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Evasive plankton: Size-independent particle capture by ascidians
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Abstract

Direct measurements of the capture efficiency of planktonic cells by seven solitary ascidians were made
in situ and in the laboratory and compared with the capture efficiency of polystyrene microspheres. The capture
efficiency of the microspheres was significantly higher than that of planktonic cells over the entire tested size
range (0.3-15 ym). Submicron polystyrene spheres with a surface modification consisting of an adsorbed layer
of a nonionic, long-chain surfactant were removed at lower efficiencies than uncoated particles whereas for
larger microspheres (1-3 um), the coating had no effect. Our findings strengthen the concept that some
planktonic cells evade capture by mucus-based suspension feeders, and that evasion happens throughout the
pico- and nanoplankton size range. Thus, the common assumption that particles larger than ~ 1 ym are always
captured at a 100% efficiency by ascidians should be reconsidered. Some large microalgae cells (> 3-12 ym) were
captured at a lower efficiency than the largest microspheres used (3 xm) suggesting that other factors, such as
surface interactions and particle shape, play an important role in capture throughout the tested size range.
Furthermore, given the lack of a known active selection mechanism in ascidians, we propose that some

plankton possess traits that allow them to evade predation by mucus-based suspension feeders.

Small, single-celled organisms constitute a major part of
the marine biomass, far exceeding that of all multicellular
organisms (Pomeroy et al. 2007). Many animals feed on these
suspended food particles. This trophic strategy is called sus-
pension feeding and it is unique to aquatic organisms (Gili
and Coma 1998). Suspension feeders process water that con-
tains a relatively dilute suspension of food particles (concen-
tration in the order of ppm to ppb). The energetic demands of
suspension feeders are met by efficient mechanisms that
extract the available food resources from large volumes of
water (Jorgensen 1975). Suspension feeding is widespread
throughout the animal kingdom, and almost every animal
phyla in the marine environment has some members that are
suspension feeders (Riisgard and Larsen 2010), from micro-
scopic zooplankton to macroscopic whales.

The particle capture systems of many suspension feeders is
assumed to be mechanical by nature: It is dependent on parti-
cle size and the mechanical properties of the capture
apparatuses(i.e., its dimensions, geometry, and the water flow
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through it, see, e.g., Hansen 1991; Silverman et al. 1996;
Petersen 2007; Sumerel and Finelli 2014). Consequently,
important quantities that describe biological filtration such as
particle capture efficiency are often described only by size-
dependent mechanisms that lead to particle encounter with
the filtering elements (Rubenstein and Koehl 1977). While
this approach has led to a better understanding of suspension
feeding and its dependence on a range of factors, it does not
account for other potentially important mechanisms such as
surface interactions.

Ascidians (phylum: Chordata, subphylum: Tunicata, class:
Ascidiacea) are a group of suspension feeders that colonize
hard substrates in all marine habitats (Shenkar and
Swalla 2011). These animals draw water through a mucous fil-
ter, which retains suspended food particles. The mucous filter
is constantly replaced; being continuously secreted, used for
retaining particles, and propelled into the digestive tract by
ciliary action. The mucous filter is thought to be made of one
layer of cylindrical fibers, 10-40 nm in diameter, that are orga-
nized into a mesh-like structure with rectangular pores of
~0.5 ym width and ~ 2.2 ym length (Flood and Fiala-
Medioni 1981; Pennachetti 1984; Turon 1990).

The ascidian filter was described in the past as a simple
sieve (Petersen 2007); however, evidence from recent years
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suggest that some bacterial clades are able to escape from
being captured by ascidians as a result of their cell-surface
properties (Dadon-Pilosof et al. 2017). This finding, as well as
other data that have accumulated over the years, points to the
importance of surface interactions in particle capture by sus-
pension feeders. These results include a positive correlation
between cell surface hydrophobicity and capture for ascidians
and nanoflagellates (Monger et al. 1999; Dadon-Pilosof
et al. 2017, 2019), a negative hydrophobicity-capture correla-
tion for adult bivalves (Rosa et al. 2017), and surface-charge
related enhanced capture in larval bivalves (Solow and Gal-
lager 1990; Cole and Galloway 2015).

In this study, we measured, in situ, and under controlled
laboratory conditions, the capture efficiencies of naturally
occurring bacteria and microalgae by ascidians and compared
them to the capture efficiencies of polystyrene artificial parti-
cles of known sizes. We also tested the influence of surface-
attached polymers on capture efficiency by adsorbing a surfac-
tant onto the surface of the artificial particles.

Methods

Study sites

In situ experiments were conducted at three different envi-
ronments: the Eastern Mediterranean (EMT), the Northern
Red Sea, and the Northwest Atlantic (Long Island Sound
[LIS]). The Eastern Mediterranean study site was a ~ 10 m
deep rocky ridge roughly 800 m west of Michmoret marina,
Israel (32°24'8"N, 34°51'29”E). Sampling at the EMT was done
during September and October 2014, and August and
November 2015. The ascidians that were tested at the EMT
were Microcosmus exasperatus (in laboratory and in situ experi-
ments), Phallusia nigra (in situ experiments), and Styela plicata
(laboratory experiments). Experiments at the Northern Red
Sea (RS) were conducted at ~ 6 m depth on the coral reef next
to the Interuniversity Institute for Marine Sciences, Israel
(29°30'6"N, 34°55'04"E). The ascidians species that were tested
at the RS were Polycarpa mytiligera (in laboratory and in situ
experiments), and Halocynthia spinosa (in situ experiments).
Work at the LIS study site was done during June 2016 at
~ 1 m depth on the submerged part of the floating docks of
the Avery Point Campus of the University of Connecticut,
U.S.A. (41°18'59"N, 72°3'38"W). The species studied at the LIS
were Ciona intestinalis (laboratory and in situ experiments),
and Styela clava (laboratory experiments).

