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ABSTRACT: In order to experimentally investigate feeding by mixotrophic dinoflagellates, we devel-
oped protocols for the use of live protistan prey as markers of ingestion. CMFDA (5-chloromethyl-
fluorescein diacetate), a vital green fluorescent stain, was used to label cultures of photosynthetic
nanoflagellates, a diatom, and an oligotrichous ciliate. Cryptophytes were not readily stained with
CMFDA, but phycoerythrin-containing members of this phylum have a distinct yellow-orange fluores-
cence and thus can be used unstained to demonstrate ingestion. With these complementary tech-
niques, we qualitatively demonstrated feeding by the dinoflagellates Ceratium furca, Gymnodinium
sanguineum, Gyrodinium estuariale, Prorocentrum minimum (= mariae-lebouriae) and Peridinium
brevipesin natural assemblages from Chesapeake Bay, USA. We also used CMFDA-stained Isochrysis
galbana (Prymnesiophyta) and unstained Cryptomonas sp. (Cryptophyta) in laboratory and field
studies, respectively, to examine prevalence of feeding by G. estuariale as a function of prey density
However, determination of in situ grazing rates for mixotrophic dinoflagellates proved difficult, as only
a small percentage of cells contained labeled food vacuoles following short incubations (< 4 h) with
stained prey added at tracer concentrations. The use of CMFDA-stained cells and phycoerythrin-
containing prey as markers of ingestion should also be applicable to species-specific feeding studies
with other phagotrophic protists and micro-metazoa. The protocols presented here have advantages
over the use of tfluorescent microspheres or fluorescently labeled heat-killed algae (FLA) for investi-
gating grazing or predation because many micrograzers do not readily ingest, or discriminate against,
inert particles.
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INTRODUCTION

Mixotrophy, used here for species that combine
phototrophy and phagotrophy, appears to be common
among the dinoflagellates (reviewed in Schnepf &
Elbréchter 1992}; however, few studies have quantified
feeding by photosynthetic members of this phylum.
In a laboratory experiment, Porter (1988) found that
the freshwater dinoflagellate Peridinium inconspicuum
ingested polystyrene beads at a rate of 0.40 beads
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cell”' h~!. More recently, Bockstahler & Coats (1993a, b)
used the protargol silver-staining technique to recog-
nize nanociliates ingested by the mixotrophic dino-
flagellates Gymnodinium sanguineum, Gyrodinium
uncatenum, and Ceratium furca and calculated in situ
grazing rates for G. sanguineum (<0.06 prey h™!) from
estimates of food vacuole content and digestion rate.
However, they were unable to identify the contents of
many food vacuoles (up to 81% in C. furca) using
protargol staining.

Evidence from fluorescent microscopy suggests that
photosynthetic dinoflagellates may ingest a variety of
prey in addition to those seen with the protargol tech-
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nique. For example, yellow-fluorescent inclusions,
which could be digestive vacuoles containing phyco-
erythrin, have been observed in Ceratium spp. (Chang
& Carpenter 1994). Without experimental data or
better characterization of inclusions using cytological
staining, electron microscopy, etc., it is impossible to
determine if these inclusion bodies are autophagic
vacuoles, accumulation bodies, endosymbionts, or the
remains of ingested prey (Spector 1984, Chang & Car-
penter 1994, Gordon et al. 1994, Zhou & Fritz 1994).

Visually detected surrogate prey, including dye and
starch particles, fluorescent microspheres, and fluores-
cently labeled, heat-killed bacteria (FLB) and algae
(FLA) have been used to investigate feeding behaviors
and to measure ingestion rates of planktonic protists
(Bird & Kalff 1987 Sherr et al. 1987 Rublee & Gallegos
1989, Sherr & Sherr 1993, Landry 1994). However, use
of surrogates to detect feeding may not be appropriate
for all types of protistan grazers, as some species dis-
criminate against or will not readily ingest inert par-
ticles, including heat-killed cells (Stoecker 1988, Verity
1991, Landry 1994). Phagotrophy by certain taxa may
go undetected using inert, surrogate prey, and species
that do ingest inert particles may exhibit atypical
ingestion rates compared to consumption of live prey
(Nygaard & Hessen 1990, Putt 1991). Discrimination
among particles appears to be greater in protists that
ingest relatively large particles, compared to their own
size, than in protists that consume many small particles
at one time (Stoecker 1988, Verity 1991). Dinoflagel-
lates usually prey on cells close to their own size
(Hansen et al. 1994}, thus use of inert surrogates to
detect dinoflagellate grazing may be particularly in-
appropriate.

