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ABSTRACT: Microeukaryote predation on bacteria is a fundamental phenomenon to understand
energy and nutrient dynamics at the base of the aquatic food web. To date, the most prevalent
way to estimate grazing rates is by using epifluorescence microscopy to enumerate ingestion
events of fluorescently labelled tracers (FLTs) after short-term incubation experiments. However,
this approach can be sensitive to the type of FLT, requires skillful preparation of the samples and
is limited to small sample sizes. We tested the susceptibility of rate estimates to the choice of prey
and made a side-by-side comparison between microscopy and flow cytometry when recording
ingestion by a bacterivorous flagellate. Short-term uptake experiments were established using 5
types of FLTs differing in quality (living, dead or inert) and size (large or small), with Ochromonas
triangulata as a model flagellate. The experiments showed that (1) each of the different prey types
yielded different clearing rates, ranging from 0.5 to 3.6 nl cell™! h~!, with the largest differences (3-
fold or higher) between small prey (lower rates) and large prey (higher rates); (2) the cytometry
estimate differed significantly from the microscopy estimate in 3 out of 4 experimental configura-
tions; and (3) the precision of the cytometric analysis was greater, with >3-fold higher uncertainty
associated with microscopy counting. Our results validate that flow cytometry provides a more
precise bacterivory estimate, and that the choice of FLT influences the grazing rate estimate to a
high extent regardless of the analytical method used.
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1. INTRODUCTION

Grazing of aquatic bacteria by phagotrophic pro-
tists occurs at the base of the aquatic food web, and
is thus a fundamental process underpinning the
dynamics of aquatic ecosystems. The rate and selec-
tivity at which protists graze on bacteria are key fac-
tors for our understanding of, for instance, bacterial
community composition (Simek et al. 2002, 2014) or
carbon and nutrient transfer through the microbial
loop (Azam et al. 1983, Chrzanowski & Foster 2014,
Grujci¢ et al. 2015) and are expected to fluctuate over
time to a high degree, with pronounced dynamics
over hourly (Palsson & Granéli 2003) to seasonal
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timescales (Sanders et al. 1989, Domaizon et al. 2003,
Princiotta & Sanders 2017). Therefore, accurate esti-
mates of bacterivory rates are instrumental to reli-
ably interpret the status and function of a given
aquatic system and its community dynamics.
Typically, bacterivory by phagotrophic protists is
measured by the addition of fluorescently labelled
tracers (FLTs) to a sample. Grazing rates are then esti-
mated by using epifluorescence microscopy to evalu-
ate tracer uptake by protists over a short timespan or
tracer disappearance from the sample over longer in-
cubations (Caron 2001). FLT short-term uptake ex-
periments are widely employed to support ecological
claims, using either synthetic microspheres (e.g. Bird
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& Kalff 1987, Domaizon et al. 2003, Princiotta &
Sanders 2017) or fluorescently labelled bacteria (FLB;
e.g. Arenovski et al. 1995, Massana et al. 2009,
Wilken et al. 2018) as experimental prey surrogates.
However, concerns associated with this approach
have been articulated, including high statistical un-
certainty associated with necessarily small (on the or-
der of ~10? cells) sample sizes examined (Cleven &
Weisse 2001), alterations introduced by fixation and
slide preparation (Caron 2001), significant variation
in grazing estimates associated with prey quality (Fu
et al. 2003) or generic assumptions on grazing behav-
ior attributed to all potentially feeding individuals in a
sample (Cleven & Weisse 2001, Anderson et al. 2017).

Flow cytometry has the potential to overcome some
of these issues, enabling the analysis of living samples
and the screening of >10-fold larger sample sizes, thus
providing a means to obtain more precise and statisti-
cally robust estimates. Solutions to estimate grazing
rates from flow cytometry measurements have already
been proposed, either based on monitoring prey dis-
appearance (Vazquez-Dominguez et al. 1999, Fu et al.
2003) or targeting ingestion events by the predator
(Keller et al. 1994, Bratvold et al. 2000, Costa et al.
2022). Of these studies, only Costa et al. (2022) at-
tempted to compare flow cytometry against epifluo-
rescence microscopy on the same study objects.

In the present study, flow cytometry is compared to
epifluorescence microscopy for estimating bacteri-
vory rates by the mixotrophic flagellate Ochromonas
triangulata. This comparison is based on short-term
FLT uptake experiments (i.e. focusing on FLT inges-
tion by the predator) carried out using 5 different FLT
types as prey under otherwise identical experimental
conditions. The FLTs under scrutiny differed in qual-
ity (microspheres, FLB and living bacteria carrying a
fluorescent marker gene) and size (large and small).
This combination of 2 observational methodologies
with 5 different tracers allowed us to robustly con-
trast the performance of both techniques while pro-
viding further insights into the impact of prey size
and quality on final grazing estimates.

