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Abstract Planktonic heterotrophic flagellates are ubig-
uitous eukaryotic microorganisms that play a crucial role in
carbon and nutrient fluxes through pelagic food webs. Here
we illustrate for the first time a grazing model of planktonic
dinoflagellate, Oxyrrhis marina, on the heterotrophic
nanoflagellate Goniomonas amphinema, using the DNA-
binding fluorescent dye Hoechst 33342. A solution of
1 pg/mL of the fluorochrome allowed viability of the prey
for at least 48 hours, provided low fluorescence quenching,
and labelled the flagellate without masking the cytoplasm.
After 2 hours of contact between the fluorescent prey and
the predator, O. marina population had preyed on live G.
amphinema at an ingestion rate of 2.2 prey Oxyrrhis~' h™".
Results show that this model is a time-effective and inex-
pensive approach for the direct observation of
heterotrophic flagellate grazing. The fact that prey remain
alive while predation occurs, as well as the low rate of
quenching, could be of help in studying the fate of real-
time trophic interactions between protists in microbial
webs.
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Introduction

Heterotrophic protists play a major ecologic role in marine
planktonic microbial communities because they channel a
large proportion of primary carbon production to larger
organisms [1]. Flagellates are the dominant component of the
heterotrophic nanoplankton (2- to 20-pm size range) in terms
of diversity, abundance, and biomass [2, 10, 25]. Therefore,
understanding the trophic interactions between flagellates
and other protists is a key question in marine ecosystem
function. It has been suggested that an annual production of
approximately 4,000 million tons of heterotrophic nanofla-
gellates (HNFs) is fed into the food chain of surface layers of
the oceans and are therefore potentially available for grazing
by larger protists and invertebrates [32]. In addition to
introducing several other concepts, the “microbial loop”
model [1] also presented the notion of top-down regulation
on small heterotrophic flagellates by larger protists. Since
then, ciliates and small metazoa have been shown to feed on
HNFs as well as on phytoplankton prey [5, 6, 21, 29, 31, 33,
36, 37]. However, the potential grazing impact of hetero-
trophic dinoflagellates on HNFs has received much less
attention than other facets of protist ecology.

The dinoflagellate Oxyrrhis marina is a widely distrib-
uted phagotrophic protist in coastal environments and
common model of flagellate responses in microbial food
webs, and it has been extensively reported to feed on
phytoplanktonic species [7, 8,11-14, 16, 18, 24, 28, 35].
However, only two studies [19, 29] have pointed out the
prospective role of heterotrophic dinoflagellates as preda-
tors of HNFs. The goal of this study was to present a
protocol for the live-staining heterotrophic protists, based
on the fluorochrome Hoechst 33342, showing the first
evidence of the grazing by O. marina on Goniomonas
amphinema, a widespread heterotrophic nanoplankton
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flagellate. Hoechst 33342 is a valuable live-dye of HNFs
for the following reasons:

1. It may simultaneously allow flow cytometry and
fluorescence microscope analysis. Hoechst 33342 has
been found to be better suited for flow cytometry than
other ultraviolet light-UV dependent dyes, as di-
amidino phenyl indole (DAPI) because it has a higher
relative fluorescence quantum yield [26].

2. It has the advantage over 488 nm excitable DNA-
staining dyes (YOYO-1, YO-PRO-1, and PicoGreen),
which are only to be used with aldehyde-fixed cells
and must be supplemented with cofactors because they
are sensitive to ionic strength [23].

3. It does not label cytoplasm significantly, thus having
an advantage over other viable non-DNA-targeting
dyes, which often stain the cytoplasm, thus making it
difficult to distinguish the prey inside the predator.

4. Tt is a bright, rapid-staining, and inexpensive fluoro-
chrome. The potential of the staining method for
easily, quickly, and accurately estimating real-time
ingestion of heterotrophic protists should be noted.

In addition, the significance of prey size (cell volume)
selection in O. marina grazing is evaluated using standar-
dised published data for both phototrophic and
heterotrophic prey.