Sampling scheme

To compare the efficiency by which ascidians capture artifi-
cial microsphere and similar sized planktonic cells, we col-
lected paired samples of water before and after passage
through the filtering system with and without the addition of
microspheres to the inhaled water (see below). Inhaled and
exhaled water were directly and simultaneously collected as
described by Jacobi et al. (2017 and see fig. 1 and SI videos
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therein). This nonintrusive approach has previously been used
to study feeding and metabolism of active suspension feeders
in situ (Dadon-Pilosof et al. 2017; Jacobi et al. 2017; Morganti
et al. 2017). Briefly, two small sampling tubes (PEEK, outer
diameter 1.6 mm, inner diameter 0.23 mm, cat no. 1531B,
IDEX) were gently placed a few millimeters into the siphons
of individual ascidia. The distal end of each tube was fitted
with a hypodermic needle that was used to pierce the septum
of evacuated collecting vessels (Greiner Bio-One International,
cat no. 455007). The pressure difference between the collec-
tion vessel and ambient water generated flow into the collec-
tion vessel. The rate of the sampling flow was adjusted to
~ 1 mL min~' by changing the length of the sampling tubing
as needed. To minimize disturbance of the animals during
sampling, the collection tubes were kept at a minimum dis-
tance of 50 cm from the sampled animal. Manipulation of
sampling tubes at this distance eliminated the stress that may
be caused by diver activity. Before and after each collection of
the paired inhaled and exhaled water samples, the proper
position of the exhalant water collection tube was verified by
injecting small amount of local seawater dyed with fluorescein
into the inhalant siphon. Since the animals were continuously
pumping, the dye left the ascidians after a few seconds
through the exhalant siphon making the exhalant jet visible
and allowing us to verify that the system sampled exhalent
water rather than ambient water. Additionally, the relatively
slow sampling flow rate (~ 1 mL min~") was at least one order
of magnitude lower than the pumping rate of the ascidians
(Fiala-Medioni 1978; Riisgard 1988; Petersen et al. 1999;
Petersen and Svane 2002). This low sampling rate also reduced
the potential risk of interference with the natural flow gener-
ated by the ascidians.

In situ measurements of microsphere capture by ascidians
followed protocols in Jacobi et al. (2017). Briefly, after collect-
ing a paired (inhaled and exhaled) water sample of untreated
ambient water to measure the capture efficiency of planktonic
cells, polystyrene microspheres (Fluoresbrite® YG Carboxylate
Microspheres, Polysciences) of different sizes (3, 1, 0.5, and
0.3 ym in diameter) suspended in local seawater were deliv-
ered to the ascidians. This suspension was distributed using a
loop of perforated tube that was placed around the inhalant
siphon of each individual animal (SI video 2 in Jacobi
et al. 2017). The microsphere suspension was injected through
the perforated tube at a slow steady rate (~ 5 mL min~?), while
inhaled and exhaled water were collected. Water collection
and microsphere distribution were stopped at the same time
after approximately 4 min.

Animals for laboratory experiments were collected from the
above-mentioned study sites, placed in individual 1-liter boro-
silicate beakers, and secured in place within a small pile of
beach pebbles. Ascidians from LIS were held in the Rankin lab-
oratory at the Avery Point Campus of the University of Con-
necticut. Ascidians from RS were held at the facilities of the
Inter-University Institute for Marine Sciences. Ascidians from
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EMT were kept at the aquaculture center of the School of
Marine Science at Michmoret. All three facilities are equipped
with a constant supply of flowing seawater. The flow of seawa-
ter through beakers containing individual ascidians was set to
a rate of 20 L h™'. The seawater at the facility near the EMT
study site were sand-filtered as the water supply there tends to
carry large amounts of sediments, which cause the ascidians
to contract often, making sampling difficult. These EMT ascid-
ians were therefore fed with fresh algae (Nannochloropsis sp.,
~ 10 algal cells per beaker per day). The seawater supply at
the LIS and RS facilities is unfiltered, and the ascidians there
were kept with no additional food.

Laboratory experiments were conducted using the same
protocols as those used for the in situ experiments. To sample
the inhaled and exhaled water, a Polytetrafluoroethylene tube
(75 cm long, ID 400 ym, OD 800 ym) was positioned a few
millimeters into the siphons of each ascidian. The distal ends
of the sampling tubes were placed outside the water table and
below water level, and the resulting gravitational flow was
adjusted to an average rate of ~ 1 mL min~'. For the micro-
sphere experiments, water supply to the beaker was temporar-
ily stopped, a suspension of microspheres added, the water
gently mixed, and then inhaled and exhaled samples taken.

To test if surface properties affect capture efficiency, poly-
styrene microspheres in a range of sizes (3, 1, 0.5, 0.3 ym in
diameter) were coated with a tri-block copolymer (Poloxamer
188, cat. no. P5556, Sigma-Aldrich; P188) and fed to the ascid-
ian P. mytiligera. P188 is a nonionic surfactant made of two
hydrophilic blocks of poly(ethylene oxide) and a hydrophobic
core made of poly(propylene oxide). Coating was done by
adding 0.01% of P188 to a suspension of microspheres in fil-
tered seawater and incubating for at least 1 h at room
temperature.

Analytical methods
Flow cytometry

Particle concentration and composition of inhaled and
exhaled water samples was measured by means of flow cyto-
metry. The instrument used for analyses (Attune® Acoustic
Focusing flow cytometer, Applied Biosystems) is equipped
with acoustic focusing and a syringe-based fluidic system that
ensure high precision measurement of particle concentrations
(£ 5%). The most significant advantage of performing mea-
surements with flow cytometer rather than other types of
particle counters (e.g., Coulter counter or LISST) is the ability
to categorize particles into different types based on their
fluorescence and light scatter properties. Particle types were
identified and quantified using the protocol presented by
Dadon-Pilosof et al. (2017) and Jacobi et al. (2017).

Briefly, samples for planktonic cells were incubated for
15 min at room temperature with Glutaraldehyde (at a final
concentration of 0.1%) and were either kept at 4°C and ana-
lyzed within 2 d, or frozen in liquid nitrogen and stored at
—80°C until analyzed (within 20 d). The planktonic cells
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(0.3-15 ym) in each sample were categorized into high- and
low-scatter eukaryotic algae (NanoEuk and PicoEuk, respec-
tively), Synechococcus sp. (Syn), Prochlorococcus sp. (Pro), and
nonphotosynthetic microbes (Bact). In order to count non-
photosynthetic microbes, a subsample was stained with the
nucleic acid stain SYBR Green I (20-120 min dark incubation
at room temperature, 1 : 10* of SYBR Green commercial
stock). Discrimination between the different autotrophic
groups was done by plotting the forward scatter of the cells
(FSC, a proxy of cell size) against the orange fluorescence of
phycoerythrin, and the red fluorescence of chlorophyll. In
some cases, the Prochlorococcus group could not be separated
from the noise signal and was not counted. Each run on the
flow cytometer was done with the addition of reference beads
(Polysciences™, cat no. 23517, Flow Check High Intensity
Green Alignment 1 ym) as an internal standard.