2. MATERIALS AND METHODS
2.1. Strains and culture conditions

Clonal, unialgal, non-axenic stock cultures of Ochro-
monas triangulata strain RCC21 (obtained from the
Roscoff Culture Collection) were grown in batch cul-
tures of filter-sterilized K/2 medium (Keller et al.
1987, adjusted by I. Probert and further modified

by substituting natural seawater for artificial seawa-
ter prepared according to Berges et al. 2001). The
cultures were maintained at 18°C under a 12 h light:
12 h dark photoperiod (120 pmol m~2 s~! photon flux
measured with a QSL-100 spherical sensor; Bio-
spherical Instruments) by transferring a 2 ml inocu-
lum of each batch into 18 ml of fresh medium approx-
imately every 3 wk. To ensure acclimation of the
strain to the experimental conditions and homoge-
neous growth rates across replicates, a clone of O. tri-
angulata was transferred into semicontinuous batch
culture and kept for 14 generations at >0.8 doublings
d~! prior to the start of the experiment.

Wild-type Escherichia coli cells were grown from a
glycerol-frozen stock by streaking an inoculum onto
LB agar plates and incubating for 24 h at 37°C, after
which a single clonal colony was resuspended in 3 ml
of LB broth and left at 37°C under mild agitation. The
culture was maintained in an actively growing state
by subsequent duplicated transfers of 100 pl into 3 ml
of fresh medium every 24 h until 5 ml of daily
refreshed E. coli stock was transferred to 120 ml of
fresh LB and grown at 37°C under constant agitation
for 16 h prior to cell harvest for FLB preparation.

A liquid stock culture of Limnohabitans sp. strain
Rim47 (Kasalicky et al. 2013) was kept under con-
stant agitation in 30 ml of NSY-IBM medium (Hahn
et al. 2004) at 18°C and a 12 h light:12 h dark pho-
toperiod for 21 d, at which point 25 ml of living stock
was transferred into 125 ml of fresh medium and
grown under the same conditions for 72 h prior to cell
harvest for FLB preparation.

E. coli TOP10 cells bearing the plasmid pQE30-
tGFP were grown from a glycerol-frozen stock on
LB-carbenicillin (50 mg 17!) plates for 24 h at 30°C,
after which a single clonal colony was resuspended
in 3 ml of LB-carbenicillin (1 mg 17!) broth (LB-C)
and grown at 30°C under mild agitation. After 16 h,
100 pl of this culture was transferred into 3 ml of LB-
C broth and subsequently refreshed every 24 h until
needed for the experiment.

2.2. FLB preparation

Bacterial cells permanently stained with fluores-
cein were prepared according to Sherr & Sherr
(1993), both from E. coli and Limnohabitans sp.
stocks. Briefly, cells were harvested by centrifugation
of 20 ml fractions at 22 000 x g for 12 min. The super-
natant was discarded and each pellet was resus-
pended in 1.5ml of 0.2 mg ml™ 5-(4,6-dichlorotri-
azin-2-yl)aminofluorescein (5-DTAF; Sigma Aldrich)
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in freshly prepared 0.01 M phosphate-buffered
saline (PBS) (pH adjusted to 9). Next, all fractions of
the same strain were pooled together and incubated
at 60°C for 2 h. After incubation, each pool was split
again into 20 ml fractions, centrifuged at 22000 x g
for 12 min and washed with PBS. This washing step
was repeated 3 more times, and the final pellets were
resuspended in a saline (0.85% NaCl) 0.02 M
Na,P,0; solution before being aliquoted and stored
at —20°C until further use.

2.3. Prey surrogates

Five different fluorescent tracers were tested in
this experiment (Table 1). Prey surrogates can be
grouped into 2 size classes based on their volume
(large or small) and 3 type classes based on their
quality: inert (chemically inert polystyrene beads),
dead (FLB derived from heat-killed cultured bacte-
ria) and living (living cells expressing a fluorescent
reporter). Inert types: Fluoresbrite® YG polystyrene
microspheres with diameters of 0.51 pm (BDS-.5) and
0.98 pm (BDS-1) (catalog numbers 15700 and 17 154,
respectively; Polysciences) were diluted 1:1000 in
0.01 M PBS, vortexed and sonicated before incuba-
tions. FLB types: aliquots of FLB prepared from wild-
type E. coli (FLB-E) or Limnohabitans sp. (FLB-R)
stocks (see above for preparation protocol) were
thawed, diluted 1:100 into 0.01 M PBS, vortexed and
sonicated with three 3 s pulses of 5 W for satisfactory
dispersion. Green fluorescent protein (GFP) type: a
100 pl aliquot of a 24 h old stock was resuspended in
3 ml LB-C and further grown at 30°C for 8 h, after
which 100 pl was transferred to LB-C amended with
100 nM isopropyl B-D-thiogalactopyranoside (IGTP)
final concentration to induce GFP expression and
grown at 30°C overnight under constant agitation.
GFP-expressing E. coli cells were harvested on the
same day of the experiment by centrifuging the

