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Phytoplanktoncan, through their autofluorescent characteristics, be thought of
as tracer particles in much the same way
as fluorescent microspheres when used
in particle uptake experiments. Flow
cytometric techniques can be used to differentiate phytoplankton from other suspended particles by the two primary autofluorescing photosynthetic pigments,
chlorophyll and phycoerythrin.Based on

Numerous studies have been devoted to secondary
production in the marine environment. Studies on
grazing rates of autotrophic and heterotrophic f lagellates (5,16,18), micro- and macrozooplankton (6,19,
32,39), and higher invertebrates (4,25) have been instrumental in determining energy budgets for specific
animal groups and energy flow within ecosystems. Filter feeding organisms in the marine environment remove particles from the water column; however, this
removal does not always imply ingestion or assimilation. During the process of particle selection in bivalve
molluscs, for example, particles may be removed from
the water without actual ingestion, and the animals
can produce pseudofeces which are then ejected from
the mantle cavity (22). In other instances, particles
may be ingested but not digested (36).
Historically, experiments designed to study feeding
rates (grazing rates) and/or particle selection by various marine species incorporate various particle types,
such as laboratory cultures of phytoplankton (11,27,30)
or bacteria (3,31), encapsulated organic material (21),
and inert particles (fluorescent microspheres) (13,
28,291. The type of particle used in such experiments
must be recognizable to measure accurately changes in
particle concentrations. In essence, these particles are
used as tracer particles to observe a n organism’s ability
to remove particles from water. For example, fluorescent microspheres (non-biological particles of uniform
shape) may be presented to organisms to determine
grazing and particle selection based solely on particle

these characteristics, phytoplankton assemblages have been used to assess grazing rates, particle selectivity, and endocytotic abilities in various marine
species, from single-celled organisms to
higher invertebrates.
Key terms: Endocytosis, filtration, invertebrates

size. The fluorescent properties of the spheres accelerate the microscopic enumeration of these particles using fluorescence microscopy.
Only recently have researchers been able to assess
grazing rates and particle selection using natural
assemblages of particles (12,241. While the use of
microcapsules and inert beads may provide some useful
information with regard to size selectivity, phytoplankton and assemblages of naturally occurring particles provide the most realistic estimates of feeding
and particle selection by filter-feeding organisms.
Whatever the material supplied to the grazers, the
particles must be counted in some manner. Microscopic
cell counting is both tedious and time-consuming. Particle counters provided a more rapid, although limited,
means of counting particles (see below), and the recent
development of flow cytometric techniques, based on
the autofluorescent properties of algal cells or on fluorescent dyes, has provided the best means yet of assessing particle uptake and selection of filter feeding
organisms.

AUTOFLUORESCENT PROPERTIES OF
PHYTOPLANKTON
It wasn’t until the early twentieth century that autofluorescence of plants was exploited as chlorophyll in
chlorophasts (41). Since then, other autofluorescent
pigments have been identified as photosynthetic accessory pigments. Figure 1 illustrates the fluorescence signatures of the major oceanic phytoplankton. There are
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FIG. 1. Spectral fluorescence signatures of the major oceanic phytoplankton color groups. From
Yentsch and Phinney (45).

two primary emission bands among phytoplankton, one
at 560-590 nm, attributed to phycoerythrin (PE), and
the other centered a t 685 nm, which is the result of
chlorophyll a (45). Emission signatures resulting from
chlorophyll are exhibited by diatoms, dinoflagellates,
coccolithophores, and chlorophytes. Phycoerythrin is
the most abundant pigment of the cyanobacteria,
whereas cryptomonads possess both chlorophyll and
phycoerythrin. These autofluorescent properties have
enabled researchers to utilize flow cytometric techniques to study grazing rates in a n array of marine
organisms. The first studies to utilize flow cytometry as
a means of estimating grazing rates in marine organisms involved bivalve molluscs (10,36). It is now possible to discriminate between fluorescent (phytoplankton) and non-fluorescent particles (detritus,
heterotrophs, bacteria) in the diet of filter feeding animals.