Live, fluorescently stained prey represent a desir-
able alternative to inert particles when attempting to
detect feeding, determine feeding preferences, and
measure ingestion rates of dinoflagellates and other
protistan grazers. For example, hydroethidine has
been used as a vital stain for protists in single species
tracer studies of ciliate grazing (Putt 1991). However,
hydroethidine has not come into common use as a
tracer in ecological studies due to its toxicity and red
fluorescence, which is similar to that of chlorophyll
(Putt 1991).

To experimentally investigate feeding by photosyn-
thetic dinoflagellates, we developed new protocols for
the use of live protistan prey as tracers of ingestion. We
report 2 techniques for studying dinoflagellate feed-
ing in culture and natural assemblages: addition of
vitally stained protists and addition of phycoerythrin-
containing cryptophytes. CMFDA (5-chloromethyl-
fluorescein diacetate) was used to label prey, because
it is a vital stain that has a bright green fluorescence
(Haugland 1994), easily distinguished from the red

chlorophyll fluorescence found in most photosynthetic
cells. Furthermore, CMFDA is metabolized to an alde-
hyde-fixable, thiol-conjugated product that is trapped
within cells for at least 72 h. While this dye carries
a warning as a possible human hazard, its toxicity
appears to be extremely low, as CMFDA has been
used to stain living cells for several generations (Haug-
land 1994). The cryptophytes Pyrenomonas salina
and Cryptomonas sp. were chosen as unstained prey
because they contain phycoerythrin which is yellow or
orange fluorescent and thus, these phytoflagellates are
distinguishable from non-phycoerythrin containing
cells. Both genera are common components of the
nanoplankton in estuarine and coastal waters in which
dinoflagellates are also abundant (McCarthy et al
1974, Marshall 1980, 1994).

MATERIALS AND METHODS

Protist cultures. Isochrysis galbana (strain [so =
CCMP1323, 4 um), Pyrenomonas salina (= Chroo-
monas salina; strain 3C = CCMP1319, 6 to 9 um), and
the dinoflagellate Heterocapsa triquetra (strain HT984
= CCMP448, 14 to 20 pm) were obtained from the
Provasoli-Guillard Center for the Culture of Marine
Phytoplankton, West Boothbay Harbor, ME, USA.
Cryptomonas sp. (strain HP9001, 4 to 7 ym) and a small
centric diatom (strain L, 3 to 4 pm) were obtained from
Dr T. Kana at Horn Point Environmental Laboratory
(HPEL, Cambridge, MD, USA). Gymnodinium san-
guineum (strain Gymno, 40 to 60 pym) and Gyrodinium
estuariale (strain GE, 10 to 15 pm), and the oligotric-
hous ciliate Strobilidium sp. (strain Stro, 16 to 20 pm)
were isolated from the mesohaline portion of Chesa-
peake Bay (USA) by D.W.C. and A.L. All cultures were
maintained at HPEL and grown at 20°C. Algal species
were cultured in {/2 medium on a 12:12 h light:dark
cycle under cool white fluorescent bulbs (150 pE m™2
s™!), with silicate added to the medium for growth of
the centric diatom. Strobilidium sp. was cultured in {/2
medium on a 14:10 h light:dark cycle at about 50 nE
m-~? 57!, with I. galbana added as the food source.