grown inoculum at 22000 x g for 12 min and then
washing in freshly prepared PBS. After 3 consecutive
washing and centrifuging steps, the pellet was finally
resuspended in 2 ml of PBS and kept at 4°C until use.

2.4. Experimental setup

A clonal, non-axenic culture of acclimated O. trian-
gulata growing in semicontinuous culture (see Section
2.1) was inoculated into 12 flasks at a final culture vol-
ume of 40 ml. After 5 d of growth (0.98 doublings d};
growth curves for O. triangulata and its co-cultured
bacterial population can be found in Fig. S1 in the
Supplement at www.int-res.com/articles/suppl/a089
p043_supp.pdf), all 12 cultures were pooled into a
500 ml sterile, clear plastic bottle immediately prior to
the start of the FLT incubations. This was done to
avoid undesired volume effects on O. triangulata
growth while ensuring sufficient culture volume to
complete the experiment. All FLT incubations were
carried out in 75 ml clear plastic flasks starting with
30 ml of acclimated O. triangulata culture at 18°C and
in the absence of light. Five min before the tracer ad-
dition, 5 pl of 1 mM LysoSensor" (LS) Blue DND-167
(Invitrogen) was added to each culture. LS acts as a
food vacuole stain (Carvalho & Granéli 2006) and was
used here to determine the total feeding population of
O. triangulata in the flow cytometer. Incubations with
each prey surrogate were performed in triplicate, and
all prey surrogates were inoculated at a final density
of ~0.15 x 10° particles ml™!, which corresponded to
8.5 % of the total density of co-cultured bacteria in the
flasks (~1.77 x 10° cells ml™%; see Fig. S1B). Upon FLT
addition, all flasks were sampled at time zero immedi-
ately after the addition of the tracer and were subse-
quently sampled at 4, 8, 12, 16, 20, 24, 32 and 40 min
for cytometry and 8, 16, 24, 32 and 40 min for mi-
croscopy. For cytometry, 500 pl aliquots were immedi-
ately placed into a saline ice bath (-2 to —1.5°C) and

Table 1. Description and properties of the different types of fluorescently labelled tracers (FLTs) used in this study. CV: percent
coefficient of variation

FLT Description Length Width Volume Size Quality
code (nm) (nm) (um?®) class class
BDS-.5 Polystyrene microspheres, 0.51 pm - - 0.070 (CV 9%)* Small Inert
BDS-1 Polystyrene microspheres, 0.98 pm - - 0.49 (CV 9%) Large Inert
FLB-R Fluorescently labelled Limnohabitans sp. cells 0.78 (CV 25%) 0.43 (CV 22%) 0.097 (CV 55%) Small Dead
FLB-E Fluorescently labelled Escherichia coli cells 2.06 (CV 27%) 0.72 (CV 15%) 0.76 (CV 41%) Large Dead
GFP GFP-expressing E. coli TOP10 cells (plasmid 1.73 (CV 25%) 0.77 (CV 16%) 0.72 (CV 48%) Large Living
pQE30-tGFP)
“Based on 3% CV in diameter values declared by the manufacturer
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kept cold for analysis of unpreserved (live) cells as
soon as possible (typically within 10 to 20 min). This
procedure was based on previous tests where no fur-
ther ingestion was observed after exposure to temper-
atures close to 0°C (Fig. S2). For microscopy, 2 ml
aliquots were fixed with 2 ml freshly prepared, ice-
cold 4 % formaldehyde in PBS and kept frozen until
slide preparation. For each replicate, both samples for
cytometric and microscopic analyses were collected
from the sample flask.

