the long-term incubation 
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Fig. 1.  Number of fluorescently labelled algae (FLA) ingested 
per Heterocapsa triquetra cell in nutrient-depleted cultures 
in the Light at an intensity of 100 pm01 m-' S-' on a 16/8 h 
light/dark cycle (Light) and in continuous darkness (Dark) 
(Expt A). Black and whjte bars indicate dark and light peri- 
ods Errors are + standard deviation based on replicate cul- 

tures (n = 4) for each treatment 

trlquetra, consistent with Expt A. Mean Ingestion rates 
of the fluorescent flagellate were thus calculated 
assuming that the uptake of FLA was linear over 6 h 
(as in Expt A;  Fig. 1). Ingestion rates were found to be 
lower in the light (0.10 + 0.04 FLA dino-' d-l) than In 
the dark (0.28 2 0.12 FLA dino-' d-l) but comparable to 
those previously calculated in Expt A (Table 1). Fluo- 
rescent diatoms were observed inside H. triquetra cells 
in samples taken after 24, 48 and 111 h dark incuba- 
tion. For the first 24 h, H. triquetra ingested only the 
flagellate but thereafter consumed both T. pseudonana 
and small flagellates (Fig. 2). After 24 h, the percent- 
age of ingested T. pseudonana increased from 0 to 
44 % of the total number of ingested FLA in the dark 
(Fig. 2 ) .  Some cells of H. triquetra contained a larger, 
yellowish dinoflagellate-like structure after 111 h of 
dark exposure. This particle structure was not recog- 
nizable as the fluorescent diatom. 

Phagotrophy in the light versus the dark 

Mean ingestion rates of each FLA were calculated 
by the disappearance of FLA (Table 2) from the suspen- 

(Table 2), indicating no quantitative or qualitative sion medium over the 111 h incubation period. Dis- 
change in prey availibility. In samples taken after 6 h appearance rates of the flagellate and the &atom by Het- 
of incubation in the dark and/or the light, only the flu- erocapsa triquetra cells maintained in the dark were 
orescent flagellate was observed inside Heterocapsa lower compared to cells incubated in the light (Table 1). 

In dark incubations, fluorescent flagel- 

Table 1 Changes in the density of FLA (cells ml-l) in suspensions of Hetero- lates disappeared more rapidly (0.15 * 
capsa triquetra cultured in nutrient-depleted medium in the light (L) at an inten- 0.04 FLA dino-l d-l) compared to fluo- 
sity of 100 pm01 m-' S-', and in the dark (D) (Expt B). R :  ratio of Thalassios~ra rescent diatoms (0.07 + 0.02 FLA dine-l 
pseudonana/other FLA (flagellates + cyanobacteria). Errors are + l  standard 

deviation based on replicate cultures (n = 4) in each treatment 
d-l) (Table 1). In light incubations, dis- 
appearance rates were comparable to - - 

Table 2. Ingestion rates of EJeterocapsa triquetra determined in nutrient-depleted cultures in the light (L) at an  intensity of 
100 pm01 m-' S-' and in the dark (D). Ingestion rates were calculated (A) by linear regression of the number of ingested FLA 
(flagellate only) over 6 h incubation (Expts A and B) ,  and (B) by the disappearance of FLA (flagellate + diatom) from suspension 

over 11 1 h incubation (Expt B) Errors are + 1 standard deviation based on replicate cultures (n = 4) in each trcdtment 

R T pseudonana Other FLA 
L D L D L D 

Initial 2725 + 220 2725 1: 220 12756 rt 665 12756 t 665 0.2 0.2 
24 h 2424+ 156 2229k326 13877+766 134452 1290 0 17 0.16 
48 h 2282 + 114 2467 + 223 13231 + 912 12184 + 730 0.17 0.2 

111 h 1904 * 122 1990 5 322 10134 * 471 11329 * 903 0.19 0.17 

(A) Measured by FLA uptake 
(FLA dino-' d.'] 