EARLIER METHODS TO STUDY GRAZING
Methods to assess concentration changes in suspended phytoplankton cells due to filter feeding organisms were either direct measurements of changes in

optical density of the suspension or the tedious counting of cells by microscopy. These measurements were
only qualitative in nature.
Subsequent studies were aided by the advent of the
Coulter Counter, which, for the first time, allowed a
more quantitative approach to selective feeding (34).
Estimation of feeding rates and of size selective particle retention were results easily obtained by this new
technology. The major limitation of the Coulter
Counter is its inability to distinguish between particles
having the same volume range but varying nutritive
values. Consequently, it becomes impossible to determine if a n organism can select particles by parameters
other than size when presented with a wide variety of
particles as occurs in the natural environment.

FLOW CYTOMETRY: A NEW METHOD
The introduction of flow cytometry to marine science
(38,42,44) has provided us with the ability to distinguish particles of similar size which exhibit different
optical properties due to photosynthetic pigments and
chemical composition of the cell. As a result, differential uptake of phytoplankton from several different pig-
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FIG.2. Examples of ataxonomic analysis and allometric analysis
plots. Color group characterization for ataxonomic analysis is based
on the autofluorescing photosynthetic pigments of chlorophyll and
phycoerythrin and distinguishes between chlorophyll-containing eucaryotes, phycoerythrin-containing procaryotes, and cryptomonads

which contain both chlorophyll and phycoerythrin. Characterization
of particles using allometric analysis is based on the size of the particle and one photosynthetic pigment. The percentage of nonfluorescing particles (detritus, heterotrophs, inorganic material) and fluorescing particles (autotrophs) can be determined.

ment groups can be simultaneously detected. In addition, the preferential uptake of similar-sized phytoplankton and nonbiogenic material can also be determined. The data are also quantitative, which allows
estimation of filtration rates and retention efficiencies
for all types of particles.
The principles of flow cytometry can be summarized
as the simultaneous detection of the optical properties
of particles moving in a flowing stream of water
through a light source. Shapiro (33) describes, in excellent detail, the principles of flow cytometry and its
applications. Flow cytometry is a n ideal method for
detecting photosynthesizing pigments in phytoplankton which autofluoresce when excited with blue or
green light. To exploit flow cytometry for grazing experiments using phytoplankton, we simultaneously detect chlorophyll and phycoerythrin autofluorescence,
forward and 90" light scatter, and/or volume of the cell
(Coulter volume, pm3).
Figure 2 illustrates the two types of analyses used to
characterize marine particles. Ataxonomic analysis
groups particles by pigment group, i.e., the two major
autofluorescing pigments being chlorophyll and phycoerythrin. Size only becomes important in that, generally, large cells have more chlorophyll and/or phycoerythrin content. However, the same species of
phytoplankton grown in different light intensities will
contain varying amounts of chlorophyll per cell, corresponding to different fluorescent intensity per cell (43).
In Figure 2, all four species of phytoplankton have
chlorophyll a, yet clone 3C, Chroomonas salina, a cryptomonad, also possesses phycoerythrin. The majority of
our work on bivalve grazing was carried out under laboratory conditions with mixtures of 3 or 4 phytoplankton species, easily distinguished from one another with
the ataxonomic type of analysis.
Allometric analysis groups particles by size; size be-

ing measured as Coulter volume (pm3 or equivalent
spherical diameter) or based on light scattering properties which are indicators of size. In Figure 2, the
allometric scattergram depicts size (volume) versus
chlorophyll fluorescence, demonstrating the relationship between cell size and chlorophyll content. Of significant importance in this type of analysis is the relationship of non-fluorescent to fluorescent particles, in
this case, those containing chlorophyll. In grazing experiments utilizing both phytoplankton and non-living
material, the uptake of both particle types in relation
to size can be determined (24).