To estimate the size of planktonic cells that are larger than
the instrument’s detection limit (~ 0.3 ym), the forward scat-
ter signal (FSC) from the flow cytometer was calibrated using
two complementary size calibration kits (Molecular probes, cat
no. F13838, F13839). Calibration results were in agreement
with the predictions of the Mie scattering theory (Koch
et al. 1996). Since the particles used to calibrate the FSC signal
to cell size probably have a larger refractive index than that of
planktonic cells this calibration process may cause an over-
estimation of plankton size. We refer to the measured diame-
ter of plankton as “FSC-diameter” to remind the reader of this
limitation. Cell counts from the flow cytometer were
converted to biomass concentration by multiplying the size
estimation from the forward scatter signal and using conver-
sion factors from Houlbréque et al. (2006) and references
therein.

The samples from experiments with microspheres were also
preserved with Glutaraldehyde and kept at 4°C until they were
analyzed (within 2 weeks). Samples were not frozen so as to
prevent breaking and loss of the polystyrene particles. In order
to verify that this method was an appropriate procedure for
storing samples with microspheres, several control samples
were kept for 90d and repeatedly analyzed by the flow
cytometer. Results showed no variability in concentration that
exceeds the precision level of the flow cytometer used (+ 5%).

Microspheres surface properties

Surface properties of the microspheres before and after
coating with Poloxamer 188 were characterized using five
methods. Zeta potential was determined using a Zetasizer
Nano ZS© (Malvern Instruments, UK). Measurements were
performed on 0.3-um Fluoresbrite® YG Carboxylate Micro-
spheres, (Polysciences) in double distilled water containing
15 g L' NaCl and a pH of 8. Surface wettability was measured
using the “captive bubble” method and a drop shape analyzer
(DSA25E, KRUSS). A “cake” of 0.5 um microspheres was cre-
ated by filtering a suspension of microspheres with a 0.2 ym
polycarbonate membrane filter (Whatman, no. 110606). This
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filter was then placed in a cuvette filled with water with the
microsphere coated side facing down. An air bubble was then
allowed to deposit on the microsphere covered surface and
was immediately photographed. The contact angle between
the air bubble and the surface was measured by fitting an
ellipsoid and a tangent line on to the images. The contact
angle of the microsphere surface and water was calculated as
the difference between 180° and the measured air-microsphere
angle. Following these measurements, the microsphere-
covered membrane was incubated for 30 min at room temper-
ature in a bath of 0.01% Poloxamer 188, after which contact
angle measurements were repeated. Contact angle was mea-
sured on three different “bead cakes.” On each of these sur-
faces, we have laid multiple independent air bubbles and for
each bubble the contact angle was measured independently.
These data points were lumped together and presented as box
plots in Fig. 2a. For the statistical analysis, we conservatively
used the number of “cakes” as sample size (n = 3).

To examine the effect of coating particles with Poloxamer
188 on their surface morphology, we imaged both coated and
uncoated particles with an environmental scanning electron
microscope (Quanta 200, FEG, FEI) at the Center for
Nanoscience, Tel-Aviv University.

Finally, to measure the surface hydrophobicity of the micro-
spheres, a chromatographic method, previously described by
Monger et al. (1999), was used following the procedures of
Dadon-Pilosof et al. (2017). Triplicates of microspheres
suspended in filtered seawater were passed through pairs of
hydrophobic (Sep-pak C18, Waters, cat no. WAT036810) and
hydrophilic (Waters, WAT020530) solid phase columns. Using
the concentration of the microspheres after passage through
either the hydrophobic or hydrophilic columns, the Hydropho-
bic Interaction Chromatography (HIC) index was calculated for
each particle type (Poloxamer 188 coated or uncoated particles)
as: HIC = (Chydrophilic - Chydrophobic)/ Chydrophilic; where
Chydrophilic ad Chydrophobic are the microsphere concentrations
after passage through the hydrophilic and hydrophobic col-
umns, respectively. A HIC index value close to 1 indicates rela-
tively hydrophobic particles and low HIC values indicate a
hydrophilic particle surface.

Data analysis

Data analysis was carried out with “RStudio” (Version
1.2.5033, © 2009-2019 RStudio). To test whether the capture
efficiency of large eukaryotes is lower than that of similar sized
microspheres, we did a multiple linear regression of the logit
transformed capture efficiencies over the particle diameter and
type as explanatory variables. Particles were categorized into
two types: microspheres (3 and 10 ym in diameter) and micro-
algae. We permutated the capture efficiency data 1000 times
and compared the observed “type” coefficient from the multi-
ple linear regression to the random coefficients that were cal-
culated for each permutation. In order to avoid the problems
of logit transforming capture efficiencies that are equal to
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1, we set these data to be 0.99. We verified that the data meets
the Gauss-Markov assumptions prior to any linear regression
analysis (for details, see Boldina and Beninger 2016). For
power analysis, we used the G*Power software (version
3.1.9.2, written by Franz Faul, University of Kiel, Germany).
For ANOVA statistical tests, the assumptions of homogeneity
of variances, normality (using the Anderson-Darling test) and
(for repeated measures) sphericity were checked (with
Mauchly’s test of sphericity) and where violated, data were
transformed (percent data were usually logit transformed) or
an alternative permutation test was used. Data are reported as
average = 95% confidence interval of the mean unless stated
otherwise.

Encounter model

The problem of predicting the probability of encounter
between particles smaller than the openings of a filter and the
fibers of a rectangular mesh was previously addressed by
Silvester (1983). This model considers three mechanisms that
lead to encounter: direct interception, diffusional deposition,
and inertial impaction. For the capture of polystyrene particles
by the ascidian filter in the size range, we studied here it is
possible to neglect inertial impaction (Sutherland et al. 2010;
Jacobi et al. 2017). The results from the model were compared
to measured data about the efficiency of particle capture by
the ascidian P. mytiligera. Since the exact dimensions of the
mesh of this species are unknown, we used the capture effi-
ciency data of untreated 0.5 pm polystyrene microspheres
(Jacobi et al. 2017) to derive the mesh size of its mucous filter.
For additional details, see the Supporting Information.