Staining and fixation. To determine the optimal con-
centration of CMFDA (Molecular Probes®) and appro-
priate staining time for labeling potential prey. we
exposed log-growth cultures of Isochrysis galbana,
Pyrenomonas salina, Heterocapsa triquetra, a centric
diatom, and the ciliate Strobilidium sp. to 0.1, 1.0, and
3.0 uM CMFDA for 0.5, 1.0, and 3.0 h. Working solu-
tions of CMFDA were obtained by diluting a 100 uM
stock solution prepared in dimethyl sulfoxide using /2
medium, and staining was always carried out in the
dark to minimize the effect of light on the chemical
reaction. Samples were preserved with cold (4°C)
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glutaraldehyde at a final concentration of 1% and
examined as described below.

The ability to detect CMFDA-stained prey inside of
dinoflagellate food vacuoles was examined following
fixation with 4°C glutaraldehyde and buffered (hexa-
methylamine) formaldehyde, separately. A 1 ml vol-
ume of Strobilidium sp. culture was stained with 1 pM
of CMFDA for 1 h and then added as prey to 100 ml of
Gymnodinium sanguineum culture. The mixture was
incubated at 21°C and 100 pE m™? 57!, with 10 ml sub-
samples preserved after 3 h at final concentrations of
0.5, 1.0, or 2.0% for both fixatives.

Aliquots (2 ml) of preserved samples were gently
concentrated by filtration onto 2 pm pore size black
membrane filters (Poretics Corporation®). Each filter
was mounted on a glass slide using immersion oil
(Resolve® low viscosity, low fluorescence), an addi-
tional drop of 01l was then added to the top of the filter,
and the preparation was capped with a coverslip.
Slides were stored frozen at -20°C and were sub-
sequently examined with epifluorescent microscopy
(Zeiss filter set 487709: BP450-490 exciter filter, FT510
dichromatic beam splitter, and LP520 barrier filter).

Feeding experiments with CMFDA-labeled protists.
The applicability of the CMFDA technique to dinofla-
gellate feeding studies was tested using Isochrysis gal-
bana as prey and Gyrodinium estuariale as the preda-
tor. I. galbana culture (1 x 107 ml"!) was stained with
1 pnM CMEFDA for 1 h, and 0 to 2.5 ml was then added
to a duplicate series of flasks containing 100 ml of
exponentially growing G. estuariale culture (3 x
10° ml™!) to achieve prey densities ranging from 0 to
2.5 x 10° cells ml™\. Controls for direct uptake of stain
by the dinoflagellate consisted of filtrate from stained
I. galbana (Acrodisc® syringe filter, 0.2 pm pore size)
added to a parallel series of duplicate G. estuariale
cultures. Treatments and controls were incubated for
4 h at 22°C and 150 uE m? s~ At the end of the incu-
bation, subsamples were fixed, filtered, and slides
examined using epifluorescence microscopy. The first
100 G. estuariale encountered on each slide were
examined for the presence or absence of ingested prey,
determined as green-fluorescent inclusions (GFI).

Shipboard experiments to determine the feasibility
of using CMFDA-labeled prey to detect grazing by
natural assemblages of mixotrophic dinoflagellates
were done in July 1994. Water samples were collected
with Niskin bottles from the surface and the subsur-
face chlorophyll maximum or pycnocline at stations
along the axis of Chesapeake Bay (Stn 813: 38°13'N,
76°15'W,; Stn 818: 38°18'N, 76°17'W,; Stn BM4:
38°25'N, 76°23'W; Stn BM7: 38°25'N, 76°20'W;
Stn 744: 37°44'N, 76°11'W; Stn 724: 37°24'N,
76°05' W). Water samples were examined immediately
after collection for the presence (>1 cell ml™!) of Cer-

atium furca, Gymnodinium sanguineum, Gyrodinium
estuariale, Peridinium brevipes or Prorocentrum mini-
mum. We focused on these species because they com-
monly occur in the Bay during summer (Marshall 1980,
1994), and because they are either known to be
mixotrophic (Bockstahler & Coats 1993b) or have been
observed to contain inclusion bodies that might be
food vacuoles (Stoecker pers. obs.).

