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ABSTRACT: Heterotrophic nanoflagellates (HNANs) play a pivotal role as consumers of pico-
plankton, remineralizers and carbon vectors, yet knowledge on how prey quantity and quality
affect HNAN physiology remains limited. In a series of grazing experiments using an uncharac-
terized member of the HNAN assemblage, we found that growth (u) and ingestion rate (IR) varied
when offering heterotrophic bacteria (HB), Synechococcus spp. (Syn), Ostreococcus lucimarinus
(Ost) or a combination of all 3 prey types. Highest average u rates (1.8 d™') were detected on HB
at densities of ~10° cells mI~! and maximum IR on Syn (485 pg C d™!) at ~10° cells m1~!. Independ-
ent of prey type, flagellate u increased with IR up to ~50 pg C d~!. A relatively low P-content in
Ost was linked to shifts in C:N:P ratios of the HNAN in the single-prey experiment and when Ost
was offered as part of the mixed assemblage. Presented with a mixed diet, the highest contribu-
tion to daily C intake came from Ost with 50 %, followed by HB with 46 % and Syn with only 4 %.
C-based gross growth efficiencies (GGEs) were higher when feeding on HB and mixed prey, com-
pared to both picophototrophs, while N- and P-based GGEs in mixed prey treatments markedly
exceeded those when feeding on any single prey. The findings in this study corroborate the
importance of investigating the biogeochemical role of HNANS in relation to prey availability and
quality to refine estimates of energy transfer within the microbial loop.
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1. INTRODUCTION

Heterotrophic nanoflagellates (HNANs, 2-20 pm
in size) are important grazers of picoplankton (0.2—
2 pm) throughout the oceans and play pivotal roles in
biogeochemical cycling within microbial food webs
(Pomeroy 1974, Azam et al. 1983, Pernthaler 2005).
Flagellate grazing may account for the daily removal
of as little as ~5% but up to 100 % of bacterial stand-
ing stocks, typically constituting the primary cause of
bacterial mortality (vis-a-vis viral lysis) (Caron et al.
1999, Christaki et al. 2001, Tsai et al. 2013). Similarly,
the extent to which heterotrophic flagellates exert
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top-down control over picophytoplankton (e.g. Syne-
chococcus spp.) may range markedly, with 1-93 % of
biomass consumed daily (Safi & Hall 1999, Worden et
al. 2004, Karayanni et al. 2005, Worden 2006). Both
laboratory and field studies have demonstrated how
prey quantity and quality may affect rates of flagel-
late community grazing (Gonzalez et al. 1990, Dolan
& Simek 1999, Christaki et al. 2001). Some studies
also found that feeding ecologies and preferences
differ among individual nanoflagellate species (Boe-
nigk & Arndt 2000, Schnepf & Kithn 2000, Christaki
et al. 2005). For instance, ingestion rates (IRs) for
Cafeteria and Ochromonas were found to differ
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depending on prey type, and IRs for Ochromonas
exceeded those for Cafeteria by orders of magnitude
when feeding on the same prey (Boenigk et al. 2001).

Variability in flagellate bacterivory has been attrib-
uted to prey size and mobility, with larger, mobile
cells being ingested at higher rates (Gonzalez et al.
1990, Boenigk et al. 2001). Next to prey size as a
potential indicator of nutritional value, some studies
have also examined nutrient composition (C, N and P
budgets) to aid in interpreting flagellate-prey dyna-
mics (Eccleston-Parry & Leadbeater 1995, Grover &
Chrzanowski 2009). Previous work has shown that
the typical C:N:P ratio for HNANs may range from
6:1.5:1 to 66:10:1 and can shift based on the nutrient
composition of ingested prey (Eccleston-Parry &
Leadbeater 1995, Chrzanowski & Foster 2014). A
growing number of studies emphasize the role that
phototrophic prey, mainly cyanobacteria Synecho-
coccus (Syn) and Prochlorococcus spp., play in flagel-
late diet next to feeding on heterotrophic bacteria
(HB) (Dolan & Simek 1998, 1999, Guillou et al. 2001,
Christaki et al. 2002), and a few have examined
nanoflagellate feeding on picoeukaryotes, mainly
Ostreococcus (Ost) and Choricystis spp. (Christaki
et al. 2005, Brek-Laitinen & Ojala 2011). Generally,
HNANS are able to ingest varying phototrophs; how-
ever, their ability to sustain population growth (u) on
such diets seems to differ between flagellate species
(Dolan & Simek 1998, Christaki et al. 2001, Bec et al.
2006).

Prey quantity and quality can impact flagellate u
and may also affect gross growth efficiency (GGE),
the amount of prey carbon (C) converted into HNAN
biomass (Straile 1997, Dahlgren et al. 2010). While
C-based GGEs for HNANs feeding on natural prey
communities typically fall between 23 and 54 %
(Fenchel 1982a, Borsheim & Bratbak 1987, Rose et al.
2009), laboratory studies have reported variations
dependent on prey and grazer ‘matches’. For ins-
tance, in experiments where the same prey (E. coli)
was offered to differing flagellates, maximum GGE
for Pteridomonas sp. reached 22%, while values
were twice as high (~43 %) for Ochromonas sp. (Wik-
ner et al. 1986, Pelegri et al. 1999). In another exam-
ple, grazing on various strains of Syn, the HNAN
Goniomonas pacifica yielded GGEs from 13 to 45 %
(Apple et al. 2011). A limited number of investiga-
tions have extended nutrient measurements to
include N and P to calculate GGEs (Caron et al. 1990,
Eccleston-Parry & Leadbeater 1995, Chrzanowski et
al. 2010). Christaki et al. (2005) also reported decrea-
ses in biovolume (BV) of certain flagellates feeding
on prey like the picoeukaryote Ostreococcus com-

pared to HB. A growing number of studies continues
to provide better insight into how the biogeochemi-
cal roles of HNANSs link to grazer-specific and prey-
dependent responses.