Expt A Expt B 

L D L D 
FLA 0.16 r 0.03 0.38 i 0.12 0.10 r 0.04 0.28 5 0.12 
Flagellate 0.16 + 0.03 0.38 * 0.12 0.10 * 0.04 0.28 * 0.12 

l, h T pseudonana - - - - 

dark values for the fluorescent diatom 
(0.09 k 0.02 FLA dino-' d-l) but sig- 
nificantly hiuher for the fluorescent . ., 
flagellate (0.31 + 0.07 FLA dino-l d-l) 
(Table 1).  This contradicts previously 
calculated figures of (1) the ingestion 
rates calculated over the first 6 h incu- 

(B) Measured by FLA disappearance 
(FLA dino-' d-l) 

Expt B 

"Not present in the FLA mixtures; "not observed to be ingested after 6 h 



Legrand et al.: Induced phagotrophy In Heterocapsa trjquetra 69 

0 

E-" 
0 6 24 45 1 1 1  

Time (h) 

Fig. 2. Relative proportion of fluorescently labelled flagellates 
and diatoms ingested per Heterocapsa triquetra in nutrient- 
depleted cultures and in continuous darkness (Expt B). Per- 
centage of ingested FLA was calculated as the number of 
flagellates and diatoms observed inside H. triquetra cells 

divided by the total number of FLA ingested 

bation (Expt A and B; Table 2) which showed a lower 
uptake of fluorescent flagellates in the light, and (2) the 
microscopical observations where fewer fluorescent 
diatoms were observed inside H. triquetra cells main- 
tained in the light (Fig. 2). 

The amount of FLA (% of total FLA number) re- 
moved from the Heterocapsa tr~quetra s.uspension was 
11 % (dark) and 20 % (light) for the flagellate and 27 % 
(dark) and 30% (light) for the diatom (calculated from 
Table 1). Densities of each FLA type did not vary 
significantly during the 111 h dark incubation in the 
filtrates of H. triquetra (Expt C) .  A slight decrease (8 % 
of the total cells) in Thalassiosira pseudonana number 
was observed in light treatments (Expt C; Table 3). 

Effect of phagotrophy on Heterocapsa triquetra cell 
numbers and volumes 

The abundance of Heterocapsa triquetra cells (with 
addition of FLA) decreased during the incubation in 
both dark and light bottles (Fig. 3A). Conversely, the 

Table 3. Changes in the density of FLA (cells ml-l) in culture 
filtrates of Heterocapsa triquetra incubated in the light (L) at 
an intensity of 100 pm01 m-2 S- '  and In the dark (D) (Expt C). 
Errors are 21 standard deviation based on replicate cultures 

(n = 3) in each treatment 

Initial 2725 * 219 2632 213 12756 * 665 11655 + 801 
111 h 2507 * 222 2309 & 240 13134 * 945 12203 + 1022 

- - - A L~ght 

d Dark 

l 

I d Dark 

l 00 0 1  
0 50 100 150 

T ~ m e  (h) 

P 
1 1 :oo 02 00 

Fig. 3. (A) Growth of Heterocapsa triquetra and (B) biomass 
concentration in nutrient-depleted cultures in the presence of 
FLA in the light at an intensity of 100 pm01 m-2 S-' on a 16/8 h 
light/dark cycle (Light) and in continuous darkness (Dark) 
(Expt B ) .  Black and white bars indicate dark and light periods. 
Carbon biomass was calculated as (cell volumes X 0.11 X cell 
number). Errors are * standard deviation based on replicate 