PARTICLE SELECTION IN
BIVALVE MOLLUSCS
Particulate components of seawater, whether in oligotrophic or eutrophic conditions are numerous and
vary in size, shape, and chemical makeup. The composition of these particles ranges from inorganic material
(silts and clays) to biogenic in origin, i.e., detritus and
living organisms (plankton). The combination of these
particles presents challenges to filter-feeding organisms that derive their nutritive requirements from certain components of the total (17,20,26,40). The question then arises, do these organisms selectively filter
particles for consumption and utilization or do they
ingest all particles and utilize a portion of the total for
survival?
Experiments designed to determine if filter feeding
organisms can i) select and ii) preferentially ingest,
and/or preferentially digest suspended particles were
the major thrust of a series of laboratory studies with
bivalve molluscs (10,35,36). These studies demonstrated the ability of flow cytometry to distinguish
phytoplankton cells quantitatively, even when of similar size, by detection of their autofluorescing photosynthetic pigments. The general method for all exper-
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iments was to purge animals in 0.7 km filtered
seawater for 24 h prior to use in feeding experiments to
clear any previously ingested material. Individual animals were placed in bell jars and incubated for 1 h in
mixtures of phytoplankton, after which they were
placed in fresh filtered seawater for the collection of
fecal material. Samples were analyzed using a n EPICS
V flow cytometer (Coulter Electronics) equipped with a
5 W argon laser.
Mixtures of phytoplankton cultures consisted of
three to four different species, all of which contained
chlorophyll fluorescence and one containing both chlorophyll and phycoerythrin. Based on differences in total chlorophyll and phycoerythrin fluorescence, ataxonimc analyses were used to analyze the samples. Of
significance was the fact that some experiments used
similar sized cells, only varying in total chlorophyll per
cell (-differences in fluorescence intensities) with one
of the species also containing phycoerythrin. This experimental design incorporated the phytoplankton
cells as the tracer particles much the same way as fluorescent microspheres are used in similar experiments.
The difference between fluorescent particles (phytoplankton) at time zero and at the termination of the
experiment reflects the quantitative rate of grazing by
the organism.
Based on the clearance rates and the relative proportions of the phytoplankton cells in the water after 1 h
incubation time, three methods of particle selection in
bivalves were observed (36) (Fig. 3).
Preferential Clearance on the Ctenidia (Gills)
The preferential clearance of the dinoflagellate Exuv
compared with cells of the diatom Phaeo and the cryptomonad flagellate 3C can be clearly seen in Figure 3.
The apparent absence of Phaeo in the feces probably
reflects pre-ingestive sorting on the gills where these
cells were bound in mucus and shunted out of the animal as pseudofeces.
Pre-Ingestive Sorting on the Palps
The relative proportions of cells are similar throughout the incubation period; therefore all cell types are
cleared from the water with equal efficiency. However,
there is a large increase in the proportion of Phaeo
compared with the dinoflagellate Exuv or the cryptomonad flagellate 3C within the pseudofeces. This indicates that pre-ingestive selection occurred on the labial
palps.
Differential Absorption in the Gut
There is no evidence of preferential clearance of any
one cell type on the ctenidia, since after 60 min of filtration, the proportion of the three cell types remains
similar to that a t time zero (see Fig. 5c). The proportions of cell types in the pseudofeces suggest some rejection of the dinoflagellate Exuv compared with the
diatom Phaeo. The most obvious feature, however, is
the absence of the cryptomonad flagellate 3C in the
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FIG. 3. Summary of the percent of the total cell count within an
algal mixture of the clones Phaeo, 3C, and Exuv after 60 min and
within the pseudofeces (PF) and feces (F) during the grazing experiments with (A) European oysters, Ostrea edulis; (B) ocean quahogs,
Arctica islandica; and (C) American oysters, Crassostrea uirginica.
From Shumway et al. (36).