Cultures of potential prey were stained with 1 pM
CMFDA for 45 to 60 min, and then 1 to 1.8 ml of
labeled prey was added separately to 100 ml of sample
to achieve target prey densities of 2 x 10% ml! for
Isochrysis galbana, 2 x 10% ml™* for Strobilidium sp.,
and 2 x 10* ml™! for the diatom. A 0.2 pm syringe filter
(Acrodisc® was used to obtain cell-free filtrate of
CMFDA-labeled I galbana culture, and a volume of
this filtrate, equivalent to that of introduced prey, was
added to 100 ml of sample as the control. Control and
treatments were incubated in 250 ml polycarbonate
flasks in the dark at near in situ temperature (20 to
23°C) for 4 h, with all experiments started within 1 to
2 h of sample collection. At the end of the incubation,
samples were fixed with cold glutaraldehyde at 1%
final concentration and stored at 4°C.

Fifty ml of each sample was settled in an Utermohl
chamber and examined at 400x using an inverted
microscope equipped for transmitted light and epifluo-
rescence microscopy (Hasle 1978). At least 30 cells of
dinoflagellate species of interest were examined per
sample and scored for presence or absence of GFI. The
likelihood-ratio chi-square (G2) statistic (SAS Institute
1990) was used to test for differences in the frequency
of GFI between treatments and controls.

Feeding experiments with cryptophytes. Three sets
of shipboard experiments were also conducted to
determine if addition of cryptophytes to natural assem-
blages could be used to detect grazing by photo-
synthetic dinoflagellates. The first set was done in July
1994 using the same water samples as in the CMFDA
experiments described above. One to 2 ml of Pyreno-
monas salina culture was added to 100 ml of sample to
achieve an added prey density of approximately 2 x
10* ml"'. Controls consisted of sample without the
addition of prey. Incubation, fixation and statistical
analyses were the same as reported above for CMFDA
experiments.

A second set experiment was carried outin May 1995
using surface water from Stn 858 that contained Gyro-
dinium estuariale at about 40 ml™!. Treatments were:
without addition of prey (Cryptomonas sp.), and with
prey added at a calculated density of 1000, 2000, 3000,
4000, and 5000 cells ml™!. The experiment was run in
duplicate with 100 ml samples placed in 250 ml poly-
carbonate bottles and incubated in a circulating, estu-
arine water bath at surface light intensity (1490 pE m™2
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s7') and temperature (16.5 to 17.0°C). After 4 h of incu-
bation, samples were fixed in 1 % final concentration of
glutaraldehyde, and 5 ml aliquots were filtered and
processed for epifluorescent microscopy as described
above for laboratory studies. The presence of yellow or
orange fluorescent inclusions (OFI) was recorded for
the first 100 G. estuariale encountered on each slide.

A final set of experiments was done during summer
1995 by adding Cryptomonas sp. to plankton assem-
blages containing Prorocentrum minimum at >100 ml ™.
These experiments were similar to those previously
described for additions of Pyrenomonas salina, except
that incubations were in an on-deck incubator at near
in situ light intensities (64% I;,) and temperatures,
approximately 1100 uE m™2 s~! and 25 to 27°C.

RESULTS
Experiments with CMFDA-labeled prey

Potential prey used in this study exhibited different
staining properties when exposed to CMFDA. Isochry-
sis galbana, Heterocapsa triquetra, and Strobilidium
sp. stained brightly within 1 h at CMFDA concen-
trations =1 mM. Bright staining of diatom strain ‘L'
was only obtained after cells were exposed to 3 uM
CMFDA for 21 h. The cryptophyte Pyrenomonas salina
stained poorly even at a stain concentration of 3 uM
and a staining time of 3 h.

No background staining was observed in fresh
samples at CMFDA concentrations <1 pM; however,
increased background fluorescence was detected fol-
lowing storage of samples at 4°C for more than 2 mo.
Use of 2 to 3 pM CMFDA also resulted in background
staining and may cause additional problems due to:
(1) possible toxic effects from increased dimethyl sul-
foxide (DMSOQO) concentrations, and (2) direct staining
of grazers from greater carry-over of free CMFDA into
experimental incubations. However, no direct staining
of grazers or toxic effects were apparent at carry-over
concentrations of CMFDA (£0.025 pM) and DMSO
(0.025% v/v) present in laboratory and field studies
reported here. Furthermore, CMFDA-stained prey
appeared to have normal locomotory patterns and
continued to divide.