cultures (n = 4) for each treatment 

mean carbon biomass values of H. triquetra increased 
from 300 to 450 pg C 1-' during the experiments in dark 
and light treatments (Fig. 3B). In treatments with 
added FLA, the average cell volume increased from 
1076 + 664 pm3 (initially) to 1769 k 768 pm3 in the light 
and 1735 * 1297 pm3 in the dark treatments. In the 
same conditions but with no FLA added, the average 
cell volume of H. triquetra decreased over the 111 h 
incubation from 1234 ? 441 (initially) to 784 k 
272 pm%n the light and 526 * 285 pm3 in the dark. 
However, these average values did not reflect the 
morphological changes of H. triquetra cells that had 
ingested FLA. Cells with the ingested Thalassiosira 
pseudonana increased up to 2 times in length in rela- 
tion to a normal photosynthetic cell (an increase in cell 
volume between 2 and 5 times). Initially, about 90% 
of the cells had an average cell volume lower than 
1300 pm3 in all treatments (Fig. 4) .  After 111 h incuba- 
tion in the light/dark and with addition of FLA in the 
cultures, the frequency of smaller cells (<l000 pm3) 
decreased considerably from 60 to 10-20% (Fig. 4A). 
Concurrently, the frequency of larger cells increased 
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Fig. 4 .  Changes In cell volume (v) distribution of Heterocapsa tnquetra cultured In nutnent-depleted and in Ilght/dark condt~ons 
(A) with addition of FLA and (B) without FLA. Dimensions of at least 50 cells were measured for calculation of cell volume 
following stereometric formulae in Edler (1979). Errors are t standard deviation for H. triquetra cell volume (v) and number (n) 

in the light and the dark, with increases mostly in the 
volume classes 1000 to 2000 and 2000 to 3000 pm3. The 
frequency of the largest cells (>3000 up to 5000 pm3) 
increased from 2 to 8 % in the dark and 4 % in the light 
(Fig. 4A).  In the treatments with no addition of FLA, 
80 to 96% of the cells had a volume <l000 pm3 and 
none were greater than 2000 pm3 (Fig. 4B). 

Importance of phagotrophy for 
Heterocapsa triquetra population 

During the incubation in nutrient-depleted medium 
(Expt B) the number of dinoflagellate cells containing 
FLA cells varied between 2 and 30 % of the total num- 
ber of Heterocapsa triquetra cells in both the light and 
the dark (Fig. 5). A maximal value (30 5 4%) was 
observed after 6 h of incubati.on Ln darkness, due to the 
ingestion of small flagellate cells. For H. triquetra 
maintained in the light, the percentage of H. tnquetra 
cells observed with ingested FLA was between 3 and 
12% of the total population (Fig. 5). 

- 40 
2 - Light 

0 6 24 48 1 1 1  
Time (h) 

Fig. 5. Percentage of Heterocapsa triquetra cells observed 
with ingested FLA in nutrient-depleted cultures in the light 
(100 pm01 m-' S-', 16/8 h light/dark cycle) and in continuous 
darkness (Expt B) Dinoflagellate cells were observed using 
epifluorescence mlrcoscopy. Values at 0 h were obtained after 
fixation of H. tnquetra cell samples at time = 0. Percentages 
were calculated as the total number of ingested FLA dlvided 
by the total number of H. triquetra cells in the cultures. 
Errors bars represent the standard deviation based on 4 

replicates for each treatment 
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DISCUSSION 

This study showed that in nutrient-depleted medium 
only, the thecate dinoflagellate Heterocapsa triquetra 
was able to ingest fluorescently labelled algae (FLA) in 
the light and in the dark. There was also evidence of 
prey size selectivity, since the dinoflagellate ingested 
fluorescent flagellates (3 pm) and diatoms (6 pm) but 
not cyanobacteria (1 pm). 