Materials and Methods
Protist Species

We tested the following cultures for the experiments: O.
marina (CCAP 1133/4; size approximately 25 pm) and G.
amphinema (from own culture collection; isolated from a
marine planktonic sample, Wales, UK, 53.23°N, 4.164°W;
size approximately 5 to 6 um), Metanophrys sp. (from our
own culture collection; isolated from a surface marine
sample, Brighton, UK, (50.8°N, 0.1 W; size approximately
40 um), and Chilomonas paramecium (CCAP 977/2a; size
approximately 20 pm). All of the cultures were maintained
in Plymouth Erdschreiber medium except Chilomonas,
which was in Chilomonas medium (CHM) (refer to http://
www.ccap.ac.uk/media/recipes.htm for recipe media).
Reinoculations in fresh medium were carried out every
3 weeks. Cultures were maintained in laboratory incuba-
tors at 18°C % 2°C in darkness.

Selection of the Fluorochrome
Three fluorescent dyes were initially tested (Fluorescein

isothiocyanate [FITC], dichlorotriazinyl amino fluorescein
[DTAF], and Hoechst 33342; Sigma, Saint Louis, MO).

@ Springer

Hoechst 33342 was selected as it allowed viability and
motility of the flagellates while providing stable and
durable fluorescence (for 48 hours). Hoechst 33342 is a
membrane-permeable fluorochrome that is specific for AT-
rich regions of double-stranded DNA. The dye is excited
by UV light (350 nm) and emits blue/cyan fluorescence
light (460 nm). Four concentrations of Hoechst 33342 were
initially tested (final concentration of 250, 33, 5, and 1 pg/
mL in phosphate-buffered saline [PBS 1%]), and 1pg/mL
proved to be the optimal concentration for fluorescence
stability and cell viability of both the prey and the predator.
The effect of Hoechst 33342 on flagellate growth was
studied for 48 hours by monitoring changes in the numbers
of flagellates growing in Plymouth Erdschreiber medium in
both the absence (control) and the presence of the fluoro-
chrome. Aliquots (100 pL. x three replicates) were taken
at elapsed times, and flagellates were enumerated using a
Sedgewick-Rafter counting cell.

Grazing Experiments

O. marina log-phase cultures were centrifuged (at
2,000 rpm for 10 minutes) and acclimatised to autoclaved
0.2-um filtered seawater (FSW) for 3 days in 50-mm
diameter Petri dishes. Late—log phase cultures of G. am-
phinema were concentrated by centrifugation and
resuspended in FSW. Then Hoechst 33342 (a final con-
centration of 1 pg/mL was added to the cultures). After
30 minutes, Hoechst-stained Goniomonas (fluorescent live-
labelled flagellates) were centrifuged, washed thrice in
FSW, and then added (at approximately 2:1 ratio prey to
predator) to Petri dishes (three dishes with 10 mL volume
each) containing the predator. Dishes were accommodated
on orbital rotators (RotoMix at 100 rpm) and incubated in
darkness at room temperature (18°C & 2°C). At elapsed
times (0, 1, 2, 24, and 48 hours), three samples were taken
and fixed with a mixture of Lugol’s solution (final con-
centration 0.1%) and formaldehyde (final concentration
2%). Samples were then deposited onto polycarbonate
membrane filters (pore size 2.0 um; Cyclopore Track
Etched Membrane, Whatman R) using filtration tower
equipment. Filters were then mounted on a slide between
two drops of low-fluorescence immersion oil (ZEISS Im-
mersol TM 518 F) and observed under a Zeiss upright
epifluorescence microscope equipped with Axioplan 2ie
filter sets for UV light. At least 30 predator cells were
analysed per sample at 630 x magnification. Ingestion rate
was calculated for the first 2 hours according to the fol-
lowing formula:

IR (prey Oxyrrhis™' h™') = N1,

where N is the number of ingested Goniomonas per Oxy-
rrhis cell after a given time (t).
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Prey Cell Volume Versus Ingestion Rate

To determine the relation between prey cell volume and
ingestion rate by O. marina, we compiled a database from
previously published works. Cell volume (um®) was cal-
culated from equivalent spherical diameter (ESD) using the
following formula [27]:

ESD = (cell volume/0.523)0.33

When ESD was not available, cell volume was
calculated from provided cell measurements by assuming
the geometric form of a rotational ellipsoid [29]. Ingestion
rates were standardised to prey Oxyrrhis™' h™".