feces and the dominance of the alga Phaeo. A preferential absorption of the 3C has evidently occurred during passage through the gut.
Figure 4 shows a typical bivariate plot of events of
phycoerythrin fluorescence per cell (X) versus chlorophyll fluorescence per cell (Y) at time zero and after 60
min in the experimental seawater in the presence of a
specimen of Crassostrea virginica, the American oyster. The corresponding plots for pseudofeces and feces
resuspended in filtered seawater are also shown.
FOOD QUALITY AS A BASIS O F FOOD
SELECTION BY COPEPODS
Within the natural assemblages of phytoplankton
are mixtures of cells in different physiological states.
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FIG.4. An example of bivariate histogram plots of number of cells
and X = phycoerythrin fluorescence per cell vs. Y = chlorophyll
fluorescence per cell comparing relative cell numbers within an algal
mixture of Phaeo, 3C, and Exuv due to the grazing by Crassostrea

uirginica at time 0 min (A), 60 min (B),and within the pseudofeces (C)
and feces (D).Total of analyzed cells was 2,000. From Shumway et al.
(36).

Therefore, the condition of the cell will reflect its nutritive quality. The question then arises, can zooplankton preferentially ingest cells of higher quality? A laboratory study was designed by Cowles and co-workers
to investigate this topic (9).
A diatom species was grown at two different growth
rates, which changed their physiological states, but
kept constant their size (cell diameter). As a result, the
copepods were able to graze on two different populations of the same species of phytoplankton, differing
only in their nutritive quality. It was possible, using
flow cytometry, to analyze the phytoplankton mixtures
by differences in total chlorophyll fluorescence from
both populations of the diatom. The phytoplankton
cells grown in a low-growth-rate environment showed
approximately a 3.5 x lower chlorophyll fluorescence
per cell than cells grown in a high-growth-rate environment. The need to analyze two populations of the
same diatom having identical size but varying in chemical makeup and chlorophyll fluorescence supported
the value of flow cytometry.
Results showed nearly a twofold higher ingestion
rate by the copepods when fed the higher quality food
(cells of higher growth rate). When both diatom popu-

lations were mixed together in different proportions,
the copepods selectively ingested the cells of higher
growth rate, suggesting that physiological differences
among cells in natural assemblages may be a n important factor in determining food selectivity by zooplankton.

SELECTIVE FEEDING BY
HETEROTROPHIC CILIATES
The fact that planktonic ciliates are important selective grazers may impose consequences to a particular
phytoplankton species in the natural environment.
Therefore, i t is important to assess the role of planktonic ciliates on the population dynamics of a phytoplankton community. A combined laboratory and field
study was designed to investigate the seasonal distribution, food requirements, and feeding selectivity of a
marine ciliate, Balanion sp. (37). The laboratory experimental design was similar to the bivalve experiments
(10,36),
whereby groups of ciliates were incubated with
a mixture of two or more phytoplankton cultures. The
amount of cells grazed was taken as the difference between cell concentrations a t time zero and concentrations a t the end of the incubation period. Again, these
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FIG. 5. Bivariate plotes of phycoerythrin fluorescence (560-590
nm) from Synechococcus (clone DC2) and chlorophyll fluorescence
(>665 nm) from Ochromonas (clone IC1) representing a time series
for four hours. Ochromonas cells that phagocytize Synechococcus emit
both fluorescence and appear away from the X- and Y-axis. Percentages represent the percent of ochromonus cells that accumulated Synechococcus.

FIG. 6. Bivariate plots of fluorescein fluorescence (515-530 nm)
from FITC-dextran and chlorophyll fluorescence (>665 nm) from
Ochromonas (clone IIC2) representing a time series of 75 min. ochromonas cells that pinocytize the dextran emit both fluorescence and
appear away from the X and Y axis. Percentages represent the percent of Ochromonus cells that took up the dextran.
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FIG.7. Frequency histograms of chlorophyll fluorescence (>665
nm) for cells of Ochromonas that did or did not phagocytize cyanobacteria (clone DC2) (A) and pinocytize FITC-dextran (B). Note the difference in Y-axis scales (numbers at the top of the axis). Means rep-

resent the mean channel of the distribution on a 256 channel X-axis.
These histograms depict the 60 min sample time for both experiments.