The objective of this study was to examine grazing
and u of a recently isolated nanoflagellate, herein
referenced as HNAN. The flagellate, a likely mem-
ber of the order Bicosoecida (full characterization
pending), had originally been isolated from the
North Carolina (USA) coast. Grazing was examined
for 3 common prey types/groups including a mixed
HB assemblage, the cyanobacterium Syn and the
picoeukaryote Ost. Prey was offered over increasing
concentrations (~10° to 10° cells ml™!) in separate
short-term incubations (24 h), and then all prey types
were combined to examine HNAN feeding on the
mixed assemblage. The effects of prey concentration
and type on the HNAN y, IRs, predator BV and GGE
are discussed.

2. MATERIALS AND METHODS
2.1. Predator origins and culture conditions

Plankton surface tows (150 pm mesh size) were
conducted in the eastern part of Bogue Sound, North
Carolina, USA, during October 2015 (34°43' 17.77" N,
76°45'33.93" W). The tows were originally targeting
varying microphytoplankton, and the nanoflagellate
was isolated attached to diatom cells. The diatoms
were grown in F/20 medium (Guillard & Ryther 1962)
at 22°C and a light:dark (L:D) cycle of 14:10 h at 75 uE
m~2 s7! using cool white fluorescent light. The flagel-
lates tended to numerically dominate the diatom cul-
tures within 2 wk of each transfer. The ~5 pm-sized
cells were separated from the microalgae using a
20 pm Nitex mesh screen combined with a series of
dilution steps. Once isolated, the nanoflagellate as-
semblage was grown at 14:10 h L:D cycle with F/20
and in the dark with a barley seed. While these initial
cultures contained a mix of pigmented and colorless
flagellates, dark growth conditions exclusively selec-
ted non-pigmented cells, and further examination via
epifluorescence microscopy confirmed that after sev-
eral months in the dark, transferring the flagellate
back to original growth conditions (14:10 h L:D cycle
plus F/20 and/or barley seed) did not result in the re-
turn of pigmented cells.

To determine whether a single or several hetero-
trophic species were present, aliquots of 100 ml from
the cultures were concentrated onto 25 mm GF/F fil-
ters (0.7 pm pore size) and stored at —20°C. The DNA
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was extracted using a DNA Isolation Kit (MoBio, Qia-
gen), and the 18S rDNA was partially amplified
using universal eukaryotic primers 575 FWD (5'-GTA
ATT CCA GCT CCA ATA GC-3') (Weekers et al.
1994) and NS4 (5'-CTT CCG TCA ATT CCT TTA
AG-3') (White et al. 1990). Briefly, the PCR reaction
contained 5 pl of template DNA, 1 ul 0.1 pM of each
primer, 18 pl of nuclease-free water and 2x Dream-
Taq Green PCR Master Mix (DreamTaq DNA poly-
merase, 2x Green buffer, 0.4 mM of each dNTP,
4 mM MgCl,) (ThermoScientific) for a total volume of
50 pl. The PCR was run (Thermocycler, BioRad)
using an initial denaturation step for 10 min at 95°C,
followed by 35 cycles of 30 s at 94°C, 30 s at 55°C,
and 1 min at 72°C, with an extension for 8 min at
72°C. The PCR products were cleaned and then lig-
ated using a cloning kit (Qiagen) following the man-
ufacturer's instructions using electro-competent cells
(Thermofisher, OneShot Top 10) and electroporation
(Gene Pulser Xcell, BioRad) and sent out for sequen-
cing (n = 10). All sequencing was conducted using
outside services (SimpleSeq, Eurofin).

2.2. Prey origins

Cultures of Syn (NCMA 2370), Ost (NCMA 3430)
and a freshly isolated mixed assemblage of HB were
used as prey. The HB assemblage was collected from
the same location as the flagellate. The bacteria were
grown in the dark at 16°C (in situ temperature during
isolation) with 0.2 pm-aged seawater
with F/2 and a single barley seed
(Guillard & Ryther 1962), transferred
every 6 d and used in the feeding ex-
periments within 60 d of collection.
Syn and Ost were grown under a 14:10

Exponentially growing HB, Syn and Ost were each
inoculated with the flagellate and, on one occasion,
combined to provide a mixed prey assemblage. Prey—
predator and control treatments were set up in tripli-
cates where each flask contained a total volume of
170 ml of artificial seawater (ASW; ASTM D1141-98,
Lake Products), spiked initially with F/2 to account
for prey growth due to the availability of remineral-
ized nutrients in bottles with the HNAN compared to
the control treatments (Selph et al. 2003). Initial prey
concentrations for each of the 3 prey types ranged
from ~10°% to 10° cells m1~! (Table 1). The control treat-
ments were run at ~10° cells ml~! for each of the prey
items (no flagellate added). For the mixed prey ex-
periment, starting concentrations were ~10° cells ml*
for the mixed HB assemblage and ~10° cells ml™! for
both Syn and Ost cultures (Table 1), based on con-
centrations typical for coastal waters (Olson et al.
1990, Countway & Caron 2006). The flagellate was
gently concentrated using a 3 pm filter by passive fil-
tration and then transferred into 0.2 pm-filtered ASW
~2 h prior to all experiments to allow for emptying of
food vacuoles under decreased concentrations of
background bacteria at ~10% to 10° ml™ (Simek &
Chrzanowski 1992, Bratvold et al. 2000, Zwirglmaier
et al. 2009). Samples to determine cell abundances
for the HNAN and the prey were obtained at the be-
ginning (T0), after 12 h (T1) and after 24 h (TF). Using
a nanoplankton chamber (PhycoTech), triplicate sub-
samples (10 pl) from each flask were used to enumer-
ate HNAN abundances live using light microscopy