Nutrient conditions 

Ingestion of FLA by Heterocapsa triquetra only 
occurred in nutrient-depleted medium. No ingested 
FLA were observed when the dinoflagellate was cul- 
tured under high nutrient conditions. These findings 
confirm the idea that mixotrophy may be stimulated for 
some mixotrophic species under limiting nitrogen and 
phosphorus conditions. However, there are contrasting 
results for different phytoplankton species. Some stud- 
ies have shown that prey ingestion increased when 
nutrients were reduced (Nygaard & Tobiesen 1993, 
Keller et al. 1994, Legrand et al. 1996) and there are 
others that state that mixotrophy could be particularly 
advantageous in nutrient-limited environments (Estep 
et al. 1986, Sanders 1991, Arenovski et al. 1995). How- 
ever, nutrient concentration had no effect on phagotro- 
phy for the freshwater chrysophyte Poterioochromonas 
malhamensis (Caron et al. 1990). Although observa- 
tions of some natural plankton communities suggest 
that the proportion of mixotrophs is highest in nutrient- 
limited marine and freshwater environments (Riemann 
& Christoffersen 1993, Jones 1994), high rates of inges- 
tion by mixotrophs have been reported in a eutrophic 
lake (Sanders et al. 1989) and a eutrophic estuary 
(Chesapeake Bay) (Bockstahler & Coats 1993a, b, Li et 
al. 1996, Stoecker et al. 1997). The relationship be- 
tween trophic status and the number of mixotrophs or 
their rates of phagotrophy appears to be related to a 
large diversity among mixotrophic species, i.e. differ- 
ent species of mixotrophs ingest particles for different 
elements such as carbon, major nutrients, or micronu- 
trients. In some species (e.g. Dinobryon cylindricum), 
the ingestion of bacteria can constitute up to 45-100 % 
of the cellular nitrogen and phosphorus of the alga 
(Caron et al. 1993). Mixotrophy in H. triquetra could be 
a successful strategy for phagotrophic uptake of nitro- 
gen and phosphorus when these elements are limiting. 

Light conditions 

Light levels during the incubation period also in- 
fluenced FLA uptake by Heterocapsa tnquetra. During 

short-term incubations (c24 h), FLA ingestion rates 
were higher in the dark (0.28 to 0.38 FLA dino-' d-l) 
than in the light (0.1 to 0.16 FLA dino-' d-l). However, 
during the long-term incubation period (1 11 h), when 
ingestion rates were calculated by the disappearance 
of FLA from suspension, H. triquetra showed lower 
ingestion rates of FLA in the dark (0.21 FLA dino-' d-l) 
compared to the light (0.39 FLA dino-' d-l). As with 
dissolved nutrients, the effects of light on phagotrophy 
are not consistent between species. Earlier investiga- 
tions showed that ingestion of particles by the photo- 
synthetic flagellate Poterioochromonas malhamensis 
was induced at low light intensity when grazing was 
measured after the transfer of the cells from continuous 
darkness to relatively bright light (Porter 1988). In 
similar experiments, Sanders et al. (1990) allowed the 
same strain of P. malhamensis to adapt to various light 
intensities before grazing measurements and found 
little or no effect of light on the ingestion or growth 
rates of P. malhamensis. Aaronson (1974) suggested 
that light was not an  important regulator of feeding 
for Ochromonas danica because the percentage of 0 .  
danica containing ingested cells remained constant 
during light and dark conditions. Andersson et al. (1989) 
reported no effect of light on the growth of a mixo- 
trophic Ochrornonas sp. isolated from the Baltic Sea 
except when it was maintained in axenic conditions in 
an organic-free medium. However, the phagotrophic 
uptake of bacteria by a marine Ochromonas sp., iso- 
lated from the Sargasso Sea, was lower under light- 
limiting conditions (Keller et  al. 1994) and growth rates 
of a freshwater Ochromonas sp, were greater in the 
light compared to the dark (Rothhaupt 1996). In the 
present study, the discrepancy between ingestion rates 
of FLA calculated from the short- (i.e. ingestion rate) 
and long-term (i.e. disappearance rate) incubations 
indicates that FLA uptake by H. tnquetra decreased 
over time in the dark, provided that the disappearance 
of FLA was not due to significant bactenal/chemical 
deterioration during the incubation. Similarly, the in- 
gestion of bacteria by Dinobryon cylindncum occurred 
in the dark but the cells rapidly ceased ingesting bac- 
teria after 5 d (Caron et al. 1993). The potential phago- 
trophy of H. triquetra in the dark may be important 
in environments where light cannot support photo- 
synthesis for short periods. 