Strobilidium sp. and Isochrysis galbana stained with
1 M CMFDA for 1 h were easily detected within food
vacuoles of Gyvmnodinium sanguineum fixed with 1%
or 2% glutaraldehyde. However, fixation in 0.5%
glutaraldehyde resulted in poor preservation of G. san-
guineum and diminished visualization of ingested
prey. Glutaraldehyde fixation also produced brighter
fluorescence of CMFDA and chlorophyll than preser-
vation in comparable concentrations of buffered form-

aldehyde. Furthermore, when glutaraldehyde fixed
samples were filtered, processed as slide preparations,
and stored at 4°C, CMFDA fluorescence remained
bright, with little or no development of background
staining for at least 3 mo.

In the laboratory, CMFDA-stained [sochrysis gal-
bana ingested by cultured Gyrodinium estuariale were
readily visible and could be enumerated as green fluo-
rescent inclusions (Fig. 1B). The percentage of cells
containing green fluorescent inclusions (GFI) appeared
to increase hyperbolically with prey density (Fig. 2);
however, data for low prey densities were insufficient
to clearly define this relationship. G. estuariale from
controls lacked CMFDA fluorescent inclusions, even
at the highest carry-over concentration of stain
(0.025 uM).

GFI were also easily detected in Ceratium furca
(Fig. 1E), Gymnodinium sanguineum, and Prorocen-
trum minimum following incubation of field popula-
tions in the presence of CMFDA-labeled prey. In all 3
species, the percentage of cells with GFI was often sig-
nificantly higher in treatments spiked with a mixture
of CMFDA-labeled Strobilidium sp. and [sochrysis gal-
bana than in controls containing labeled-prey filtrate
(Table 1). Addition of stained I. galbana often resulted
in higher prevalence of GFlin C. furca and P minimum,
relative to controls; however, differences were not sta-
tistically significant (Table 1). In most experiments with
addition of labeled diatoms, the frequency of dinofla-
gellates containing GFI was less than in CMFDA con-
trols, providing no evidence for ingestion of the diatom.

Experiments with added cryptophytes

Orange to yellow-orange fluorescent inclusions (OFI),
presumably resulting from the ingestion of phycoery-
thrin-containing prey, were commonly observed in
Chesapeake Bay populations of Gyrodinium estuari-
ale, Prorocentrum minimum, Ceratium furca, and Peri-
dinium brevipes (Fig. 1A, C, D). In many instances, the
prevalence of OFI in these species increased following
the addition of phycoerythrin-containing cryptophytes
to natural plankton assemblages. For example, addi-
tion of Cryptomonas sp. to plankton samples contain-
ing G. estuariale resulted in a curvilinear increase in
the prevalence of OFI from 13%, at ambient crypto-
phyte densities of 600 cells ml™!, to over 60% at an
addition of 5 x 10% Cryptomonas sp. ml™! (Fig. 3).

Upward shifts in the prevalence of OF! following
the addition of cryptophytes were also detected in
natural assemblages of Gymnodinium sanguineum,
Prorocentrum minimum, and Peridinium brevipes;
however, the tendency for increased occurrence of
OFI appeared to differ among mixotroph species
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Fig. 1. Epifluorescent micrographs of mixotrophic dinoflagellates with ingested cryptophytes or CMFDA-labeled protists.

