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Choanoflagellates are unicellular eukaryotes that are ubiquitous in aquatic
habitats. They have a single flagellum that creates a flow toward a collar
filter composed of filter strands that extend from the cell. In one common
group, the loricate choanoflagellates, the cell is suspended in an elaborate
basket-like structure, the lorica, the function of which remains unknown.
Here, we use Computational Fluid Dynamics to explore the possible hydro-
dynamic function of the lorica. We use the choanoflagellate Diaphaoneca
grandis as a model organism. It has been hypothesized that the function of
the lorica is to prevent refiltration (flow recirculation) and to increase the
drag and, hence, increase the feeding rate and reduce the swimming speed.
We find no support for these hypotheses. On the contrary, motile prey are
encountered at a much lower rate by the loricate organism. The presence of
the lorica does not affect the average swimming speed, but it suppresses the
lateral motion and rotation of the cell. Without the lorica, the cell jiggles
from side to side while swimming. The unsteady flow generated by the beating
flagellum causes reversed flow through the collar filter that may wash away
captured prey while it is being transported to the cell body for engulfment.
The lorica substantially decreases such flow, hence it potentially increases
the capture efficiency. This may be the main adaptive value of the lorica.

1. Introduction

Choanoflagellates are filter feeders and an important component of microbial
foodwebs [1-3]. They share ancestry with animals and have remarkably
common characteristics with the choanocytes of sponges [4]. During the past
century, choanoflagellates have been the subject of numerous studies with
the goal of understanding the evolution of multicellularity in animals [5,6].
Like other microswimmers, choanoflagellates live in a low Reynolds number
world that is dominated by friction and very different from the inertia-
dominated world of macroswimmers [7,8]. This is important to these purely
heterotrophic organisms that rely exclusively on prey captured from a very
dilute suspension, requiring them to daily clear a volume of water correspond-
ing to one million times their own body volume [9].

Choanoflagellates are equipped with a single flagellum that creates a flow
toward the collar filter where bacteria-sized prey are retained on the microvilli
tentacles. Some choanoflagellates (over 150 species) construct a very ornate
extra-cellular basket-like structure, known as the lorica [3] (figure 1). We shall
focus on the loricate choanoflagellate Diaphanoeca grandis that has a flagellum
beating in a plane and a collar filter consisting of approximately 50 microvilli.
The lorica of D. grandis contains 12 longitudinal and four transverse costae
(ribs) [3] (electronic supplementary material, figure S1B). The upper part of the
lorica is covered by an organic investment composed of numerous filaments
(veil) woven tightly. As the flagellum beats, water enters the lorica chamber
from the large spacings between the ribs in the lower part. The water is
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Figure 1. Morphology of Diaphanoeca grandis. (a) Microscopic image (scale
bar, 5 um). (b) Model morphology with collar filter composed of 50 micro-
villi (blue), cell (green), flagellum (red) and lorica containing 12 longitudinal
and four transverse ribs (grey) with a fine network of filaments (the veil) on
the lorica dome (yellow) and chimney (pink). The arrows indicate the
direction of the flow. (Online version in colour.)

transported toward the equator and then passes through the
collar filter and finally exits from the chimney. Nielsen et al.
[6] demonstrated that the observed high flow rate through
the collar filter of D. grandis can be explained by the inclusion
of a flagellar vane, a structure that has been reported in closely
related organisms [4,10-13], but has not so far been observed in
D. grandis. In the choanocytes of the leucon sponge, Asadzadeh
et al. [14] demonstrated that the presence of the vane together
with its interaction with the fine-meshed collar are indispensa-
ble for providing sufficiently high pressure to drive the flow
through the sponge canal system [15-17].

The presence of the lorica has puzzled scientists for almost
a century, and despite extensive research on the morphology,
construction and assembly of the lorica, there are only few and
limited studies on its functionality [3]. Proposed functionalities
are based on pure conjecture by analysing morphological and
ecological information [3]. Thus far three functions of the lorica
have been proposed: first, the lorica functions as a drag-anchor
that counteracts propulsion such that the force generated by
the flagellum is rather spent on forcing water through the
collar filter [18]. Second, the presence of the fine-meshed veil
on the lorica acts in a hydrodynamic sense by funnelling the
inflow through the lorica and increases the water flow [18].
Third, the silicified lorica likely reduces the sinking velocity,
especially in those species that possess spines [3], analogous
to the function of spines in many diatom species [19].

Although the above suggestions seem plausible, they
lack evidence and remain speculative. To examine the actual
effect of the lorica, one direct approach is to study a loricate
species with and without its lorica. However, as pointed out
by Pettitt et al. [20] this is not a feasible experiment. Here we
choose an alternative approach and use computational fluid
dynamics (CFD) to study the flow around a single but repre-
sentative model organism (D. grandis) with and without its
lorica to elucidate the hydrodynamic functions of the lorica
and test the validity of the proposed functionalities. Addition-
ally, we experimentally measured the forward swimming
speed of freely swimming individuals of D. grandis, and we
used the results to validate our CFD simulations.