Die1 cycle and circadian rhythms are important as- 
pects in the physiology of dinoflagellates (Roenneberg 
1996). Feeding by the mixotrophic dinoflagellate Proro- 
centrum is initiated during the second half of 
the light period and may continue until nutrient quotas 
for cell division are met (Stoecker et al. 1997). One pos- 
sible explanation for the discrepancy between lower 
uptake and higher disappearance rates of FLA in Hete- 
rocapsa triquetra cultures incubated in the llght may be 
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that feeding rate was regulated by nutrient quotas for 
photosynthesis. Tngestlon rates in H. tnquetra may have 
increased during the incubation when the nutrient de- 
mand created by photosynthesis was enhanced. 

However, it remains unclear why the number of Het- 
erocapsa triquetra cells observed which had ingested 
FLA during the long-term incubation in the light was 
so low (3 to 12% of the total cell number) and contra- 
dicted the ingestion rates calculated from the disap- 
pearance of FLA from suspension during the same 
period. Prey digestion is assumed to be a rapid process 
(< l  h) in heterotrophic nutrition (Jones et al. 1993). In 
the present study, the number of FLA per cell versus 
time showed approximately a linear increase over 24 h, 
suggesting a longer digestion process than previously 
reported for other mixotrophic species (Jones et al. 
1993). After the initial 24 h,  microscopic observations 
of H. triquetra cells had low temporal resolution which 
may not be appropriate to assess the real percentage of 
phagotrophic cells. 

Prey discrimination 

Flagellates are able to differentiate particles accord- 
ing to their size (Bird & Kalff 1987, Sanders & Porter 
1988), motility (Kawachi et al. 1991) or attraction as 
food source (Jones et al. 1993). Heterocapsa triquetra 
ingested heat-killed fluorescent flagellates and diatoms 
despite their potential low nutritional value, but inges- 
tion rates were low. Discrimination on living versus 
heat-killed prey has been demonstrated for ciliates 
(Putt 1991), marine heterotrophic flagellates (Landry et 
al. 1991), and mixotrophic algal species (Jones et al. 
1993). Ingestion rates in those studies were 2 to 20 
times higher when grazers were feeding on living 
prey. Sherr et  al. (1989) did not find this kind of selec- 
tivity for heterotrophic flagellates, nor did Nygaard 
& Hessen (1990) for the mixotrophic flagellate Ochro- 
monas minima. 

Heterocapsa triquetra did not ingest fluorescent 
cyanobacteria cells but fluorescent flagellates and 
diatoms were observed inside the dinoflagellate. This 
discrimination between the cyanobacteria and the fla- 
gellate or the diatom may be related to the size of the 
prey. Dinoflagellates often ingest cells their own size 
(Hansen et  al. 1994) or even larger (Skovgaard 1996, 
Hansen & Nielsen 1997). These authors observed the 
ingestion of Ceratium spp. by a smaller dinoflagellate 
Fragilidium subglobosum. Their work suggests that 
bacteria-size prey (e.g. cyanobacteria) are too small to 
be ingested by dinoflagellates. Although the presence 
of bacteria in dinoflagellate food vacuoles has not been 
observed, the ingestion of radioactively prelabelled 
bacteria ( < l  pm) with 'H-thymidine and I4C-protem by 

various dinoflagellates has been demonstrated (Lessard 
& Swift 1985, Nygaard & Hessen 1990). However, this 
could be a step-wise transfer of radioactivity with het- 
erotrophic nanoflagellates ingesting labelled bacteria 
and dinoflagellates ingesting the nanoflagellates. The 
possibility that labelled bacteria could be attached to 
the theca of dinoflagellates, i.e. not ingested, cannot 
be discarded. Several dinoflagellates were reported 
to ingest living 5-chloromethyl fluorescein diacetate 
(CMFDA)-labelled nanoflagellates (4 to 6 pm) but 
showed no evidence for ingestion of a CMFDA-labelled 
diatom during short-term incubations (4 h) (Li et al. 
1996). In the present study, the FLA ingested were 
composed exclusively of the small flagellate during 
short-term incubations (<24 h) ,  whereas during long- 
term incubations H. tnquetra was found to also ingest 
the diatom Thalassiosira pseudonana. The percentage 
of ingested diatoms observed in H. triquetra cells in- 
creased from 0 to 44 % (of total FLA ingested) during 
the 111 h dark incubation. This switch in food prefer- 
ence suggests a change in prey availability, which also 
has a major influence on ingestion rates (Porter 1988, 
Jones et al. 1993). However, the ratios between fluo- 
rescently labelled diatoms and flagellates remained 
constant in the suspension during the long-term incu- 
bation~. H. triquetra ingested more flagellates (0.1 to 
0.38 FLA dino-l d-l) than diatoms (0.07 to 0.09 FLA 
dino-l d-') in terms of FLA abundance in all treat- 
ments. However, the contribution of the diatoms to the 
dinoflagellate C requirements would be greater, 
assuming higher cellular carbon content in diatoms 
(22 pg C cell-') than in flagellates (0.9 pg C cell-'). 