(A) Gyrodinium estuariale with 3 ingested Cryptomonas sp. (arrows); scale bar = 10 uym. (B) G. estuariale with ingested CMFDA-

labeled Isochrysis galbana (arrows); scale bar = 10 ym. (C) Prorocentrum minimum with ingested Cryptomonas sp. (arrows); scale

bar = 10 um. (D) Peridinium brevipes with ingested cryptophytes (arrow) and CMFDA-labeled Strobilidium sp. (arrow head);
scale bar = 30 um. (E) Ceratium furca with an ingested Strobilidium sp. (arrow); scale bar = 10 pm
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Fig. 2. Laboratory experiment showing the effect of prey den-
sity on the percentage of Gyrodinium estuariale containing
CMFDA-labeled Isochrysis galbana: incubation time = 4 h
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Fig. 3. Percentage of Gyrodinium estuariale containing or-
ange fluorescent inclusions relative to density of Crypto-
monas sp. added to surface water collected at Stn 858 during
a cruise in May 1995 (bars = standard error of mean; n = 2}.
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Table 1. Addition of CMFDA-labeled prey to natural assemblages from Chesapeake Bay, USA, July 1994. Stro: Strobilidium sp.,
[so: Isochrysis galbana; L: centric diatom. Frequencies of dinoflagellate cells with green fluorescent inclusions {GFI) in treatments
were compared to frequencies in CMFDA controls using likelihood ratio chi-squared (G2) tests. ns: not significant; **p < 0.01

Surface water was used in all experiments except at Stn 818, where water from 6 m depth was incubated

Ceratium furca

Gymunodinium

Peridinium bre

Dinoflagellate species

Prorocentrum minimum

Stn

744

sanguineum BM7

818

BM4

BM?7

744

724

vipes BM4

Treatment

CMEFDA control

+Stro+Iso
+Iso

CMEFDA control
+Iso

+L
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+Stro+Iso
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CMFDA control
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CMEFDA control
+Stro+Iso
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+L

CMFDA control
+Stro+Iso

+1Iso

CMFDA control
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+L

CMFDA control
+Stro+1Iso

+Iso
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No. of cells observed

49 4
26 31
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% of cells with GFI

p

0.001 **
0.584 ns

0.590 ns
0.702 ns

0.000 **
0.593 ns

- ns
0.079 ns
- ns

0.254 ns
0.256 ns

0.000 **
0.081 ns
- ns

0.000 **
0.096 ns

0.000 **
- ns
0.204 ns
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Table 2. Addition of Pyrenomonas salina to natural assemblages from Chesapeake Bay, July 1994. Frequencies of dinoflagellate

cells with orange fluorescent inclusions (OFI) in treatment were compared to frequencies in controls using likelihood ratio chi-

squared (G2) tests. ns: not significant; “*p < 0.01. Surface water was used in all experiments except at Stn 818, where water from
6 m depth was incubated

Dinoflagellate species Stn Treatment No. of cells observed % of cells with OFI p
Ceratium furca 744 Control 29 21
+Pyrenomonas 35 20 0.946 ns
Gymnodinium sanguineum 818 Control 36 0
+Pyrenomonas 66 12 0.007 **
Prorocentrum minimum BM4 Control 100 10
+Pyrenomonas 105 12 0.589 ns
BM7 Control 103 7
+Pyrenomonas 107 6 0.721 ns
818 Control 113 6
+Pyrenomonas 109 8 0.552 ns
744 Control 113 6
+Pyrenomonas 109 8 0.552 ns
724 Control 101 51
+Pyrenomonas 105 52 0.787 ns
Peridinium brevipes BM4 Control 47 0
+Pyrenomonas 82 2 0.176 ns
BM7 Control 17 0
+Pyrenomonas 9 33 0.008 **
(Tables 2 & 3). Also, the response may partially DISCUSSION

depend on the species of cryptophyte added as
potential prey. For example, the percentage of P
minimum possessing OFI in unamended, control
samples was similar in 1994 (Table 2) and 1995
(Table 3), with an overall range of 0 to 51%. Addi-
tion of Pyrenomonas salina to treatments on 5 occa-
sions 1n 1994 resulted in no significant increase in
frequency of cells with OFI, even though P minimum
from some of those water samples appeared to ingest
CMFDA-labeled Strobilidium sp. (cf. Tables 1 & 2).
In contrast, a significant increase in the percentage
of P minimum containing OFI following the addition
of Cryptomonas sp. was observed in 1 of 3 experi-
ments in 1995.