2.5. Flow cytometry

All cytometric measurements, including both cell
and surrogate prey density measurements, were car-
ried out on a CytoFLEX flow cytometer (Beckman
Coulter) equipped with violet (405 nm) and blue
(488 nm) lasers for excitation. Cell populations of O.
triangulata were identified via side scatter signal
(SSC) and chlorophyll autofluorescence was detected
in the FL3 channel (EX 488, EM 690/50). Cell counts
for total bacterial cells were based on separate sam-
ples stained with SYBR™ Green I nucleic acid stain
(Invitrogen) detected in the FL1 channel (EX 488,
EM 525/40). All prey surrogates bearing green con-
stitutive fluorescence could be identified based on
their signal in the FL1 channel.

For the experiment described in this study, the flow
cytometer was set to a flow rate of 75 ul min~! (yield-
ing an average event rate of 44 s™!), and acquisition
time was set to 2 min for each sample. Counting
gates were manually established, and thresholds to
discriminate between prey-positive and prey-nega-
tive events were set as depicted in Fig. S3: the target
O. triangulata population was identified via its signal
in the SSC and FL3 channels, further refined based
on the LS signal detected in the FL5 channel (EX 405,
EM 450/45) and cell association to a tracer was eval-
uated based on FLT signal in the FL1 channel. The
threshold between FLT-positive and FLT-negative
cells was established with an FLT-free subsample of
the same origin as the rest of the samples. Flow
cytometry data are publicly available at FlowReposi-
tory, International Society for the Advancement of
Cytometry, under experiment ID FR-FCM-Z64S.

2.6. Epifluorescence microscopy
Aliquots for microscopy were thawed overnight at

4°C prior to slide preparation; 4’ 6-diamidino-2-
phenylindole (DAPI; Sigma Aldrich) (2 pg ml™ final

concentration) was used as a counterstain by expos-
ing the samples for at least 10 min. Fractions (2 ml)
of fixed, stained samples were filtered through 3 pm
pore size Nuclepore™ polycarbonate membrane fil-
ters (Cytiva), and the filters were mounted onto slides
according to the filter—transfer—freeze technique
(Hewes & Holm-Hansen 1983). Briefly, filters were
deposited sample-side down onto a clean slide and
placed onto a metal surface maintained at approxi-
mately —80°C. When frozen, the filter can be peeled
away while the sample stays attached to solid mois-
ture. A drop of glycerol-based, hard-setting moun-
tant (ProLong’" Glass; Invitrogen) was placed on the
slides upon filter removal and subsequently covered
with a coverslip. Preparations were allowed to cure
overnight at room temperature protected from light
and stored at 4°C until observation.

All slides were examined at 1000x total magnifi-
cation with a Nikon Eclipse E600 epifluorescence mi-
croscope equipped with a 100 W mercury short-arc
lamp and the following filter sets: NQ-31 (EX 365/50,
DM 405, EM 450/65; Omega Optical), UV-2A (EX
355/50, DM 400; EM 420 LP; Nikon) and B-2A (EX
470/40, DM 500, EM 520 LP; Nikon). Cells were iden-
tified based on DAPI (nucleus) fluorescence on either
the NQ-31 or UV-2A filters, and the number of in-
gested fluorescent prey units, if any, was assessed us-
ing the B-2A filter (allowing simultaneous visualiza-
tion of prey and chloroplasts). In doubtful cases (e.g.
when prey could be adjacent but not necessarily in-
gested), pseudo phase contrast (phase contrast ring in
the condenser with a regular epifluorescence objec-
tive) was used in conjunction with green fluorescence
to evaluate the position of the prey based on cell con-
tour. In the rare occurrences when the position of prey
could not be resolved, the cell was not considered in
the census. All preparations were scanned horizon-
tally until a minimum of 5 full transects were exam-
ined and either (1) a cell count higher than 500 was
reached or (2) a maximum of 10 full transects were
examined. Example pictures of FLT ingestion (see
Fig. 2) were obtained with an Olympus [X73 epifluo-
rescence microscope equipped with the following fil-
ter sets: UV-to-blue (EX 365/10, DM 410, EM 440/40),
blue-to-green (EX 482/25, DM 505, EM 530/40) and
blue-to-red (EX 445/30, DM 510, EM 665 LP).

2.7. Clearance rate calculations
For the cytometry-based estimation, average num-

ber of tracer units per cell were calculated assuming
that each event attributed as prey-positive repre-
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sented one ingestion event in a one-to-one corre-
spondence. Even though multiple ingestion events
are easily traceable when using microspheres, this is
not the case when using other FLTs. Therefore, we
applied the simplest assumption described above to
ensure comparability across FLT types. For the
microscopy-based estimation, classes 0, 1, 2, 3 or 4 or
more prey units were scored for each observed pred-
ator cell, and tracer units per cell were averaged
across observations in each sample. Averages for the
number of prey per cell over time were used in linear
regressions to estimate tracer uptake rates (r) for
each methodology and prey type, which in turn were
used to estimate clearance rates (CRs) according to
the following equation (Caron 2001):
1

CR=r ITp (1)
where D, is the density of surrogate prey cells per
unit volume in each incubation. See Table 2 for D,
values for all FLTs used in this experiment.