experiments made use of the phytoplankton cells as
particle tracers to assess the grazing rates and food
perferences of the ciliates. Species differentiation was
made possible through flow cytometric analysis based
on the amount of fluorescence approximating chlorophyll a per cell and the presence or absence of phycoerythrin.
Results of the laboratory study showed a preference
by the ciliates for a particular dinoflagellate which has
also been shown to support highest growth rates in the
ciliates. From the field study, it was shown that the
ciliate, Balanion, was found associated with phytoplankton assemblages consisting of dinoflagellates
even if another algal species was dominant. Thus, selective feeding is a mechanism by which a ciliate can
maintain maximum growth.

sources (5). The two major processes of endocytosis are
i) phagocytosis, the engulfing of particulate material
by a cell and ii) pinocytosis, the uptake of dissolved
organics in the medium outside the cell.
We investigated both the phagocytosis of a cyanobacteria and the pinocytosis of a dextran solution by a
marine chrysophyte, Ochromonas sp. All marine and
freshwater species of Ochromonas have been shown to
be phagotrophic, ingesting bacteria, detritus, and other
microflagellates (1,8,14-16) as well a s photosynthetic
(2,23). Ochromonas species are maintained in culture
on organic media and are able to utilize a wide variety
of soluble organic compounds as sources of carbon, nitrogen, and phosphorus for their energy requirements
(2).
For studying phagocytosis in Ochromonas, 2 ml samples were incubated in low light (125 pEin m p 2 s-l)
with a culture of a 1 pm size cyanobacteria (Synechococcus sp., clone DC2) whose cell density was comparable to natural concentrations of cyanobacteria (in the

ENDOCYTOSIS IN PHOTOAUTOTROPHS
It has been reported that five algal groups are capable of both endocytosis and photosynthesis a s energy
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FIG.8. Allometric analysis of particles based on size and one autofluorescing photosynthetic pigment
(chlorophyll) from stations at a Maine mussel bed site. The histograms appear to look the same however,
the number of cells per ml change. From Newel1 et al. (24).

range of 104-105 per ml). Incubations lasted for 4 h
with all but one analysis taking place in the first hour.
For direct observations of DC2 uptake, a Zeiss epi-fluorescence microscope of magnification 250 x was used,
with a 488 nm barrier filter for the excitation light
source allowing the detection of the autof luorescing
pigment of phycoerythrin in DC2 to be observed in the
cells of Ochromonas.
For the pinocytosis studies, a 15 ml culture of each
Ochromonas clone was incubated with a fluoresceinlabeled polymer of glucose, known as FITC-dextran
(MW of 40,000) (Sigma Chemical Co., St. Louis, MO).
In our experiments, the medium used for Ochromonas

has a final dextran concentration of 1mg ml-'. A Zeiss
epifluorescence microscope with a 488 nm barrier filter
was used to observe the FITC-dextran in the vacuoles
of Ochromonas. A Coulter EPICS V flow cytometer
with a 5 W argon laser was used to analyze both the
phagocytotic and pinocytotic activities of Ochromonas.
Figure 5 illustrates the ataxonomic analysis of the
chlorophyll containing Ochromonas and its phagocytosis of DC2. In this case, Ochromonas can be separated
from the other non-fluorescing particles in the medium
using its chlorophyll fluorescence signature. An
Ochromonas cell that has phagocytized a DC2 cell exhibits the fluorescence signature (tracer signal) from
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FIG.9. Separation of chlorophyll (A) and non-chlorophyll (B) particles using flow cytometry. Samples
were collected along a transect directly above a mussel bed and separated according to size and pigment
content. From Newel1 et al. (24).