Table 1. Mean + SD initial prey and predator abundances (cells ml™!) in each
of the 4 experiments. Prey densities in the control flasks started at ~10° cells
ml~! (no flagellate added). HNAN: heterotrophic nanoflagellate; HB: hetero-
trophic bacteria; Syn: Synechococcus; Ost: Ostreococcus lucimarinus; Mix:

mixed prey assemblage

L:D cycle (7?5 uE m™2 s7!) with F/2

(Guillard & Ryther 1962) as was the Treatment

nanoflagellate with the addition of a

baked barley seed. HB

2.3. Grazing experiment Syn

Feeding experiments (24 h) were
conducted at 16°C to examine HNAN
w (d7Y), IRs (cells flagellate (flag)™* d*
and fg C! flag™! d™1), shifts in HNAN
BV (um?® cell™!) and cell stoichiometry
(C, N and P). The incubation tempera-
ture was chosen based on the original

Ost

Mix

HNAN (x102%) Prey Prey in control
46+05 3.4 +0.01 (x10% 1.3 + 0.2 (x10%)
47+06 1.8 + 0.04 (x10%)
2.8+0.3 1.7 + 0.2 (x10%)
53+06 0.9 + 0.3 (x10°)
2.8+28 1.1+ 0.1 (x10%) 0.1 +0.03 (x10%)
2.0+ 0.0 2.2 +1.2 (x10%
2.8+2.8 1.5 + 0.2 (x10°)
3.0+0.0 10.0 + 0.1 (x10°)

6.4 +3.1 2.2 +0.1 (x10% 4.1+0.5(x10%)
43+1.1 3.7 + 0.6 (x10%
53+3.0 5.3 1.2 (x10%
5720 0.7 + 0.5 (x10°)

17.6 £ 3.0 HB 0.7 + 0.5 (x10°) 0.8 £ 0.2 (x10%)

Syn2.1+0.6 (x10%  3.3+0.1 (x10%

Ost 2.5+ 1.0 (x10%) 2.7 £ 0.2 (x10%)

isolation temperature for the HNAN.
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(BX53, Olympus, Japan) under differential interfer-
ence contrast. Picoplankton were enumerated using
3 ml from each triplicate flask after preservation with
ice-cold 2% glutaraldehyde and, in the case of the
HB, staining with DAPI (Slowfade gold antifade,
Thermofisher) (Porter & Feig 1980). The picoplankton
prey were quantified under 60 and 100x magnifica-
tion using epifluorescence microscopy. Samples to
determine HNAN BV (30 pl) and elemental composi-
tion (150 ml combined from each of the triplicate bot-
tles) were collected at TO and at TF for the control
bottles (prey only), and in grazer treatments were
measured within the first hour of feeding and then
after 24 h at TF.

2.4. Flagellate growth, ingestion rates
and biovolumes

Calculations of u rates and IRs were based on the
equations of Frost (1972) modified by Heinbokel
(1978), to account for the growth of the HNAN be-
tween sampling.

Cell size estimates for the nanoflagellate and prey
were obtained by measuring cells preserved in glu-
taraldehyde and capturing images (n = 30 for HNAN
and n =40 for the prey in each treatment and at each
time point) with an Olympus DP73 monochrome dig-
ital camera plus Olympus cellSens Dimension 1.13
software. Comparison with live flagellate cells indi-
cated 24-30% cell shrinkage with preservation,
which is within the range of previously reported val-
ues for flagellates (Hondeveld et al. 1992). HNAN BV
was calculated using the ellipsoid equation of (Hille-
brand et al. 1999). BVs for HB were estimated by
applying cone or ellipsoid shapes. Shapes for Syn
and Ost were approximated as ellipsoids.

2.5. Elemental ratios and GGE

Nutrient samples were collected at TO and TF from
flasks that contained HB, Syn, Ost and the mixed
prey assemblage. To accumulate sufficient biomass,
subsamples from 3 treatment bottles were combined
(total of 150 ml) and filtered onto precombusted
0.2 pm filters. For the single-prey experiments, these
samples were collected from treatment bottles con-
taining ~10° cells ml~!. Each of the GF/F filters was
individually stored in a petri dish at —20°C for ~5 wk
prior to elemental analysis. Briefly, particulate car-
bon and particulate nitrogen concentrations were
determined following modified methods of Froelich

(1980). Each filter was wrapped in methanol-cleaned
tin boats and combusted at 1000°C in a Perkin Elmer
2400 elemental analyzer. Total particulate phospho-
rus was determined using a modification of the
method reported by Aspila et al. (1976). Filters were
combusted at 550°C to convert all organic P present
into inorganic P forms and extracted using a weak
hydrochloric acid (Aspila et al. 1976, Benitez-Nelson
et al. 2007). A standard reference material (NIST
#1573a, tomato leaves) was analyzed with each run
to evaluate analytical accuracy and monitor run to
run variability. HNAN cell nutrient contents were
calculated by correcting total estimates for C, N and
P values for prey. For this, prey cell content values for
each prey type (control bottles) were multiplied by
prey cell abundance in the varying grazer bottles
and subtracted. Finally, changes in C:N, N:P and C:P
ratios were examined for each prey type and the
flagellate.