BDS-.5

BDS-1

FLB-R

3. RESULTS

The 2 counting strategies outlined above resulted in
sample sizes of 667 and 4847 cells replicate™ (median
values) from epifluorescence microscopy and flow cy-
tometry, respectively (Fig. S4). In the former case, num-
bers refer to all individual cells assessed per replicate
during observation, while in the latter case, they refer
to all cells detected as actively feeding (i.e. LS-
positive). For both methods, average estimates for the
number of prey units per cell were calculated for each
replicate based on these individual observations fol-
lowing the strategies described in Sections 2.5 & 2.6.
No major difficulties associated with a particular prey
type were experienced during microscopical examina-
tion of the samples, although the inert prey type (i.e.
microspheres) posed less of a challenge when counting
cases of multiple ingested particles by a single flagel-
late, given their homogeneous size and shape (Fig. 1A).
Regarding flow cytometry, food vacuole staining re-
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Fig. 1. (A) Images illustrating particle ingestion events for each prey type tested. Each image pair consists of a composite epiflu-

orescence image of Ochromonas triangulata (top) and the corresponding brightfield image of the same cell (bottom). The epi-

fluorescence images display the nucleus (cyan), chloroplasts (red) and surrogate prey (green). Cell contours are drawn from

the brightfield image. All scale bars = 5 pm. (B) Flow cytometry scatter diagrams of food vacuole fluorescence (FL5) vs. prey

fluorescence (FL1); green population: cells that ingested at least one fluorescently labelled tracer (FLT); orange population:

actively feeding cells that did not ingest any FLTs. All scatter diagrams correspond to samples taken after 40 min incubation.
See Table 1 for FLT type descriptions
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vealed that actively feeding cells accounted for 99.3 %
(median value across all replicates) of total cells de-
tected at the time of the experiment (Fig. S3). Across
treatments, the higher fluorescence intensity of inert
fluorescent beads made it easier to discriminate be-
tween prey-positive and prey-negative populations, al-
though in all cases the separation was clear enough to
permit visual discrimination along the FL1 channel in
the FL5 vs. FL1 scatter diagrams (Fig. 1B).

Prey per cell observations for each replicate and
timepoint increased linearly with incubation time up
to 32 min after the addition of the fluorescent prey to
the experimental flasks. Beyond this point, linearity
began to deteriorate for the treatments showing
higher values of r. This could indicate that tracer di-

gestion or egestion by the feeding flagellate was start-
ing to mask ingestion rates. For this reason, the last
sampling point was excluded from further analysis.
Tracer ingestion rates differed for all treatments,
both across prey types and across methodologies
(Fig. 2, Table 2). Higher ingestion rates were associ-
ated with 2 of the 3 tracers belonging to the large size
classes FLB-E and BDS-1. The former type showed
the highest ingestion rates, consistently for both
microscopy and flow cytometry. Relatively high rates
were also consistently observed for the BDS-1 type,
whereas all other treatments yielded at least 35%
lower rates than these 2 tracers, suggesting a strong
preference of Ochromonas triangulata for prey of
large size. GFP-expressing E. coli cells were the only
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Fig. 2. Fluorescently labelled tracer (FLT) uptake by Ochromonas triangulata as measured with (A-E) epifluorescence
microscopy or (F-J) flow cytometry. Each column corresponds to a different FLT type. Line: best linear fit to the data
points; shaded area: uncertainty (SE) around the estimate. See Table 1 for FLT type descriptions

Table 2. Ingestion rate estimates and their associated standard error for each combination of methodology and fluorescently
labelled tracer (FLT). See Table 1 for FLT type descriptions

FLT type Density of Ingestion rate r? P

inoculum (x1073 min™?)