Results

Picoplanktonic cells (0.3-2 ym) dominated the water at the
study sites in the EMT and the Red Sea (RS) where they
accounted for > 97% of the total cell number and most of the
planktonic biomass (Jacobi et al. 2017). Submicron, non-
photosynthetic microbes (Bact) accounted for >50% of the
pico- and nanoplanktonic biomass in these oligotrophic sites
(for more details regarding the planktonic populations at the RS
and EMT study sites, see Jacobi et al. 2017). In contrast, at the
Northwest Atlantic (LIS) study site, >94% of the planktonic bio-
mass was attributed to nanoeukaryotic microalgae. These cells
were relatively large and abundant with a median FSC-diameter
of 11.8 £ 6.24 ym (median * interquartile range) and a concen-
tration 4.7 x 10° + 1.8 x 10® cells mL™'. The concentration of
nonphotosynthetic microbes (Bact) at the Northwest Atlantic
(5.64 x 10° + 1.28 x 10° cells mL™") resembled those of the oli-
gotrophic sites (3.61 x 10°+0.66x 10° and 6.79 x 10°
1.01 x 10° cells mL™" for the RS and EMT, respectively), but the
cells were roughly three times larger than those of the oligotro-
phic study sites, with a median FSC-diameter of 1.04 + 0.25 ym
(median * interquartile range). While these picoplanktonic cells
accounted for more than 95% of the total cell numbers in the
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LIS water, their contribution to the planktonic biomass was
small. Cyanobacterial particles were rare at the Northwest
Atlantic site and accounted for less than 1% of the planktonic
biomass. Synechococcus sp. particles (with a median FSC-
diameter of 1.05pum) were found at low concentrations
(6.2 x 10% + 5.5 x 10% cells mL™") and Prochlorococcus sp. parti-
cles could not be detected at the LIS study site.

Overall, the results indicated that planktonic cells were cap-
tured less efficiently than similar-sized microspheres by all
ascidian species studied. This was most evident with the cap-
ture of submicron heterotrophic bacteria (Fig. 1) but, surpris-
ingly, the capture efficiency of the larger eukaryotic
microalgae was also different than that of similar-sized micro-
spheres (p < 0.001), which were captured, by most species, at
between 75% and 100% efficiency (see also Jacobi et al. 2017).
Exceptions to these trends were some of the capture efficien-
cies measured in laboratory experiments, specifically for the
ascidians M. exasperatus and P. mytiligera that capture the
planktonic cells at high efficiency.

The species tested insitu (C. intestinalis, H. spinosa,
M. exasperatus, P. mytiligera, and P. nigra) captured
nanoeukaryotic algae (NanoEuk) with an average efficiency of
68% + 8%, Synechococcus sp. at 64% + 8%, picoeukaryotes
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(PicoEuk) at 70% = 9% and Prochlorococcus with 60% £ 11%
(PicoEuk and Pro data are only from experiments in the EMT
and RS), and heterotrophic bacteria at 13% £ 1%. See
Supporting Information Table S1 for mean capture efficiencies
for each species studied in situ.

The difference between the inhaled and exhaled concentra-
tions of nano- and picoeukaryotic algae exhibits a monotonic
dependence on inhaled concentration throughout the measured
concentration range (Supporting Information Fig. S1). This
means that the capture efficiency of these algae by ascidians is
roughly constant and is independent of the inhaled concentra-
tion over the range of ambient concentrations encountered dur-
ing this study. In contrast, nonphotosynthetic bacteria are
captured by ascidians from the RS and EMT with low efficiency
regardless of inhaled concentration. For the LIS ascidian
C. intestinalis, the number of nonphotosynthetic bacteria cap-
tured is weakly dependent on inhaled concentration.

Two methods were used to assess the hydrophobicity of the
microspheres: contact angle measurements and chromatography
(HIC index). Both methods revealed a similar trend. As expected,
the polystyrene microspheres were hydrophobic; however, sur-
prisingly, coating them with P188 led to a slight increase in
hydrophobicity. The contact angle for 0.5 ym uncoated spheres
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Fig 1. A comparison of the capture efficiency of planktonic cells (diamonds) and uncoated microspheres (gray circles) by different ascidian species as
measured in situ (i-s, upper panels) and at the laboratory (lab, lower panels) plotted vs. particle diameter. Planktonic cells are categorized into five groups:
Bact—nonphotosynthetic microbes (pink), Pro—Prochlorococcus sp. (red), Syn—Synechococcus sp. (orange), PicoEuk—Ilow-scatter eukaryotic microalgae
(light green), and NanoEuk—high-scatter eukaryotic microalgae (dark green). Vertical error bars are 95% CI. Plankton diameters are the median diame-
ters that were calculated based on the forward scatter signal as measured using a flow cytometer (FSC-diameter). The horizontal error bars are the inter-
quartile range of the sizes of each cell population (in some cases, the bars are smaller than the symbol width). See Supporting Information Table S3 for

sample size in each experiment.
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Fig 2. Effects of coating microspheres with Poloxamer 188. Uc—uncoated microspheres, P188—the same microspheres coated with Poloxamer 188. (a)
Box plots presenting the contact angle of 0.5 um spheres. Coating increased the contact angle, indicating an increase in hydrophobicity (n = 32 and 25
for Uc and P188, respectively). (b) The HIC index of experimental microspheres. Coating increased the HIC index of small particles (0.3 and 0.5 ym), indi-
cating an increase in hydrophobicity. The HIC index of larger particles (1 and 3 um) is not affected by coating (n = 5). For the boxplots of panels (a) and
(b), the median is presented as horizontal line, the box encompass the second and third quartiles, and whiskers extend to the nearest point that is < 1.5
times the interquartile range. Dots represent outliers. (¢, d) Scanning electron microscopy images of an uncoated and coated 1 um sphere, respectively.
Coating resulted in visible structures on the sphere’s surface. (e) Capture efficiency of uncoated (black circles) and Poloxamer 188 coated (orange circles)

microspheres by the ascidian P. mytiligera (error bars are 95% Cl, n = 9).