GGEs of the HNAN were calculated following the
equation of Choi & Peters (1992) based on abun-
dance and C, N and P biomass change in the cultures
in relation to changes for the HNAN abundances
(Fenchel 1982b, Choi & Peters 1992).

2.6. Statistical analyses

Statistical analyses were performed using the JMP
Pro 14 software package (SAS Institute). Differences
in w, IR and GGE among treatments were examined
using a 1-way ANOVA (Zar 1984). Means were com-
pared using a Tukey test (results were considered
significant at p < 0.05).

3. RESULTS
3.1. Nanoflagellate characterization

Initial sequencing of the 575Fwd region consisting
of read lengths from 450 to 1000 bp resulted in
sequence similarities of 100% for 9 out of the 10
clones, with 1 clone showing a 1-base difference
(99 % similarity), indicating the presence of a single
species (GenBank accession numbers MZ676996—
MZ677004). BLAST results returned the closest
matches (<96 % sequence similarities) to uncultured
eukaryotes from marine environments from the
Aegean Sea (AY789790.1), Caribbean Sea (GU-
823081.1) and the Black Sea (HM749932.1). The clos-
est match to a previously identified organism based
on NCBI only returned an 89.6 % match to Bicosoeca
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vacillans (AY520445.1) and an 89 % match to Filos
agilis (FJ971856.1), generally placing the organism
within the order of Bicosoecida. A full characteriza-
tion of the organism, encompassing sequencing of
the full length 18S gene and additional gene tar-
gets as well as ultrastructure analyses via electron
microscopy, are currently underway.

3.2. Prey and predator BV and cell stoichiometry

No significant changes were detected for cell BV
over time for any of the prey organisms in the control
treatments (p > 0.05). At TO, Syn cell size averaged
0.9+ 0.9 (SD) pm? (n = 40) and Ost3.1 = 1.1 pm?® (n =
40), and at TF, Syn and Ost cell size was 1.3 + 0.9 and
3.3 + 1.0 pm? cell™}, respectively (Fig. 1). For HB, a de-
crease in BV from 1.4 + 1.7 to 0.4 + 0.8 pm? cell™! was
indicated; however, this overall change was not sta-
tistically significant (p > 0.05) (Fig. 1). The initial BV
for HNAN averaged 36 = 10 pm?® cell™! and changed
when the flagellate was fed Syn (Fig. 2). In this treat-
ment, BVs increased to 64 = 17 um?® cell! by TF (n =
30 for each time point; p < 0.05; Fig. 2). Grazer BVs
also increased when feeding on the mixed assem-
blage, averaging 68 = 26 pm? cell™! (n = 30). These
shifts in predator size were already observable after
the first 12 h of each experiment (T1 in Fig. 2).

For the computation of C-based IR and GGEs, prey
nutrient contents were computed per cell and per BV
by averaging TO and TF values (Table 2). Estimates
for the HB were determined with 55 fg C um=, 9 fg N
pm~ and 4 fg P pm~ (Table 2). Estimates were 181 fg
C pm=3, 37 fg N pm=3 and 6 fg P pm= for Syn, and
656 fg C pm=3, 37 fg N pm™ and 6 fg P pm™ for Ost
(Table 2). HNAN nutrient contents were averaged
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Fig. 1. Average cell biovolume (BV; pm~ cell™!; +SD) of the

prey at the beginning (T0) and end (TF, 24 h) of the experi-

ment (n = 40 each). HB: heterotrophic bacteria; Syn: Syne-
chococcus; Ost: Ostreococcus lucimarinus
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Fig. 2. Average cell biovolume (BV) of the flagellate fed on

various prey (n = 30; +SD). # denotes a significant difference

between the beginning (T0) and 12 h (T1) or 24 h (TF) cultu-

res (p < 0.05). Mix: mixed prey assemblage; other abbrevia-
tions as in Fig. 1

Table 2. Averaged prey carbon (C), nitrogen (N) and phos-

phorus (P) content in fg cell™! and normalized by biovolume

in fg pm~? in the control treatments. HB: heterotrophic bac-

teria; Syn: Synechococcus; Ost: Ostreococcus lucimarinus;
Mix: mixed prey assemblage

Prey C N P C N P
fgcell™ — fg pm 3
HB 77 12 5 55 9 4
Syn 230 48 7 181 37 6
Ost® 2144 122 18 656 37 6
Mix 222 37 11 202 34 10
2For Ost, cell content estimates were available for initial
(TO) observations only