In several cases, dinoflagellate-like structures were 
observed inside some Heterocapsa triquetra cells, sug- 
gesting that H. triquetra might be capable of canni- 
balism. Possible cannibalism has been reported by 
Wawrik (1970) at the end of a Cryptomonas sp. bloom. 
Indications of cannibalism have been made in Proto- 
peridinium spp. (Jeong & Latz 1994) and Ochromonas 
sp. (Aaronson 1974). In our studies, only 4 cells from 
the dark treatments were observed with this peculiar 
inclusion which looked partially digested, so if canni- 
balism does occur it is very infrequent. An increasing 
number of marine dinoflagellates are known to have 
sexual life cycles and under appropriate conditions 
gametes are produced (Cetta & Anderson 1990, Kita et 
al. 1993). Gametes are generally smaller than the veg- 
etative cell and have been observed in dense, actively 
growing or old (presumably nutrient depleted) labora- 
tory cultures (Walker & Steidinger 1979). As pointed 
out by Walker (1984), gamete formation is induced by 
many different conditions among dinoflagellates 
species. We can thus not exclude the possibility that 
the peculiar inclusion inside H. triquetra, resembling a 
small cell, could be a gamete. 
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Importance of mixotrophy to Heterocapsa triquetra 

Among the mixotrophic phytoplankters, phagotro- 
phy may be a mechanism of gaining carbon (Sanders & 
Porter 1988) and true phagotrophy should induce 
growth of the phytoplankter. In our studies, Hetero- 
capsa triquetra cell numbers decreased during the 
incubations with or without addition of FLA, and there 
was no evidence of cell division. As discussed above, 
phagotrophy in H. tnquetra may provide major nutri- 
ent sources but the inability of the dinoflagellate to 
divide suggests a lack of some essential element 
required for cell division. 

In oligotrophic environments, phytoplankton cell 
volumes decrease when nitrogen and phosphorus are 
limiting (Rhee 1978, Suttle & Harrison 1988). The large 
decrease of Heterocapsa triquetra cell volumes incu- 
bated without FLA in nutrient-depleted medium fol- 
lowed this pattern. However, these results are poten- 
tially in conflict with the cell size increase reported 
for H. tnquetra in culture after depletion of nitrogen 
(Latasa & Berdalet 1994). In the presence of FLA, mean 
H. triquetra cell volumes increased approximately 1.6 
times during the course of the experiments. 

In our study, Heterocapsa triquetra cell volume dis- 
tribution showed a substantial increase (15 to 20 %) in 
the frequency of cells up to 2 to 3 times larger than the 
initial cells. Previous studies have reported an increase 
of the size of phagotrophic cells such as Gymnodinium 
spp. (Strom 1991). Goldman & Dennett (1990) deter- 
mined that the microflagellate Paraphysomonas could 
increase or decrease its cell volume by a factor of 5, 
depending on the size of the food source. Microscopi- 
cal observations of H. triquetra cells incubated in the 
dark revealed that the volume increase was partly due 
to the accumulation of phagocytosed cells (mainly the 
diatom). Based on the ingestion rates of FLA calculated 
from their disappearance from the suspension, we 
hypothesize that the same process occurred in H. tri- 
quetra cultures incubated in the light although, as dis- 
cussed earlier, no ingested diatoms were observed 
inside the dinoflagellate cells. 