Table 3. Addition of Cryptomonas sp. to natural assemblages from Chesapeake
Bay, July and August 1995. Frequency of yellow or orange fluorescent inclusions
(OFI) in Prorocentrum minimum in control and treatment compared using like-
lihood ratio chi-squared (G2) test. ns: not significant; **p < 0.01. Surface water
samples incubated at 64 % surface light intensity (fy) for 4 h (July experiments)

or 1 h (August experiment)

CMFDA-staining of live protists and use of phyco-
erythrin-containing cryptophytes as potential prey are
valuable techniques for investigating ingestion of food
particles by mixotrophic dinoflagellates. Using a com-
bination of these approaches, we documented feeding
by natural assemblages of the photosynthetic dinofla-
gellates Ceratium furca, Gymnodinium sanguineum,
Gyrodinium estuariale, Prorocentrum minimum and
Peridinium brevipes from Chesapeake Bay. We also
demonstrated ingestion of CMFDA-labeled Isochrysis
galbana by laboratory cultures of G. estuariale.

Ceratium furca ingested CMFDA-labeled Strobilid-
ium sp. (Table 1) in agreement with earlier observa-
tions that this dinoflagellate consumes
oligotrichous ciliates (Bockstahler &
Coats 1993b). We also observed
orange to yellow-orange fluorescent
inclusions (OFI) in C. furca from
unamended water samples, but the
frequency of OFI did not increase
following the addition of the crypto-

Stn Month Treatment No. of cells % with OFI
observed

813 July Control 124 19
+Cryptomonas 132 24

818 July Control 447 11
+Cryptomonas 497 20

818 August Control 112 0
+Cryptomonas 130 10

phyte Pyrenomonas salina (Table 2).
Since C. furca consumes ciliates, then
OFI observed in this species may be
due to ingestion of planktonic ciliates
that contain symbiotic cryptophytes
(e.g. Mesodinium rubrum; Taylor 1990}
or sequestered cryptophyte plastids
(e.g. Strombidium spp.; Stoecker et

p

0.540 ns

0.175 ns

0.000 **

al. 1989). However, data from experi-
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ments using a single cryptophyte species as potential
prey are insufficient to exclude the possibility that C.
furca directly ingests other phycoerythrin-containing
members of the phylum.

Feeding by Gymnodinium sanguineum was ob-
served when either CMFDA-labeled Strobilidium sp.
or unstained Pyrenomonas salina were added to plank-
ton assemblages (Tables 1 & 2}). That G. sanguineum
ingested labeled ciliates is not surprising, as it too is
known to consume small oligotrichous species (Bock-
stahler & Coats 1993a). However, uptake of P salina
by this mixotroph may represent direct utilization of
flagellates, or may reflect consumption of ciliates in the
natural assemblage that ingested the added crypto-
phytes (Stoecker et al. 1989). Green fluorescent inclu-
sions (GFI) similar to CMFDA-]labeled prey were also
observed in G. sanguineum from unamended samples
and were present in over 10% of individuals in
CMFDA controls. Since dinoflagellate nuclei have
been observed in the food vacuoles of G. sanguineum
(Bockstahler & Coats 1993b), it seems possible that
some GFI observed in cells from unamended and
control samples were due to ingestion of green-
fluorescent heterotrophic dinoflagellates (Shapiro et
al. 1989, Carpenter et al. 1991}, which are common in
Chesapeake Bay (pers. obs.).

Gyrodinium estuariale often had OF!l in natural
samples from Chesapeake Bay and readily ingested
added Cryptomonas sp. in the shipboard experiment.
In the laboratory, G. estuariale also ingested the small
prymnesiophyte Isochrysis galbana. This is the first
report of feeding in this dinoflagellate species.