was 107° £ 2° and for coated spheres it was 122° + 1° (two sam-
ple t-test p < 0.001, Fig. 2a). The HIC index of uncoated 0.3 and
0.5 pym spheres was 0.94 £ 0.03 and 0.97 + 0.02, respectively
(Fig. 2b). These indices were significantly different for
P188-coated spheres (two-way ANOVA with permutations
p <0.001). The HIC index of P188-coated spheres was measured
as 0.98 £ 0.01 and 0.99 £ 0.00 for 0.3 ym and 0.5 ym spheres,
respectively. Both the hydrophilic and hydrophobic columns
removed > 95% of the larger (1 and 3 ym) particles; thus, coating
particles larger than 0.5 ym with P188 had no measurable effect
on the HIC index (Fig. 2d). Coating 0.3 ym spheres with P188
reduced the magnitude of the (negative) zeta-potential from
—-10+ 1.2 to —2 £ 1 mV (mean * SD), indicating a weaker surface
charge for coated microspheres. Environmental scanning elec-
tron microscopy images indicated that coating microspheres
with Poloxamer 188 produced structures that covered the micro-
sphere surface (Fig. 2c,d).

The mean capture efficiencies of coated and uncoated sub-
micron spheres by ascidians were statistically different
(Repeated measures ANOVA, Fyg = 7.15, p = 0.04; post hoc
pairwise t-test with Bonferroni corrections p = 0.013 and 0.034

for 0.5 ym and 0.3 um spheres, respectively; Fig. 2e). The
coated spheres were captured at a lower efficiency than
uncoated ones (18% and 32% lower for 0.5 and 0.3 spheres,
respectively; Fig. 2e). However, for particles larger than one-
micron, coating had no effect on capture efficiency (repeated
measures ANOVA, F; g = 1.13, p = 0.32, Power > 0.8, assuming
an intermediate effect size; Fig. 2e).

Discussion

The lower capture efficiencies of pico- and nanoplankton
relative to similar-sized microspheres (Fig. 1) indicate that par-
ticle size is not the only factor that governs capture. In addi-
tion to particle size and the pore size of the filter, particle
shape (Conley et al. 2018a) and surface properties
(Labarbera 1984; Dadon-Pilosof et al. 2017; Rosa et al. 2017)
are thought to control particle capture by suspension feeders.
Our results support the idea that some particle attributes,
other than size, influence the capture of particles by ascidians.
Coating particles with Poloxamer 188 (P188) has no measur-
able effect on the capture efficiency of microspheres larger
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than 1.0 ym (Fig. 2e). This finding is consistent with the
description of the ascidian filter as a thin mesh with rectangu-
lar pores of uniform, submicron size (Flood and Fiala-
Medioni 1981), at least in one dimension of the rectangular
pores. This description implies that particles larger than the
mesh size should always be captured at 100% efficiency by
simple sieving, regardless of their surface properties. Submi-
cron planktonic cells were also captured with a lower effi-
ciency than submicron polystyrene particles (Fig. 1). To be
captured, particles smaller than the mesh size must first
encounter the fibers of the mesh and then be held by some
retaining force. Thus, surface interactions may influence the
capture of smaller particles by altering the efficiency of this
retention. Supporting this idea is the effect of coating polysty-
rene particles with P188 had on the capture efficiency of sub-
micron artificial particles. However, the lower than expected
capture efficiency (< 100%) of pico- and nanoplankton cells
that are most likely larger than the mesh size (Fig. 1) does not
seem to fit this conceptual model.

The rectangular mesh-filter model

The discrepancy between the lower than expected capture
efficiency (< 100%) of nanoplankton and large picoplankton
relative to the dimensions of the filter is highlighted by calcu-
lating the probability of particle encounter with fibers of the
mesh using the model suggested by Silvester (1983). This model
is frequently used to predict different quantitative aspects of
particle capture by rectangular meshes (Riisgdrd 1988; Loudon
and Alstad 1990; Sutherland et al. 2010; Jacobi et al. 2017). As
seen in Fig. 3, when tested at the field, the capture efficiency of
naturally occurring pico- and nanoplankton by the ascidian
P. mytiligera is significantly lower than the 100% efficiency
predicted for a sieve with such pore size.

A possible explanation for the low capture efficiency of
plankton in the 1-10 ym size range may be that, in contrast
to what has previously been suggested (Flood and Fiala-
Medioni 1981; Pennachetti 1984; Turon 1990), the pores in
the mesh are nonuniform in size and so a fraction is large
enough to allow some plankton to escape. If this is the case,
however, then similar capture patterns for large (1 and 3 ym)
microspheres should have been measured. In contrast, 1 and
3 um spheres were captured by ascidians, on average, at > 95%
efficiency (Fig. 1 and Jacobi et al. 2017).

The role of surface properties on particle capture

The capture of ellipsoid particles by ascidians is controlled
by the size of their minimum axis, providing a mechanistic
and quantitative explanation for the effect of particle shape in
suspension-feeding (Conley and Sutherland 2017; Conley
et al. 2018b). In contrast, basic questions regarding the way in
which surface properties of particles affect their capture by
suspension feeders are still unanswered. For example, an
ambiguous “stickiness” trait is often mentioned in this context
by some authors (Shimeta and Koehl 1997; Bone et al. 2003;
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Fig 3. Observed and calculated capture efficiencies of cells and micro-
spheres by the ascidian P. mytiligera. The model suggested by
Silvester (1983) (red line) was fitted to the observed capture efficiency for
uncoated microspheres (black circles) by adjusting the pore size of the
modeled mesh. The capture of P188 coated particles (orange circles) indi-
cates that the probability of encounter of those particles with the mesh
does not represent their capture (i.e., retention efficiency < 1). Capture
efficiencies of various sized plankton (green line and diamonds) also do
not fit the model. NanoEuk—nanoplanktonic microalgae (dark green),
PicoEuk—picoplanktonic microalgae (light green), Syn—Synechococcus
sp. (orange), Pro—Prochlorococcus sp. (red), and Bact—heterotrophic bac-
teria (pink). Error bars (95% Cl of the mean) are presented for the capture
efficiencies of uncoated microspheres and are omitted for other particles
for clarity (see Figs. 1, 2e).