using values collected approximately ~1 h into the
experiments and at TF (Table 3). Feeding on Ost,
HNAN C content averaged 495 fg C ym™, followed
by the flagellate fed on HB with 403 fg C pm™3, 330 fg
C pm for Syn and 214 fg C pm™ for flagellates fed
on the mixed assemblage (Table 3). Molar elemental
ratios (C:N:P) for each prey organism were similar for
HB and Syn, with 14:2:1 and 31:7:1, but deviated
from Ost with 119:7:1, indicating a higher C content
for Ost in relation to N and especially P (C:N = 17.6
and C:P = 119; Table 4). In the single-prey treat-
ments, HNAN feeding on Ost yielded similar C:N
values (overall range = 7-9) but N:P and C:P ratios
were relatively high at 10 and 64 compared to the
other treatments, reflecting differences in prey nutri-
ent composition (i.e. low P content for Ost; Fig. 3,
Table 4). Moreover, C:N:P results for HNAN feeding
on the mixed prey treatments (including Ost) yielded
ratios that fell in between single-prey estimates for
HB and Syn compared to the Ost single-prey treat-
ments (Table 4).
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Table 3. Carbon (C), nitrogen (N) and phosphorus (P) cell content and molar elemental ratios for the flagellate. Cell contents
for flagellate grazing on varying prey (mixed heterotrophic bacteria [HB], Synechococcus [Syn], Ostreococcus [ Ost] and mixed
[Mix] treatments) are shown in pg cell”! and normalized by biovolume in fg um™. Flagellate nutrient concentrations are shown
in comparison to estimates reported elsewhere. Values are averages from at least 2 or more observations. HNAN: hetero-

trophic nanoflagellate; Bact Cult: bacterial culture; (-): data unavailable

Nanoflagellate(s) Prey C N P CN C:N:P C N P Source
— pg cellt — — fgum= —
Unknown HNAN HB 15 2 09 85 1702:01 406 47 27 Thisstudy
Syn 15 2 1.3 83 12:01:01 330 30 16
Ost 19 3 03 6.6 64:10:01 495 272 38
Mix 9 09 02 104 39:04:01 214 14 3
Paraphysomonas imperforata HB 325 74 12 45 27:06:01 149 35 6 Eccleston-Parry &
Leadbeater (1995)
Bodo designis HB 126 3.1 22 4.1 01:05.5 233 57 41
Stephanoeca diplocostata HB 54 1.1 0.1 49 45:09:01 156 31 3
Jakoba libera HB 142 26 02 55 71:13:.01 189 34 3
Ochromonas danica® BactCult 328 2.6 06 182 161:10:01 386 31 7 Chrzanowski et al. (2010)
BactCult 466 79 15 6.9 80:12:01 885 150 28 Chrzanowski et al. (2010)
Bact Cult - - - - 66:10:01 - — — Chrzanowski & Foster
(2014)
Paraphysomonas spp. Bact Cult - - - 5 - 466 93 - Sinetal. (1998)
Bact Cult - - - 10.6 - 181 17 -
Paraphysomonas bandaiensis HB - - - 52 - 130 - -
Monas sp.” Bact Cult - - - 46 - 100 - - Bersheim & Bratbak
(1987)
Bact Cult - - - 46 - 220 - -
4Study used bacteria raised under balanced growth conditions and under C limitation
PC content differences for the same organisms linked to cell shrinkage during preservation

Table 4. Elemental ratios for prey and the flagellate fed on

each prey type (n = 2). HB: heterotrophic bacteria; Syn:

Synechococcus; Ost: Ostreococcus lucimarinus; Mix = mixed
prey assemblage; HNAN: heterotrophic nanoflagellate

C:N:P C:N N:P C:P
Prey (Control)
HB 14:02:01 7 2 14
Syn 31:07:01 5 7 31
Ost 119:07:01 18 7 119
Mix 21:04:01 6 4 21
HNAN fed on
HB 17:02:01 9 17
Syn 12:01:01 8 1 12
Ost 64:10:01 7 10 64
Mix 39:04:01 10 4 39

3.3. Flagellate p and IRs

Abundance estimates in the control bottles indi-
cated low prey u rates over the 24 h incubations
(Table A1l in the Appendix). Average u rates for the
HNAN ranged from 0.9 to 1.8 d™! across HB abun-
dances from 103 to 10 cells ml~! (Table 5). However,
the only significant increase (p < 0.05) was detected

70 4
O HB
60 T DSyn
| B Ost
o %0 .
< | Mix
+ 40 1
c
[0}
= 304
>
zZ
20 A
10 A HH
SRR | -
C:N N:P C:P

Fig. 3. Flagellate C:N, N:P and C:P ratios (n = 2) fed on vary-
ing prey. Abbreviations as in Figs. 1 & 2

comparing u rates at 10% cells ml~! to all other treat-
ments. Feeding on Syn and Ost over increasing prey
densities yielded average p rates from 0.8 to 1.2 d!
and from 1.1 to 1.4 d°%, respectively, showing a con-
tinued increase of HNAN u with prey density except
for Ost, where u seemed to level off at the 2 highest
prey abundance treatments (Fig. 4, Table 5). Pro-
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Table 5. Specific growth rate and ingestion rate (IR) for the flagellate (flag) averaged over triplicate incubations +SD (see exact
grazer and prey abundances in Table 1). HB: heterotrophic bacteria; Syn: Synechococcus; Ost: Ostreococcus lucimarinus; Mix:
mixed prey assemblage