In some, but not all, of our shipboard experiments,
feeding was detected in Prorocentrum minimum.
There are no previous reports of feeding by this spe-
cies, although it is common in temperate, estuarine,
and coastal waters. Both the small Strobilidium sp. and
one of the cryptophytes, Cryptomonas sp., were
ingested by P minimum; however, the other crypto-
phyte, Pyrenomonas salina, was not utilized even
though it is intermediate in size between Cryptomonas
sp. and the Strobilidium sp.

We frequently observed OFI in Peridinium brevipes
in samples from Chesapeake Bay. Our experimental
data indicate that this species can ingest Pyrenomonas
salina and thus it seems likely that the OFI observed in
unamended samples are due to the ingestion of cryp-
tophytes. However, ingestion of ciliates containing
cryptophyte plastids is also a possible source of OF].

For most of the dinoflagellate species in our experi-
ments, incidence of feeding was quite variable. For
example, with Prorocentrum minimum, significant
feeding was observed in only 3 out of the 5 stations
at which experiments were run. A variety of factors,
besides prey availability, have been reported to control

feeding in mixotrophic flagellates, including light and
the availability of inorganic nutrients (Boraas et al.
1988, Porter 1988, Sanders 1991, Keller et al. 1994,
Arenovski et al. 1995, Jones et al. 1995). Given the
spatial and temporal variability in light attenuation
and inorganic nutrient availability in Chesapeake Bay
(Fisher et al. 1992, Glibert et al. 1995), the variability
in feeding response is perhaps not surprising.

The 2 methods we used to detect feeding in photo-
synthetic dinoflagellates have advantages and disad-
vantages. Both techniques are prey-specific, but rely
on the addition of cultured prey to experimental incu-
bations and thus involve elevation of prey densities.
Added prey probably outnumbered natural prey in
most of our experiments. In short-term incubations,
cleptochloroplastidy (cytoplasmic sequestration of
prey chloroplasts; Schnepf & Elbrachter 1992) may not
be distinguishable from ingestion and digestion of
prey. These techniques have the advantage of utilizing
live, motile prey rather than inert particles, such as
microspheres or heat-killed prey. They are also prefer-
able to the hydroethidine technique in that fluores-
cence microscopy can be used to detect prey in the
presence of chlorophyll and that the additions are low
in toxicity or non-toxic to predators and prey.

The CMFDA technique has an advantage over the
addition of cryptophytes in that a variety of prey can be
used including photosynthetic and heterotrophic pro-
tists. Some specific disadvantages of this technique
are: (1) not all protists are readily stained, (2) a control
needs to be run for the direct uptake of stain by the
grazers (the CMFDA control), (3) the green fluores-
cence of CMFDA might be confused with the green
autofluorescence of some unstained prey (e.g. some
heterotrophic dinoflagellates), and (4) CMFDA fluo-
rescence fades rapidly in the light.

The addition of cryptophytes has an advantage over
CMFDA in that the prey do not need to be manipu-
lated prior to use. Another advantage is that phyco-
erythrin fluorescence is more stable than that of
CMFDA. Thus, with cryptophyte additions, feeding
experiments can be run at higher irradiances. Crypto-
phyte fluorescence also fades less rapidly than
CMFDA fluorescence during microscopy. The disad-
vantages of cryptophyte additions are: (1) phyco-
erythrin is also found in cyanobacteria, some ciliates
and some dinoflagellates (Taylor 1990, Schnepf &
Elbrdchter 1992), thus, there is the potential for confus-
ing ingestion of cryptophytes with ingestion of other
prey types, (2) naturally occurring cryptophytes (and
other cells with phycoerythrin) can lead to high back-
grounds of OF!l in controls and may make changes in
prevalence of OFI resulting from addition of prey diffi-
cult to detect, and (3) it is limited in application to a
few, very specific prey taxa.
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The addition of CMFDA-labeled prey and of phyco-
erythrin-containing prey are complementary tech-
niques. With the use of proper controls, they can be
used to detect ingestion of a variety of protistan prey
by natural assemblages of dinoflagellates and to quan-
tify feeding by mixotrophs in laboratory studies. These
techniques should also be generally applicable to
species-specific feeding studies with other phago-
trophic protists and with micro-metazoa.
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