The contribution of FLA in terms of carbon to the 
increase in Heterocapsa triquetra cell volume was esti- 
mated from the ingestion rates calculated from the dis- 
appearance of FLA from the suspension in Expt B 
(Table l) ,  assuming an increase in the dinoflagellate 
cell volume of [(l735 - 1076) pm3 X 0.131 = 85 pg C 
cell-' in the dark and [(l769 - 1076) pm3 X 0.131 = 90 pg 
C cell-' in the light (Fig. 4). Carbon content of the fluo- 
rescent flagellate (0.9 pg C cell-') and the fluorescent 
diatom (22 pg C cell-') were estimated from cell vol- 
ume. Ingested FLA contributed 11.5% (Light) and 8% 
(dark) carbon of H. triquetra cell volume increase. 
Given the large variations observed in the cell volume 

distribution, these estimations have to be taken with 
caution. If the extra volume gained by the H. triquetra 
cells was mostly water, our estimations of the signifi- 
cance of FLA as C source would be underestimated. 
Similar low organic carbon acquisition through phago- 
trophy has also been observed in the freshwater 
flagellates Cryptornonas sp. (Tranvik et al. 1989) and 
Dinobryon cylindricurn (Caron et al. 1993). The low 
contribution of FLA to H. triquetra biomass suggests 
that alternative carbon sources were utilized to synthe- 
size new cell material but not new cells. 

Despite low ambient N and P levels some algal cells 
can store sufficient intracellular nutrients for several 
subsequent divisions (Pollingher et al. 1988). Chlorella 
ellipsoids can increase in cell number 4-fold during 
dim light exposure and then remains in the stationary 
phase despite a continual decrease in cell volume 
(Tamiya et al. 1953). In the absence of FLA, Hetero- 
capsa triquetra biomass decreased dramatically and 
this does not support the sole utilization of intracellular 
storage products to sustain the dinoflagellate biomass 
increase with addition of FLA. The low ingestion rate 
of FLA by H. triquetra reported in this study could be 
explained by a reasonable supply of dissolved organic 
substances present in the seawater used for the exper- 
iment (Carlsson et al. 1993). H. tnquetra has the ability 
to utilize dissolved organic carbon (Morrill & Loeblich 
1979). In addition, there was probably significant 
leaching of organic material from the heat-killed FLA 
and from the lysed H. triquetra cells during the incu- 
bation. This may have led to the uptake of organic sub- 
stances and may explain the discrepancy between bio- 
mass increase and FLA ingestion. Poterioochromonas 
malhamensis particle ingestion was shown to be inhib- 
ited by increasing glucose concentrations in laboratory 
experiments (Porter 1988). However, Sanders et al. 
(1990) found no indication that high concentrations of 
glucose, vitamins or dissolved inorganic N and P inhib- 
ited grazing by the same strain of Poterioochromonas. 
Therefore it remains unclear whether the dinoflagel- 
late H. triquetra was capable of osmotrophy and phago- 
trophy at the same time. 

In conclusion, we have shown that Heterocapsa tn- 
quetra was capable of phagotrophy in nitrogen- and 
phosphorus-depleted medium, ingesting FLA under 
dark and light conditions. Phagotrophy was higher in 
the dark during short (c24 h) incubations. However, 
the ingestion of FLA by H. triquetra increased in the 
light over longer periods (4 to 5 d) .  The dinoflagellate 
was observed to discriminate between different types 
of FLA, ingesting flagellates and diatoms but not 
cyanobacteria. In these studies, phagotrophy by H. tn'- 
quetra only contributed to a low extent ( ~ 1 0 % )  to the 
total carbon budget of the entire population as has 
been shown for other oceanic nanoflagellates (Estep et 
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al. 1986). The low ingestion rates of FLA by H. trique- 
tra and the absence of dividing cells observed in these 
studies call into question the importance of phagotro- 
phy for the growth of this dinoflagellate. Phagotrophy 
in H. tnquetra may have a potential importance in the 
maintenance of the population biomass in environ- 
ments where light or nutrients cannot fully support 
photosynthesis. 
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