Results and Discussion

The growth dynamics of O. marina and G. amphinema
stained with Hoechst 33342 versus that of the flagellates in
the absence of the fluorochrome is shown in Fig. 1. Growth
was not significantly different (P > 0.05) for both treat-
ments, indicating that the fluorochrome did not affect
viability of the flagellates at the concentration tested.

The grazing O. marina on G. amphinema is illustrated in
Fig. 2. Ingested Goniomonas were clearly detected by its
nucleus. The absence of cytoplasmatic staining in the
predator facilitated visualization of the prey cell silhouette
(Fig. 2b). Moreover, prey and predator were also easily
found on the filters by phase-contrast light microscope, so
cell identity was corroborated without difficulty. It must
however be indicated that irrefutable demonstration of prey
digestion can only be achieved by electron microscopy or
other techniques that allow visualization of the interior of
the cell (e.g., confocal microscopy). Despite the thorough
washing of prey cells before coculture, the predator nucleus
was also usually stained because of the high permeability
of Hoechst 33342 (Fig. 2a—d). However, this fact did not
seem to interfere with visualization of the ingested prey or
with grazing because Oxyrrhis cells remained alive for the
duration of the experiment (Fig. 1a). A maximum of three
Goniomonas cells were detected within each Oxyrrhis
cell (Fig. 2b). After 48 hours, Hoechst 33342-labelled
G. amphinema cells showed well-preserved cell morphology
and fluorescence that was still clearly visible (nuclear
staining) (Fig. 2e). Goniomonas was observed feeding on
background bacteria remaining in the medium (Fig. 2f and
g). After 2 hours of coincubation, 30% of Oxyrrhis popu-
lation had preyed on Goniomonas, and we obtained an
ingestion rate of 2.2 (£0.87) prey Oxyrrhis~' h™".

The effect of prey cell volume on O. marina ingestion
rates was calculated by plotting our data and previously
published data of Oxyrrhis grazing on phototrophic and
heterotrophic microbial prey (Fig. 3). Results indicated that
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Fig. 1 Growth dynamics of O. marina (a) and G. amphinema (b) in
the absence (open circles) and in the presence (closed circles) of
Hoechst 33342 (1 pg/mL during the 48-hour experimental period).
Data points represent average values, error bars = SD (n = 3)

ingestion rates were moderately prey size dependent at
the smallest prey cell volumes (regression coefficient,
R? = 0.43, significant at P < 0.05). However, a large
increase in prey cell volume strongly correlated with dec-
reased ingestion rates (R2 = 0.98, significant at P < 0.05).
These results suggest that size-selective grazing of
O. marina [14, 16] is mainly relevant for large biovolume
prey. Although other factors (e.g., abundances of predator
and prey, chemical properties of prey surface) should also be
important for grazing parameters, it is clear that size-related
preference is a chief factor for food selection in O. marina.

The use of live prey is essential in grazing experiments
with microorganisms. Some studies show that significant
differences among dead fluorescent bacteria (FLB) and
living unstained bacteria exist, concluding that the number
of FLB in food vacuoles may underestimate real ingestion
[3]. Although it has also been reported that under food-
limiting conditions, nanoflagellates display a modest pref-
erence for inert beads versus live-stained bacteria, this shifts
to a strong discrimination against the beads after adding a
satiating concentration of live bacteria [20]. In protist
research, the use of living cells may be even more important
because the fragility of their membranes and lack of rigid
walls make dead organisms unsuitable as prey. Some spe-
cies of protists discriminate against inert particles, including
heat-killed cells [34, 35]. Live fluorescently labelled prey
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Fig. 2 Grazing of the
phagotrophic dinoflagellate

O. marina on Hoechst 33342—
stained G. amphinema.

(a) Oxyrrhis cell with no prey
inside at t = 1 hour.