Riisgdrd and Larsen 2010), yet, it is unclear whether adhesion
is an important factor in particle capture. Another frequently
mentioned assumption is that because of the high ionic
strength of seawater, electrostatic forces are unimportant in
marine suspension feeding (Rubenstein and Koehl 1977). It is
true that the decay of the electric potential with distance from
the surface is enhanced by the presence of ions, but when a
particle is brought close to the vicinity of a filtering structure,
distance-dependent forces may still alter its trajectory and
potentially change the probability of capture. As demon-
strated by these examples, to gain a better understanding of
the role of surface interactions in suspension feeding, a formal
quantitative framework and coherent definitions need to be
established. The results presented in this study, involving the
capture of particles coated with the surfactant P188, as well as
the work of other authors in the field of suspension feeding
(Cucci et al. 1985; Pales Espinosa et al. 2010, 2016; Rosa
et al. 2017) are initial attempts to establish such a framework.

Attractive and repulsive forces

The deposition of small particles onto biological surfaces is
usually described by the balance of attractive and repulsive
forces that can be categorized into DLVO and non-DLVO
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forces. The DLVO theory, described by Derjaguin and Landau
and independently by Verwey and Overbeek (reviwed by Her-
mansson 1999), considers attractive forces that arise from Van
der Waals interactions and repulsive forces from overlapping
electric double layers, when the surface and the particles carry
the same charge (Smart 2014). Among the non-DLVO forces
are steric effects and osmotic pressure which may induce
repulsion. Additionally, if the surfaces are hydrophobic, the
deposition of particles may be thermodynamically favorable.
Therefore, hydrophobic interaction may be considered as an
additional attractive force (Smart 2005). The mucous filter of
ascidians is thought to carry a negative charge (Flood and
Fiala-Medioni 1981). The particles used in this study were
carboxylate-modified polystyrene spheres that carried a nega-
tive surface charge as well. Since the zeta-potential measure-
ments of the microspheres showed a decrease after coating
with P188 (from —10 £ 1.2 to —2 + 1 mV, mean + SD) and con-
comitantly capture efficiency dropped, it can be concluded
that the repulsion associated with the electric double layer is
not an important surface interaction in particle capture by
ascidians.

Surface modification of experimental microspheres

In the current study, the surfactant used to modify surface
properties of polystyrene microspheres was Poloxamer 188 which
is a tri-block copolymer composed of a poly(propylene glycol)
core attached to two poly(ethylene glycol) chains (PPG and PEG,
respectively). Poloxamers adsorb to polystyrene particles via the
hydrophobic PPG core leaving the PEG chains in the aqueous
phase, presumably resulting in a polymer brush (Alexandridis
and Hatton 1995). This surface brush structure fits the theory of
chain molecules at an interface as well (Alexander 1977) and
likely formed on the coated microspheres. If so, the brush layer
would have induced repulsion between the microspheres and
elements in the mucous filter, resulting in increased mobility of
the particles within the mucus. Such increased mobility was pre-
viously observed for particles covered with a PEG brush in
human cervical mucus (Lai et al. 2007; Wang et al. 2008).
Increased mobility in the mucous filter as a result of a steric
repulsive effect would cause a larger proportion of coated micro-
spheres to cross over to the downstream side of the filter
resulting in a lower capture efficiency.

Steric repulsion is potentially of importance in particle cap-
ture by mucus-based suspension feeders. In other biological
processes, steric repulsive effects due to surface bound poly-
mer brush layers were shown to have an important role.
Among these are reduced cell adhesion onto brush covered
surfaces (Bridgett et al. 1992; Nejadnik et al. 2008), altered dis-
tribution of small particles in living mice (Schipper
et al. 2009), and possibly the increased migration of cancer
cells throughout the body (Iyer et al. 2009). The hydrophobic-
ity of particles also might be important in suspension feeding,
as addressed by several studies (e.g., Monger et al. 1999; Rosa
et al. 2013, 2017; Dadon-Pilosof et al. 2017). Results from the
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contact angle and HIC index measurements of P188 coated
and uncoated microspheres demonstrate that hydrophobicity
alone cannot explain the efficiency at which particles are cap-
tured. Additionally, data from the current study suggest that
the HIC index, as we measured it, is sensitive to particle size
since the hydrophilic diol column retains large particles more
efficiently. For example, 99% of uncoated 3 um particles were
retained by the diol column while similar 0.3 pgm particles
were retained at 88%. This means that HIC index may not be
a reliable method to characterize hydrophobicity of different
size particles.

The idea that interactions between the surface of food par-
ticles and biological filters may have a dramatic effect on the
efficiency by which particles are captured was recognized
decades ago (Jorgensen and Goldberg 1953; Labarbera 1984;
Shimeta and Jumars 1991). Observations of the effect of sur-
face properties on particle capture have been reported for
Daphnia magna, which captures neutral particles more effi-
ciently than negatively charged ones (Gerritsen and Por-
ter 1982). Rotifers were shown to be able to select between
phytoplankton and clay particles (Kirk 1991). Particle capture
by bivalves was found to be not strictly size-dependent (Yahel
et al. 2009) and to be affected by the presence of surface
bound neoglycoproteins (Rosa et al. 2017). Some bacteria are
able to escape from being captured by suspension feeding,
most likely because of their surface properties (Dadon-Pilosof
et al. 2017). However, the mechanism underlying these phe-
nomena remains elusive. Furthermore, to date, the properties
involved in this process are not well understood. Some
authors were able to positively correlate measures of particle
hydrophobicity to particle capture (Monger et al. 1999;
Dadon-Pilosof et al. 2017); however, no such correlation was
found in this study, suggesting that hydrophobic interactions
are not necessarily involved in particle capture. Similarly,
while theory predicts that surface charge cannot be important
in marine suspension-feeding due to the high ionic content of
seawater, some evidence suggests that surface charge is an
important property in particle capture (Labarbara 1978;
Gerritsen and Porter 1982; Rosa et al. 2017). The nature of the
surface interactions that underpin the evasiveness of some
planktonic cells from capture by mucous filters remains
unclear. Further progress in this field will require a quantita-
tive mechanistic description of this phenomenon.