phycoerythrin. Percentages of cells that phagocytized
DC2 can be obtained using chlorophyll and phycoerythrin emissions.
Figure 6 demonstrates the pinocytosis of FITC-dextran when incorporated in a food vacuole of Ochromonas. Upon entering the cell, the fluorescein (emission at 515-530 nm) is simultaneously detected with
chlorophyll. Therefore, percentages of cells that pinocytized the soluble FITC-dextran can be quantitatively
analyzed using the chlorophyll fluorescence as a biological tracer coupled with fluorescein fluorescence.
From the data, we can also determine the degree to
which cells utilize endocytotic activities at different
stages in the life cycle. Figure 7 represents frequency

histograms of chlorophyll fluorescence for those cells
that either did or did not phagocytize the cyanobacteria
(DC2) (A) and pinocytize the FITC-dextran (B). It has
been shown that a frequency histogram of chlorophyll
represents the amount of chlorophyll fluorescence per
cell in all stages of the cell cycle for a particular culture
of phytoplankton (7). The left side of a distribution
curve depicts chlorophyll fluorescence per cell for
newly divided daughter cells, while the right side represents chlorophyll fluorescence per cell €or older cells
ready to divide. Figure 7A reveals that the means of
the distribution for cells that phagocytized the cyanobacteria and those that did not are not significantly
different, and the same applies to the means of the
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distributions for cells that pinocytized the FITC-dextran and those that did not, as shown in Figure 7B.
While these distributions only refer to the 60 min sample time, they are representative of the entire time
course, suggesting that there is no difference in phagotrophic or pinocytotic activity during any one time in
the life cycle of Ochromonas.

FEEDING ON NATURAL
ASSEMBLAGES OF PARTICLES
The complex size overlap presented by natural particles in seawater once limited the scope and design of
experiments on the differential utilization of particulate matter. As a result, laboratory experiments were
designed to determine selectivity from a narrow range
of particles, primarily phytoplankton cells, representative of the total found in natural seawater.
Recently, we studied the particle selectivity of mussels under natural conditions (24). The scope of the
work was to assess the type and amount of particles
removed by mussels and the impact that this depletion
has on the growth of mussels further along a bed. The
study site was a n estuarine cove located along coastal
Maine. Water samples were taken along a transect in
the cove by pumping water, from 0.5 m above the bottom sediment, through 15 m of Tygon tubing to a boat
moored above. Station 2 was before (seaward) the mussel bed; stations 4, 6, 8, and 10 were over the bed;
station 12 was over a mudflat inside the mussel bed. A
FACS Analyzer (Becton Dickinson) flow cytometer was
used to analyze the water samples. Allometric analyses
were employed for each sample, to determine both the
size of particles filtered by the mussels, and the clearance of chlorophyll versus non-chlorophyll-containing
particles.
In this experimental design, all particles within the
water sample were of interest. However, the use of the
phytoplankton cells a s tracer particles enabled the differentiation of particle types (chlorophyll versus nonchlorophyll) being ingested. These analyses can be
used to determine the densities of chlorophyll particles
(phytoplankton) and non-chlorophyll particles (a combination of detritus, inorganic material, and heterotrophs).
Figure 8 illustrates the scatter plots of size (pm3)and
chlorophyll fluorescence from the six stations. The dynamic size range of particles was calibrated at 2.5 km
to 35 pm. Figure 9 plots the data for particle densities
of chlorophyll cells and non-chlorophyll particles.
There was a trend towards reduction of chlorophyllcontaining cells (phytoplankton) into the cove (from
station 2 to 12), particularly in the 3-5 Fm size range.
The non-chlorophyll particles remained a t approximately the same density. The data indicate a reduction
of about 30-42% of the phytoplankton cells available
to the mussels in the inner vs. outer (seaward) bed.
Results indicate that mussels inhabiting the inner areas of the cove experience lower food availability than

those on the seaward side, leading to retarded rates of
growth and reproduction.

SUMMARY
Through the use of flow cytometry, we have been
able to demonstrate grazing rateslparticle selection by
various species of marine organisms, not only in the
laboratory, but under field conditions. This technique
will now allow us to carry out more complex feeding
studies than were previously possible and provide a
more sensitive and unified approach to the interrelated
problems of particle selection, food preferences, and
material flow in marine ecosystems. In the future,
studies on the nutritional value of the food (phytoplankton) may be possible with the use of protein/lipid/
carbohydrate-specific fluorescent stains.
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