(x10° ml™?) Cytometry Microscopy Cytometry Microscopy Cytometry Microscopy
BDS-.5 1.460 1.14 £ 0.07 1.81+0.30 0.9191 0.7372 <0.001 <0.001
BDS-1 1.415 7.48 +0.17 4.68 +0.54 0.9890 0.8505 <0.001 <0.001
FLB-R 1.480 3.26+0.10 3.03+0.30 0.9779 0.8903 <0.001 <0.001
FLB-E 1.553 9.31+0.34 6.34+0.55 0.9721 0.9106 <0.001 <0.001
GFP 1.570 0.25+0.04 191+0.61 0.6242 0.4319 <0.001 0.008
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FLT that deviated from this pattern, belonging to the
large size class but showing uptake rates similar to
those observed for prey in the small size class. Unfor-
tunately, almost no tracer ingestion could be de-
tected via flow cytometry in the incubations with
GFP-expressing E. coli cells. Since evidence of GFP-
tagged prey uptake could be obtained under the
microscope, we assume that this phenomenon must
have been due to some experimental artefact associ-
ated with the live-cell flow cytometry assay. This may
have involved a detrimental interaction between LS
and GFP fluorescence or the GFP signal being
quenched enzymatically over time in the food vac-
uoles. In any case, specific tests that attempt to un-
ravel this effect were not performed and thus its
mechanism remains unknown. As a consequence,
data associated with the GFP-expressing prey treat-
ment were excluded from further methodological
comparison.

In comparing the 2 counting methodologies, the
uncertainty associated with microscopy counting
was clearly higher than that associated with the flow
cytometry measurements. In all cases, the micro-
scopy-based measurements led to higher standard
errors of the regression compared to the correspon-
ding estimates resulting from flow cytometry (Table 2).
This difference ranged from 2- to 15-fold in mag-
nitude. The smallest difference corresponded to the
FLB-E prey type, which in turn yielded the highest
uptake rates based on both methodologies. Re-
latively higher uncertainty in the flow cytometry
estimate of the FLB-E treatment suggests that the
fraction of unexplained variation increased propor-
tionally with the value of the estimate, indicating that
the model considered to score ingestion events via
flow cytometry (see Section 2.7) worsens as ingestion
rate increases. This is to be expected, since higher
ingestion rates increase the probability of multiple
ingestion events in individual cells, which are in turn
neglected in the model. Nevertheless, the generally
low tracer ingestion rates observed in this study
(<0.1 min~!; see Bratvold et al. 2000) ensure that the
impact of this effect is minor. As a consequence of
higher uncertainty associated with the microscopy
estimates, the quality of the linear regression, evalu-
ated by the regression coefficient r?, was higher for
cytometric counting when comparing each prey type
across these 2 observational methods.

CRs were calculated from r following Eq. (1)
(Fig. 3). As expected from the tracer uptake curves,
each tracer-methodology combination yielded a
unique estimate —with the exception of the FLB-R
type, for which both estimates were in agreement.

[ Microscopy
[ ] Cytometry

N w
| |

Clearance rate (nl cell™! h™)

—_
|

0 -

BDS-.5 BDS-1 FLB-R FLB-E GFP

Fig. 3. Estimated clearance rates for each fluorescently la-
belled tracer (FLT) type. Error bars: SE associated with the
estimate. See Table 1 for FLT type descriptions

However, both counting methodologies captured the
same overall sequence in grazing rates across the
prey types: BDS-.5 < FLB-R < BDS-1 < FLB-E. In this
sequence, the highest CR estimates were from incu-
bations with large prey size classes. Both BDS-1 and
FLB-E treatments yielded rates between 2 and 3 nl
cell” min~! based on microscopic counts and above
3 nl cell”! min~! based on cytometric counts. In con-
trast, rates associated with the small size class re-
mained below 1.4 nl cell™ min! irrespective of the
counting approach.

Despite major overall differences in CRs spanning
an 8-fold range, another pattern can be observed
regardless of methodology: pairwise comparisons
between small and large size classes within each
methodology featured a greater difference than com-
parisons among prey quality classes (i.e. inert vs.
dead) of the same size class. Hence, CRs for both
incubations with either differentially sized beads or
FLB differed >6- or ~3-fold, respectively, whereas
differences between quality classes within each size
class (i.e. BDS-.5 vs. FLB-R; BDS-1 vs. FLB-E) were
all lower than 2-fold (with the exception of BDS-.5 to
FLB-R for the cytometry estimate, which was 2.8
times higher for the FLB type). Based on these obser-
vations, we conclude that tracer size is a stronger
driver than particle quality in defining the magni-
tude of CR estimates. However, the living prey type
constituted an exception to this pattern. Despite
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being a comparatively large size, rates associated
with this treatment fell within the range associated
with the small size class. When compared to the other
types within the large class, rates differed by a factor
of 2.7 for BDS-1 and 3.3 for FLB-E. These repre-
sented the largest differences in magnitude within
types of the same size class.