Addressing potential pitfalls

Our results suggest that polystyrene microspheres are cap-
tured by ascidians at higher efficiency than their natural
planktonic prey across the entire tested size range
(0.3-15 um). The concentrations of large cells (> 2 ym) in sam-
ples from the inhalant siphons were relatively low (mean of
1.95 x 10° cells mL™"). As such, capture efficiency of these size
groups could be possibly underestimated because of back-
ground noise in the flow cytometer analysis. If background
noise was in fact significant, sample pairs with low inhalant
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particle concentrations would be most sensitive and effected.
Plotting the number of captured cells per volume of water
pumped against inhaled concentration reveals that a linear
relationship was maintained even at the lowest concentrations
(Supporting Information Fig. S1). Therefore, the effect of back-
ground noise on calculated capture efficiencies was minimal.

Sampling coupled pairs of inhalant and exhalant water has
an inherent advantage because sample pairs are subjected to
identical handling procedures making the analysis more
robust and final calculations less susceptible to errors. The
method we used for sampling in situ, however, is sensitive to
a potential artifact that may result in trends in the data, simi-
lar to the ones presented here. If the collection tube of the
exhalant water is misplaced in such a way that the exhalant
sample becomes “contaminated” by ambient seawater, the
resulting calculated capture efficiency of plankton will be
underestimated. When microspheres are delivered to the ani-
mal inhalant siphon, the same error will lead to an over-
estimation of microsphere capture efficiency. To avoid this
potential artifact, only relatively large animals with siphons
that enabled careful positioning of the exhalant collection
tube a few millimeters into the exhalant siphon were exam-
ined. The correct location of the collection tube was repeat-
edly tested before and during each trial by injecting
fluorescein dye into the inhalant siphon and verifying that
the tube is positioned amidst the exhalant jet visualized by
the dye. Ambient water “contamination” may also occur if
the flow rate of the exhalant water sampling system is
higher than that of the animal. To avoid this problem, the
collection flow rate was adjusted to ~ 1 mL min~", at least
one order of magnitude lower than the flow rate of ascid-
ians (Fiala-Medioni 1978; Riisgard 1988; Petersen
et al. 1999; Petersen and Svane 2002; Yahel et al. 2005).
Given these precautions, the relatively low capture effi-
ciency of plankton that was repeatedly observed is most
likely a true phenomenon which can be explained by the
shape of plankton, their surface properties, their mechani-
cal traits, or a combination of those.

The large plankton groups (PicoEuk and NanoEuk) are
most likely larger than the mesh size reported for ascidians
(~ 0.5 x 2.2 ym; Flood and Fiala-Medioni 1981); however,
their lower than expected capture efficiency disagrees with
the current description of the ascidian mucous filter. The
means used to estimate the sizes of plankton are prone to
error, since the FSC signal from the flow cytometer was cali-
brated to a set of microspheres of known sizes, but with a
different refractive index than that of planktonic cells. Nev-
ertheless, as scattering theory predicts, particles presenting
a larger FSC signal are larger than lower forward scattering
particles (Koch et al. 1996). In addition, under the fre-
quently used assumption that the refractive index of differ-
ent pico- and nanoplankton groups is similar (Ackleson and
Spinrad 1988), the sizes estimated for different planktonic
groups represent true size differences relative to each other.
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Thus, cell sizes estimated in this study are likely to be close
to the actual sizes.

Grazing evasion

Grazing by suspension feeders exert top-down control on
pico- and nanoplankton populations. Grazing evasion mecha-
nisms therefore provide an adaptive benefit for microbial
plankton. While small size provides partial grazing refugia
(Boyce et al. 2015), a diminished cell size carries costs
(Giovannoni et al. 2005; Partensky and Garczarek 2010).
Larger cells have therefore developed alternative mechanisms
such as grazing deterrence (Kirchman 2008) and the thick bio-
mineralized armor of diatoms, dinoflagellates, and
coccolithophores  (Reynolds 2006). Many pico- and
nanoeukaryote cells are known to be motile (Visser and
Kigrboe 2006). Flagella- and cilia-based mechanisms may
allow eukaryotic microalgae to swim out of the feeding cur-
rents of some suspension feeders and escape capture. For a
large and motile cell that encounters the ascidian mucous fil-
ter, escaping is only possible if it is able to swim through the
mucous structure and cross the brachial sack to get into the
excurrent jet. As we focused on the effect of surface properties,
motility was not investigated as a grazing evasion mechanism
in this study.

Our results suggest yet another grazing avoidance mecha-
nism where some pico- and nanoplankton developed surface
features that increase their mobility through mucus and lower
their capture efficiency by mucus-based filters. The results
presented here suggest that particle capture by suspension
feeders is greatly influenced by physical-chemical surface
interactions. We postulate that in order to gain a better under-
standing of suspension feeding and its role in marine micro-
bial ecology the role of surface interactions in particle capture
needs to be thoroughly explored.
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781  Probability of encounter model of a rectangular mesh

782  The encounter of microspheres and microbial plankton with the ascidian filter is likely to
783  be limited to non-inertial mechanisms: direct interception and diffusional deposition

784  (Rubenstein and Koehl 1977; Jacobi et al. 2017). The probability of an encounter

785  between particles and the mucous fibers of the ascidian filter was calculated by adapting

786  the model presented by Silvester (1983). This model was used several times in the past to
787  predict particle capture by the rectangular mesh filters of several suspension feeders

788  (Loudon and Alstad 1990; Loudon 1990; Sutherland et al. 2010; Jacobi et al. 2017).

789  When considering only direct interception the probability of encounter, E, between a

790  rectangular mesh made of cylindrical fibers with a diameter d, and a spherical particle

791  with of diameter d,, is (Silvester 1983; Sutherland et al. 2010):

Er=QRIn(R)—R+R™ 1) /A (1)
792  where
d
R=1+-2 (12)
dy
A=1-21 T r° (10)
=1=20n(™M+5 =177 Tos0
T = (nd W2 + L2) /(WL) (1c)

793 and L and W are the inner length and width of the rectangular mesh.

794  The efficiency of a single fiber due to Diffusional deposition, Ep, Iis:
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12 _ (2)
Ep, = 3.7A73 Pe 3 + 0.62Pe ™1

where Pe = dyu/D is the Peclet number with u = 3 X 10™* (m s~*) being the
characteristic water flux through the mesh of ascidians (Petersen, 2007; Riisgard, 1988).
The diffusion coefficient D = kT /3mps,,vd, (m* s~1) was calculated with

k =1.38x 10723 (m? kg K~ s~2) being the Boltzman constant, T = 298 (K)is
temperature in Kelvin, ps,, = 1030 (kg m™3) is the density of seawater, and

v = 9.3 x 1077 (m? s1) the kinematic viscosity of seawater.