Prey Prey Flagellate u IR IR IR IR
(cells ml™?) @ (cells flagtd™')  (pgCflagtd?!) (pgNflag™td™) (pg P flag™t dY)
HB 10° 09+0.2 4+02 0.28 £ 0.02 0.04 +0.00 0.02 £ 0.00
10* 1.6 +0.3 16 +3 1.19 +£0.21 0.19 £ 0.03 0.08 +£0.01
10° 1.7+0.1 235 £ 62 18.06 + 4.80 2.89 +0.75 1.17 £ 0.31
10° 1.8+04 647 + 109 49.87 + 8.41 7.77 £ 1.31 3.24 £ 0.55
Syn 10° 0.8+0.1 1.0+1 0.23+0.12 0.05 +0.02 0.01 +£0.00
10* 1.1+0.8 51 +61 11.67 + 14.21 2.43 + 2.97 0.36 +£0.43
10° 1.2+0.6 243 + 80 56.01 + 18.33 11.69 + 3.83 1.7 £ 0.56
10° 0.9+0.6 2109 + 1015 485.15 + 233.40 101.25 £ 49.70 14.76 £ 7.10
Ost 10° 1.1+0.1 1+1 1.63 = 1.47 0.09 +0.08 0.01 £0.01
10* 1.4+0.1 212 45.56 = 4.79 2.59 + 0.27 0.38 +£0.04
10° 1.2+0.7 116 £ 69 249.29 + 148.57 14.19 £ 8.45 2.09 +£1.25
10° 1.3+0.3 106 + 23 227.03 £ 48.75 12.92 + 2.77 1.91 +£0.41
Mix HB 10° 1.0+0.2 HB 14 + 3 HB 1.06 + 0.25 HB 0.17 + 0.04 HB 0.07 + 0.02
Syn 103 1.0+0.2 Syn 0.4 +0.3 Syn0.08 +0.06  Syn0.02 +0.01 Syn 0.00 + 0.00
Ost 10° 1.0+£0.2 Ost1+0.3 Ost 1.13 = 0.62 Ost 0.06 + 0.03 Ost 0.01 = 0.01
] 251
10003 (o775 o e+
] |losyn § § 110 Syn
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Fig. 4. Ingestion rate (IR; pg C flagellate™! d~!) at each of IR (pg flag™ d)

the initial prey concentrations (n = 36). Abbreviations as in
Figs. 1 &2

vided with mixed prey, HNAN u averaged 1.0 d7!
(range = 0.8 to 1.3 d!) (Fig. 4, Table 5).

IRs, both computed using cell abundance and C
estimates, generally increased with prey concentra-
tions for all prey types with the exception of the Ost
treatment at ~10° cells m1~!, where IRs had started to
decline (Table 5, Fig. 4). The HNAN reached its
highest individual IRs with 647 + 109 cells d~! for HB,
2109 + 1015 cells d™! for Syn and 106 + 23 d! cells for
Ost (Table 5). Applying prey C conversion factors,
maximal IRs corresponded to 50 + 8 pg C flag™" d!
for HB, 485 + 233 pg C flag™! d~! for Syn and 227 +
49 pg C flag™ d~! for Ost (Table 5, Fig. 5). There was
a significant difference in C-based IRs with Ost com-
pared to both Syn and HB treatments at 10* and

Fig. 5. C-based ingestion rates (IR; pg C flagellate™ d™!) in

relation to flagellate growth (u, d™!). Also shown is the aver-

age for preying on the mixed assemblage +SD. Note x-axis
is log-transformed. Abbreviations as in Figs. 1 & 2

10° cells ml~! (p < 0.05). Additionally, there was a sig-
nificant difference in C-based IRs between Syn and
HB and Syn and Ost at 10° cells m1™! (p < 0.05). Over-
all, IRs reached their highest for Syn at prey densities
of ~10° cells ml~!. In the mixed assemblage, Ost were
grazed at the highest rates (1.13 + 0.62 pg C flag™!
d'), followed by HB (1.06 = 0.25 pg C flag™! d!) and
Syn (0.08 + 0.06 pg C flag™! d7'). The IR calculated
using N and P concentrations indicated that the Syn
diet led to the highest intake of N (101.25 + 49.70 pg
N flag™' d™!), followed by Ost (14.19 + 8.45 pg N flag™*
d') and HB (72.77 = 1.31 pg N flag™ d!) (Table 5).
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A Syn diet was also linked to the highest P uptake
(14.76 + 7.10 pg P flag™! d7!), followed by HB (3.24 +
0.55 pg P flag™ d7') and Ost (2.09 +1.25 pg C flag™
d™!). In comparison, the mixed assemblage yielded
lower average N- and P-based IRs, with HB reaching
the highest rates of 0.17 + 0.04 and 0.07 + 0.02 flag™
d!, respectively (Table 5).

Comparing across the single-prey treatments
showed that flagellate w increased with IRs up to
~50 pg C d! (range = 46-61 pg C d7!, Fig. 5) but
overall u seemed constrained to <1.8 d! (Fig. 5).
Despite the HNAN reaching average C-based IRs as
high as 249 and 527 pg C flag™ d~! feeding on Ost
and Syn, respectively, u seemed to level off under the
experimental conditions. The overall u response of
the flagellate in single-prey treatments remained the
lowest at 0.8 d~! which was its maximum for the Syn
diet, compared to 1.4 and 1.8 d~! for Ost and HB,
respectively. The relatively high variability within
each of the single-prey treatments rendered differ-
ences in u nonsignificant (p > 0.05) (Fig. 4). HNAN
on mixed prey fell into the mid-range of the overall
observations at 1.0 d™! and corresponded to a daily
intake of 2.3 pg C flag™! d™! (Fig. 5).

3.4. GGE

Across all the treatments, average GGEs based on
C estimates ranged from ~4 to 71 %, and based on N
and P, GGEs ranged from 2 to >100% and 11 to 89 %,
respectively (Fig. 6). C-based GGEs were highest
when the flagellates were fed HB or a mixed prey
assemblage compared to the Syn and Ost treatments
(p < 0.05). N-based flagellate GGEs on a mixed diet
exceeded those for all other diets (p < 0.05). Similarly,
P-based GGEs were highest on mixed prey, followed
by the HB treatment and, at considerably lower effi-
ciencies, when the HNAN was offered Syn and Ost
(p < 0.05).