When comparing observational methodologies for
each prey type, the differences in observed ingestion
or CRs appear to be relatively minor. With the excep-
tion of the FLB-R treatment, in which there was no
significant difference, a difference of ~1.5 was con-
sistently observed for the other 3 treatments. Only
the directionality differed: while the microscopy-
based estimates reported a higher grazing rate for
the BDS-.5 type, the opposite was seen for the BDS-1
and FLB-E types. Thus, the choice of methodology
(microscopy vs. cytometry) appears to have less of an
impact on grazing rate estimates even though pro-
cessivity and automation of flow cytometry hold
potential for higher analytical precision and analyses
of larger sample sets.

4. DISCUSSION

In general terms, our CR estimates are in accor-
dance with values reported in the literature for other
Ochromonas strains (Chrzanowski & Simek 1990,
Boenigk et al. 2004). Nonetheless, our results suggest
that the differences in grazing estimates associated
with prey size are larger than those associated with
either prey quality or observational methodology
when using short-term tracer incubation experi-
ments to measure bacterivory.

Indeed, prey size has previously been recognized as
an influential factor in the grazing behavior of
phagotrophic flagellates, both in culture and in
natural samples (Andersson et al. 1986, Chrzanowski
& Simek 1990, Gonzalez et al. 1990, Jurgens & Matz
2002, Schmidtke et al. 2006), and therefore it is ex-
pected to be a potentially strong skewing factor on
FLT-based bacterivory estimates. To mitigate this ef-
fect, FLB prepared from amended natural communi-
ties could be used to measure uptake rates (as initially
suggested by Sherr & Sherr 1993) since such FLBs
would convey a wide representation of size and
shapes, in principle resembling those present in the
natural assemblages. However, this is a labor-inten-
sive approach and restricts, by design, each FLB
preparation to its environment of origin. A further
complication is the challenge that would arise when
comparing results between different studies in the

absence of standardized prey. The most practical so-
lution would be to synchronously use multiple-sized
fluorescent microspheres (Jurgens & Gude 1994), but
CRs would ultimately depend on the ratios between
size classes (as seen e.g. in Chrzanowski & Simek
1990 for FLB). Reporting a range of potential grazing
rates based on estimates spanning a collection of FLTs
differing in size could be another solution— either
in parallel incubations or simultaneously —if, for in-
stance, the different FLTs also differ in their fluores-
cent properties. Nonetheless, grazing rates estimated
from FLT uptake experiments will inevitably be sen-
sitive to the size of tracers employed.

Tracer quality can also potentially compromise
bacterivory estimates. In our experiment, differences
in prey quality, when comparing among FLTs of
the same size class, resulted in the smallest differ-
ences among estimated rates in almost all cases, with
the exception of the GFP-tagged living cells. Tracer
quality has previously been suggested to be a
confounding element when estimating bacterivory
based on FLT incubations, particularly when living
fluorescent prey is compared to heat-killed, 5-DTAF-
stained bacteria (Fu et al. 2003, Bochdansky &
Clouse 2015). In these earlier studies, grazing rates of
model flagellates in culture were estimated from
either FLB- or GFP-expressing prey surrogates of
comparable sizes; Fu et al. (2003) reported higher
grazing rates with living prey whereas Bochdansky
& Clouse (2015) reported the opposite. Regardless of
the directionality, both studies showed differences of
a factor of ~1.5 among types, which accounts for
approximately half the difference reported here. This
difference could be related to the nature of the model
predator (Paraphysomonas imperforata was used by
Fu et al. 2003, whereas Neobodo saltans and Cafete-
ria roenbergensis were chosen by Bochdansky &
Clouse 2015), which adds up to variation brought
about by tracer size (Fu et al. 2003 used a tracer com-
parable to the large size class described here,
whereas Bochdansky & Clouse 2015 used prey of a
smaller size). Differences could also be related to
observational methodology (Fu et al. 2003 employed
flow cytometry, whereas Bochdansky & Clouse 2015
relied on microscopy). In any case, all these results
combined point towards higher complexity in prey
selection by the predator than just preference based
on size.

Finally, the observational methodology of choice
influences both the quality and magnitude of the
grazing estimate. In the present study, flow cytome-
try-based estimates rely on a simple assumption: one
prey-positive event corresponds to a single ingestion
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event. Other strategies have been previously pro-
posed, such as modelling uptake based on a Poisson
distribution (Gonzélez 1999), truncated Poisson dis-
tribution (Bratvold et al. 2000) or monitoring FLB
depletion over longer time periods (Fu et al. 2003).
However, Poisson-based approaches are not ade-
quate to describe the low uptake rates observed
in our experiment, and the post hoc application of
the latter is not appropriate for our study design be-
cause of the short incubation times. Admittedly, our
methodological approach neglects cases of multiple
ingestion by a single predator cell and thus will result
in underestimates of grazing rates. However, the
probability of multiple ingestion events is small when
low values of r are observed (<0.1 cell’! min™!; see
Bratvold et al. 2000). This is the case in our study
(0.14 median frequency of multiple ingestion events
based on microscopy observations with no relation-
ship with time; Fig. S5), and therefore we believe
that the extent of the underestimation is low and our
assumption remains appropriate for the analysis pre-
sented here.