Considering direct interception and diffusional deposition, the total probability of

encounter of particles with the rectangular mesh filter is:

WL (Ep + Ep)d (3)
Eroe =~y (Br ¥ Eo)dy [1 Wil

The results from the model were compared to measured data about the efficiency of
particle capture by the ascidian Polycarpa mytiligera (Fig. 3). Since the exact dimensions
of the mesh of this species’ are unknown, we used the capture efficiency data of untreated
0.5 um polystyrene microspheres (Jacobi et al. 2017) to estimate the mesh size of its
mucous filter. To do so we assumed a constant ratio between the length and width of the

mash, r = L/W, as supported by average values of mesh size of other species obtained

from the literature (Table S1). We estimated the mesh size, represented by the value of W
(and L = rW), by minimizing the error, |E,ps — E¢ot |/ Eops Where E,p ¢ is the observed

capture efficiency from Jacobi et al. (2017) and E,,; is the result of the model. The
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812  calculations show that the estimated pore size of P. mytiligera is a rectangle 0.677 x

813  1.716 pm.

Table S1. Mesh size data from the literature. L and W are the mesh pore length and width respectively. r is the ratio L /W. *Pore
dimensions of P. mytiligera were calculated based on capture efficiency data of microspheres from Jacobi et al. (2017)

Taxa Pore size (nm) Fiber thickness (nm)
L w r Transverse Longitudinal reference
Ciona intestinalis 699 410 1.70 15 25 Flood and Fiala-Medioni (1981)
Ciona intestinalis 582 420 1.39 15 20 Flood and Fiala-Medioni (1981)
Phallusia mammillata 594 309 1.92 15 25 Flood and Fiala-Medioni (1981)
Ascidiella aspersa 792 297 2.67 10 20 Flood and Fiala-Medioni (1981)
Styela plicata 2167 497 4.36 10 20 Flood and Fiala-Medioni (1981)
Styela plicata 1751 514 3.41 10 20 Flood and Fiala-Medioni (1981)
Halocynthia papillosa 648 169 3.83 15 40 Flood and Fiala-Medioni (1981)
Microcosmus sabatieri 784 316 2.48 10 15 Flood and Fiala-Medioni (1981)
Cystodytes dellechiajei 197.8 143.7 1.38 Turon (1990)
Diplosoma spongiforme 498.4 285.1 1.75 Turon (1990)
Polysyncraton lacazei 548.2 352.9 1.55 Turon (1990)
Aplidium conicum 200.5 159.8 1.25 Turon (1990)
Sidnyum turbinatum 119.2 79.3 1.50 Turon (1990)
Ecteinascidia herdmanni 198.8 134 1.48 Turon (1990)
Ascidiella scabra 601.3 411 1.46 Turon (1990)
Halocynthia papillosa 1158 361.1 3.21 Turon (1990)
Microcosmus polymorphus  1209.6 205.9 5.87 Turon (1990)
Ascidia paratropa 500 Pennachetti (1984)
in-vivo estimate 2200 500 4.40 10 40 Flood and Fiala-Medioni (1981)
average 813 309 2.5 12.5 23.125
Polycarpa mytiligera* 1716 677 2.5 This work
814
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Figure S1. The amount of captured pico- and nano planktonic cells as a function of inhaled
concentration. Each plot in this panel represents the capture of a certain prey type (columns) by
one of the ascidian species tested (rows) in-situ. The blue line is a linear regression curve and the
shaded area is the 95% confidence interval for the linear model. The slope, intercept, and R?
values for each regression are presented in Table S4.



Table S2. Mean values (£95% confidence interval for the mean) of capture efficiency (%) of naturally
occurring planktonic cells as measured in-situ for each of the studied ascidians. EMT is the eastern
Mediterranean study site, RS the Red Sea study site, and LIS the Long Island Sound site in the Northeast
Atlantic. Bolded numbers indicate cases where the capture efficiency was significantly different from zero.
N is the number of animals tested in-situ. NanoEuk — high scatter eukaryotic microalgae, PicoEuk - low
scatter eukaryotic microalgae, Syn — Synechococcus, Pro — Prochlorococcus, and Bact — heterotrophic

bacteria.
Capture efficiency (Mean+95% Cl)
Species Basin N  NanoEuk PicoEuk Syn Pro Bact
M. exasperatus EMT 5  76+8 7749 68+11 68+7 2445
P. nigra EMT 7 6021 71+18 56+20 44129 6+12
P. mytiligera RS 23 7145 77+6 74+9 64+7 0+6
H. spinosa RS 4 71411 70£18 66x15 64+13 0+18
C. intestinalis LIS 10 5747 56+13 38+18
821
Table S3. Sample sizes (individual ascidians tested)
for laboratory and in situ trials
N
Species Basin  lab in situ
M. exasperatus EMT 10 5
P. nigra EMT 7
S. plicata EMT 27
P. mytiligera, RS 3 23
H. spinosa RS 4
C. intestinalis LIS 10 7
S. clava LIS 9
822



Table S4. Slope (a), intercept (b), and R? values for the regression curves shown in Fig. S1. Bolded numbers indicate cases where the
coefficient was significantly different from zero.

NanoEuk PicoEuk Syn Pro Bact

a b R |a b R? |a b R |a b R? |a b R?
P. mytiligera 0.73]-0.03 |0.89 |0.67|0.03 |0.760.80|0.72 | 0.60 | 0.67 | 0.47 0.97]0.76 |-228.07 | 0.72
P. nigra 1.02|-094 | 082 |0.89|-0.06 | 0.63]0.42|13.95|0.14 10.50 | 0.41 0.521-0.20 | 264.36 | 0.09
M. exasperatus 0.71|0.04 |0.78 10.87|-0.03 | 0.99|0.76 | -4.62 | 0.68 | 0.87 | -1.47 |0.95]|0.24 |-7.77 0.51
H. spinosa 0.67 | -0.01 [{0.78 |0.70|-0.01 | 0.67]0.83|-0.95 |0.88 | 094 |-228 [0.99]0.45 |-105.56 | 0.79
C.intestinalis 0.41|045 |091 |- |--- --- 1051028 |0.46 |-- --- --- 10.48 |-44.9 0.18
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