4. DISCUSSION
4.1. Flagellate growth and ingestion

The newly-isolated HNAN demonstrated differen-
tial w and IRs dependent on the prey that the flagel-
late was offered. Prey abundances for each of the
prey types that fell below their ‘typical’ densities in
coastal waters yielded low IRs, indicating that lower
prey thresholds limit a prompt feeding response.
While n generally increased for the HNAN with

— 160 ;
X 1| 8¢
E 140; oN l
S 1201 L"P
i) ]
= 100 1
© 1
- 1
-+ 80 ]
2 ]
5 60;
m 4
8 402
G 20 ] ’l‘
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Fig. 6. Average flagellate gross growth efficiency (GGE) (C,
N, P) grazing on HB, Syn, Ost and Mix (n = 3). Abbreviations
asin Figs. 1 &2

increased IRs of up to ~50 pg C d~!, maximum u
seemed constrained to 1.8 d~! when the flagellate fed
on HB and peaked at ~1.4 d~! feeding on Ost (Fig. 5).
Despite the flagellate reaching its highest IRs with
485 pg C flag™ d~! feeding on Syn, its u response was
the lowest overall, leveling at ~1.3 d~'. When all 3
prey organisms were offered together, the HNAN
selected HB (1.1 £ 0.3 pg C flag™! d™!) and Ost (1.1 +
0.6 pg C flag~t d™1) over Syn (0.1 + 0.1 pg C flag™* d?,
Table 5). In a study by Guillou et al. (2001), single-
prey experiments with Syn and with mixed prey for
the HNAN Picophagus flagellatus showed similar
outcomes; when Syn was offered alone, some of the
lowest u rates were recorded for P. flagellatus (0.6 d™*
compared to ~1.6 d~! for the HNAN). In the same
study, Syn was the preferred cyanobacterial choice
when offered together with Prochlorococcus (Guillou
et al. 2001). Here, regardless of whether IRs were
based on C, N or P contents, the Syn treatment
yielded the highest rates for the HNAN with the low-
est u. Since IRs based on different elements are
rarely provided, we further compared IRs across stu-
dies using cell abundance changes (Table 6). IRs for
Syn ranged from ~1 to 2109 cells flag™! d™! and
exceeded previously reported rates of <1 to 57 cells
flag™! d7! over similar prey densities (Table 6). For
Ost, IRs ranged from 1 to 106 cells flag™ d~! and also
exceeded most of the available published values ~6
to 19 cells flag™ d~! (Table 6). We took a closer look
at the highest IR estimates for the HNAN in this
study, which were observed when the flagellate fed
on Syn, and calculated that these IRs would roughly
equate to the ingestion of 1.5 Syn cells min~!, or an
average of ~40 s from contact to ingestion. Previously
reported estimates on how long prey handling and
ingestion can take compared well for HNANSs of sim-
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ilar size (3-8 pm). Cafeteria roenbergensis, Bodo sul-
tans and Ochromonas sp. averaged ~2 to 14 s from
contact to ingestion of prey, equivalent to 4-39 prey
cells min~! (Boenigk & Arndt 2000).

4.2. Flagellate cell stoichiometry, BV and GGE

The HNAN varied in its nutrient composition de-
pendent on the prey that was offered. Overall C:N:P
ratios from 12:1:1 to 64:10:1 fell well within the wide
range seen in studies that incorporated direct meas-
urements of cell stoichiometry (Table 3). It is worth
noting that our individual CNP measurements for
both prey and grazer compared well to previously
published data for HB, Syn and HNANs (Kana &
Glibert 1987, Lee & Fuhrman 1987, Eccleston-Parry
& Leadbeater 1995, Theil-Nielsen & Sgndergaard
1998, Bertilsson et al. 2003). For Ost, cellular C and N
concentrations were higher than published rates of
~233-247 fg C pm~ and ~50 fg N pm~ (Worden et al.
2004, Liefer et al. 2019) but still fell within the wide
range reported for picoeukaryotes (Zubkov et al.
1998). In this study, the relatively low P content in
Ost (C:P ratios of 119:1 for Ost compared to 14:1 and
31:1 for HB and Syn, respectively; Fig. 3, Table 4)
drove a shift in C:N:P ratios of the HNAN in both the
single-prey experiment and when offered a mixed
prey assemblage (Table 3). Similarly, a study by
Chrzanowski et al. (2010) reported a shift in cellular
composition for an HNAN species grazing on HB of
varying nutrient content. Fed on Pseudomonas fluo-
rescens raised under balanced nutrient conditions,
the HNAN Ochromonas danica yielded C:N:P ratios
of 161:10:1 compared to 80:12:1 when the bacterium
grew under C-limited conditions before being of-
fered to the flagellate (Chrzanowski et al. 2010).