(b) Oxyrrhis cell with prey
inside (arrows) at t = 1 hour.
(¢) Oxyrrhis cell with no prey
inside at t = 2 hours.

(d) Oxyrrhis cell with prey
inside (arrows) at t = 2 hours.
(e) Hoechst 33342—stained

G. amphinema cells after 48
hours of incubation in darkness.
(f and g) Magnified
Goniomonas cells clearly
showing bacteria (arrows)

in the flagellate cytoplasm

(t = 48h). Bars = 5 pm.

N, nucleus

offer an alternative when attempting to detect feeding. Our
method allows fast and easy visualization of the heterotro-
phic nanoflagellate G. amphinema inside its predator
(O. marina), which can facilitate the estimation of grazing

@ Springer

rates. O. marina is a heterotrophic (omnivorous) prey-
engulfing dinoflagellate. Diatoms, green algae, haptophytes,
and cryptophytes are their major food, and only two studies
[19, 29] have hitherto provided evidence of O. marina
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feeding on HNFs. Our study provides a new record of
Oxyrrhis predation on HNFs and supports the belief that the
prey repertoire for O. marina is highly versatile [14]. The
recognition of a top-down control of HNFs by heterotrophic
dinoflagellates may result in lower predation pressure on
planktonic bacteria because these are the main prey for
HNFs [9, 30]. This could have important consequences for
the structure and functioning of the microbial food web in
pelagic ecosystems. Larger flagellates (C. paramecium) and
ciliates (Metanophrys sp.) were also tested as long-term live
fluorescently labelled protists. Our results showed that it
was possible to live-label both organisms with the fluoro-
chrome and that both remained stable, when labeled, for at
least a 48-hour period (Fig. 4).
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Fig. 3 Relation between prey cell volume and ingestion rates for O.
marina [4,7,13, 14,15, 17, 18, 19, 29, 35, and the current study]. The
regression coefficient R* = 0.43 excludes the outlying point of the
diatom Phaeodactylum tricornuotum [13]. Values are represented in
logarithmic scale

Fig. 4 Hoechst 33342—stained
protists. C. paramecium cells at
the start of the experiment (a)
and after 48 hours of incubation
in darkness (b). Metanophrys
sp. cells at the start of the
experiment (c) and after 48
hours of incubation in darkness
(d). Bars = 20 pm in all except
(a), in which bar = 10 um.
Ma: macronucleus; mi:
micronucleus; N: nucleus

Other investigators have previously used staining
methods for monitoring grazing on HNFs. Cleven’s
method [6] involved indirect estimation of grazing by cil-
iates on HNFs using flagellates previously fed with FLB;
fluorochromes (DAPI and DTAF) have also been used for
direct labelling of potential flagellate prey, but no visual
illustration was provided [29]. Some investigators [22]
used a vital fluorescent stain chloromethyl fluorescein
diacetate (CMFDA) to investigate feeding by photosyn-
thetic dinoflagellates, but the green fluorescence of the
CMFDA might be confused with the green autofluores-
cence of some unstained protists used as prey and has also
been reported to fade quickly in presence of light [22]. The
use of fluorescent macromolecules to label food vacuoles
of the flagellates has also been approached [5], but success
of this method could be dependent on the physiologic state
of the cell.

The main characteristic of our approach is that it is
straightforward and overcomes the problems associated
with dead prey. The rate of fluorescence quenching is very
low compared with other fluorochromes, which should
make it easier to observe the fate of live-stained flagellates
in field-based experiments. The fact that the cytoplasmic
content of the prey can also be observed is interesting
because this allows the evaluation of food channelling by
HNFs (mostly of bacteria and other minute size prey) to
upper trophic—level organisms. Therefore, a broad view of
both top-down and bottom-up control by HNFs could be
attained.
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