Flow cytometry delivered greater precision in esti-
mates of grazing rates compared to the customary
strategy based on epifluorescence microscopy. This
is clear from our results and is in agreement with a
recently published study (Costa et al. 2022) in which
the authors found significant differences in ingestion
rates associated with nutrient treatments that could
not be significantly resolved based on epifluores-
cence microscopy. Even so, differences in the magni-
tude of the estimates produced by either methodol-
ogy are not striking, and therefore we feel that
microscopy is still a valid option when practical or
logistic limitations prevent the use of flow cytometry.
In addition, epifluorescence microscopy can provide
additional layers of information for the expert exam-
iner through visual confirmation of ingestion events
and morphological identification of the predators.
Indeed, flow cytometry has been shown to be sensi-
tive to confounding artefacts that could otherwise be
visually recognized, such as FLT-flagellate associa-
tions due to flagellate senescence (Wilken et al.
2019). Food vacuole staining, although not devoid of
specificity issues (Rose et al. 2004, Wilken et al. 2019,
but see Carvalho & Granéli 2006), can contribute to
minimizing the impact of such circumstances when
used in conjunction with FLT uptake, as done in our
experiment. In the case of predator identification,
flow cytometry still enables a similar output since the
sample can potentially be fractionated into cyto-
metric groups based on multicolor gating by taking
advantage of natural pigmentation or complement-

ing the experiment with additional staining strate-
gies, such as staining of food vacuoles or other
organelles. However, the availability of fluorophores
that target functional features on the predators is
still limited, and microscopic identification of phago-
trophic eukaryotes, despite requiring extensive ex-
perience, is currently more developed than charac-
terization based on flow cytometry.

High sample complexity might result in additional
challenges when delineating prey-positive and prey-
negative populations in the flow cytometer, but it can
equally well be a strong uncertainty factor when
examining a sample under the microscope. When
sample complexity is high, the quality of the output
with either methodology will still depend on the skill
and expertise of the investigator. On the other side of
the same spectrum, low predator density in the sam-
ple can also pose a severe limitation in flow cytome-
try. Despite its capacity to screen large numbers of
cells in a single run, the running volumes on a flow
cytometer are still restricted to the ml level. Screen-
ing substantial volumes of a sample might be needed
when predator densities are low, and total grazing
pressure on bacteria might be underestimated when
low sample volumes are considered. For instance,
the density of a highly active bacterivorous ciliate
population in a lake can approximate 50 cells ml™
(Lischke et al. 2016); running a flow cytometer at
75 1l min~' (as done here) would imply the obser-
vation of only ~20 cells in >5 min running time. This
would inevitably compromise both the precision and
the validity of the estimate due to low sample size
and long analysis time, respectively. As a result, any
environment where predator abundance is low
would present a challenge to flow cytometry.

Despite these potential limitations, there is still a
broad range of conditions in which flow cytometry
could be a promising tool to estimate bacterivory
rates with improved precision. Undoubtedly, flow
cytometry analysis times are much shorter than those
necessary for microscopy observation, allowing the
screening of orders of magnitude larger populations
and/or a larger number of samples. Moreover, if flow
cytometry is employed for the analysis of living sam-
ples (i.e. non-fixed), all potential biases associated
with fixation (such as particle egestion; Caron 2001)
and slide preparation are avoided, yielding more
realistic estimates of bacterivory. If analysis of live
samples is not practically possible, fixed samples are
still suitable for flow cytometry and can be used both
for predator-associated prey fluorescence and esti-
mates of community-level grazing rates from FLT
removal. To the best of our knowledge, to date there
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has only been one study where flow cytometry and
short-term FLT incubations have been used to esti-
mate bacterial grazing rates to inform about ecologi-
cal processes (Costa et al. 2022). We believe that
possibilities exist for more refined grazing rate esti-
mates based on flow cytometry, by developing
strategies to target group-specific grazing rates
when cytometric groups are identified or establish-
ing multicolor gating routines to systematically by-
pass sample complexity. Thus, we argue that flow
cytometry is a robust, precise and practical method-
ology to be considered when precise grazing rates
need to be estimated.
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