Previous studies also linked shifts in HNAN stoi-
chiometry and differences in incorporation efficien-
cies to the specific grazer species (Grover 2004,
Chrzanowski & Foster 2014). For instance, Eccleston-
Parry & Leadbeater (1995) showed cellular C:N:P ra-
tios of 71:13:1 for Jakoba libera in contrast to 6:2:1 for
Bodo designis feeding on the same HB assemblage
(Eccleston-Parry & Leadbeater 1995). Dissolved or-
ganic matter egestion studies, both with phototrophic
and heterotrophic prey, have also shown that a
higher release of P compared to either C or N may be
observed dependent on prey type (Andersson et al.
1985, Nagata & Kirchman 1991, Ferrier-Pages et al.
1998). For instance, while grazing on phytoplankton,
the HNAN Paraphysomonas imperforata released
10% of the ingested C (Caron et al. 1985) and 15—

20 % of the ingested P as dissolved fractions (Ander-
son & Gardner 1986). Conversely, when grazing on
bacteria, P. imperforata released 8-27 % of C (Chase
& Price 1997), 22% of N (Nagata & Kirchman 1991)
and 70% of total P (Anderson & Gardner 1986).
Achieving better resolution of these complex prey—
predator specific stoichiometric relationships will re-
quire a move away from previously published, fixed
conversion factors, since cell nutrient concentrations
can vary significantly (Choi & Peters 1992, Pelegri et
al. 1999, Selph et al. 2003).

Our study demonstrated that HNAN w on varying
prey was also linked to changes in flagellate BV. In
the single-prey treatments, the HNAN had the high-
estincrease in cell BV (79 %) by the end of the experi-
ment while grazing on Syn. Overall, a Syn diet not
only resulted in the highest IRs but also major BV in-
creases, while yielding the lowest HNAN u rates. All
together, these findings signified the limited ability of
HNANS to fully digest and assimilate Syn, which was
also reflected in low GGEs (2-11% for C, N and P)
compared to the HB (61-71%) and Ost GGEs (19—
54 %) (Fig. 6). Low incorporation efficiency due to in-
efficient prey processing and subsequent egestion
(Dolan & Simek 1998, Shannon et al. 2007) has been
previously linked to low GGEs dependent on the
prey type (Pelegri et al. 1999). This study corroborates
that certain Syn strains may adversely impact HNAN
population u and fitness (Gorsky et al. 1999, Guillou
etal. 2001, Shannon et al. 2007, Apple et al. 2011).

Overall, and not surprisingly, the HNAN seemed to
benefit from being offered mixed prey (GGEs rang-
ing from 54 to >100 %; Fig. 6), since having a more
diverse prey assemblage available increased the
likelihood that all dietary requirements (C, N, P, Fe,
etc.) were met (DeMott 1998, Gamfeldt et al. 2005,
Striebel et al. 2012, Yang et al. 2019). The significant
increase in HNAN BV in the mixed treatment paired
with modest u seemed to be related to the presence
of Syn being ingested as part of the prey assemblage.
Since the size of HNANSs can affect their own suscep-
tibility to grazers, where larger cells are selected for
(Samuelsson & Andersson 2003), these diet-induced
shifts in HNAN size may also impact C flow to higher
trophic levels.

4.3. Impact on picoplankton standing stocks

Daily C removal rates were calculated employing
average HNAN IRs from the single prey treatment
and assuming natural abundances of HB (10° cells
ml™), Syn (10° cells ml™'), Ost (10° cells ml™!) and the



Corradino & Schnetzer: Heterotrophic nanoflagellate grazing ecology 75

HNAN (10® cells ml™!). This would have resulted in a
daily removal estimate of >100% of HB standing
stocks consumed and 2 and 16 % of Syn and Ost bio-
mass grazed, respectively. These estimates changed
when we used the IRs from the mixed prey trial
experiment, which could be considered a slightly
better representation of natural feeding conditions.
Here, HNAN IRs extrapolated to a daily removal of
11 % of the HB standing stock, 1 and 11 % of Syn and
Ost C biomass being grazed, respectively. Previous
studies reported average removal rates of incident
HB populations with 45-87 % and maxima of >100 %
in coastal waters (éolié & Krstulovi¢ 1994, Christaki
et al. 2001). Similar to our estimate, previous labora-
tory and field studies in coastal subtropical and oligo-
trophic waters suggested lower removal with 1-20 %
of C standing stocks and a maximum of 45 % for Syn
(Safi & Hall 1999, Christaki et al. 2001). There are
currently no comparative studies that estimate graz-
ing impact of heterotrophic flagellates on in situ Ost
populations, but this study suggested that HNAN
grazing could account for losses (~16 %).

In summary, we present data on u, IR and GGEs for
a newly isolated, not yet fully characterized, HNAN
under various diet regimes, highlighting the impor-
tance of prey-specific approaches when resolving
trophic interactions within the microbial loop. Flagel-
late diet choices affected grazer stoichiometry, and
the choice of prey type had consequences for the BV
of the flagellate. In turn, these BV changes likely im-
pact flagellate grazer dynamics and carbon flow to
higher trophic levels. Our study highlights the impor-
tance of direct stoichiometric observations to link
how prey-predator interactions may alter energy
flux. Ongoing work will allow for the full taxonomic
characterization of the flagellate, and future studies
will focus on determining its contribution to natural
flagellate communities and in relation to environ-
mental conditions in coastal waters of North Carolina.
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Appendix. Additional data

Table A1. Prey growth (u d™!) in control treatments shown as

average +

SD. HB: heterotrophic bacteria; Syn: Synecho-

coccus; Ost: Ostreococcus lucimarinus; Mix: mixed prey
assemblage with the individual prey growth rates within the

assemblage
Prey w
HB 0.03 +£0.08
Syn -0.02+0.1
Ost 0.1+0.1
Mix (HB) 0.01 +£0.01
Mix (Syn) 0.003 + 0.003
Mix (Ost) -0.03 £0.01
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