We first investigate the permeability of the veil on the lorica
in a tethered D. grandis, and we find that it is practically

impermeable to the flow. Modelling the lorica as an imperme- [ 2 |

able structure in the upper part, we then study the effect of the
lorica on the cell motion and power consumption by the flagel-
lum. We further study the flow rate, the flow recirculation and
the resulting clearance rate for the capture of motile and non-
motile prey in the freely swimming choanoflagellate. In most
cases, the lorica has no beneficial role except in stabilizing
cell motion. However, stabilized cell motion reduces
the ‘back-flow” through the filter and thus may increase the
efficiency of prey retention on the collar filter.

2. Material and methods

In this section, we explain the numerical approach and the
method employed for simulating a permeable lorica. We further
explain the technique developed to simulate the freely swim-
ming organism as well as our procedure to simulate advective
and diffusive prey capture. Finally, we describe the experimental
measurements of the swimming speed of D. grandis.

2.1. Computational fluid dynamics

We use computational fluid dynamics (CFD) simulations to
study the flow around D. grandis. The domain is discretized by
polyhedral cells and a finite volume method is used to discretize
and solve the governing equations on each cell by applying the
commercial CFD program STAR-CCM+- (12.02.010-R8).

2.1.1. Governing equations and power expenditure

The governing equations of an incompressible Newtonian fluid
with density p and viscosity u are the continuity and Navier—
Stokes equations

V-u=0 @.1)

and
Oou 5
Plar +u-Vu | =-Vp+ uVuy, 2.2)

where u and p denote flow velocity and pressure, respectively.
Figure 2 shows the CFD model of D. grandis with applied
boundary conditions. Since the observed flow is only obtained
by inclusion of a vane on the flagellum and not by a naked fla-
gellum, we model this structure by a 5 pm-wide sheet which
beats in a plane [6]. We model the lateral displacement of the fla-
gellum during its beat with the following travelling wave form:

d(z, t) = A[1 — e &)/ sin (k(z — z5) — o), (2.3)

for z > zg where zp is the z-coordinate of the flagellum at its base on
the cell, 6 = 1.0 um the characteristic length scale of the amplitude
modulation, k = 27/ the wave number, and o = 2mf the angular
frequency. The exponential term ensures that the velocity of the fla-
gellum is zero at its base. Table 1 lists the characteristic parameters
of the flagellum [6]. The details of the CFD model morphology for
cell, filter and lorica are provided in the electronic supplementary
material, Section). The Reynolds number is the ratio of inertial to
viscous forces, and in small-scale flows around flagellate cells it is
much smaller than unity, ranging from 1072 to 107 [21,22].
Employing p =997 kg m > and u = 0.001 Pa - s, here Re = pL* f/
w~5 x 107% Therefore, the inertial terms on the left-hand side
of equation (2.2) are negligible and the governing equations
reduce to the Stokes equations that are time independent [8].
Hence, it suffices to solve the flow around the choanoflagellate at
only some discrete positions of the periodically beating flagellum
during a half period. However, here we solve the full Navier—
Stokes equations including the unsteady and the nonlinear inertial
terms that are both embedded in the STAR-CCM+ software. By
retaining the unsteady term and using mesh morphing, which
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Figure 2. CFD model morphology of Diaphanoeca grandis with a 5 um wide
flagellar vane (red), the microvilli (blue) and the cell (green) which are all
subject to no-slip boundary conditions, and the lorica dome (yellow) and the
chimney (pink) treated as porous baffle with adjustable porosity. The ribs in
the lower part of the lorica are neglected in the CFD model. (Online version in
colour.)

Table 1. Characteristic parameters of the flagellum in D. grandis [6]. A is
the amplitude, L the length on the central z-axis, f the frequency, N\ the
wavelength and I the width of the flagellar vane.

A(pm) L (pum) f (Hz) A (jum)

2.8 83 73 8.6 5

W (jum)

redistributes mesh vertices in response to the movement of the fla-
gellum, the new position of the flagellum is updated during each
time step. This method dramatically reduces the extra work of
otherwise constructing the new geometry and repeated generation
of the finite volume mesh.

The flagellar vane, the microvilli and the cell are subject to the
no-slip boundary condition. The lorica in the upper part is treated
as a permeable surface with adjustable porosity to study the effect
of the lorica pore size on the flow, but as an impermeable surface in
the remainder of this study. The ribs in the lower part are neglected
in the CFD simulations. The whole organism is inserted inside a
spherical domain, and a pressure boundary condition is applied
on the external boundary. The computational domain is discre-
tized with 4.8 and 2.3 million computational cells for loricate
and non-loricate cases, respectively. In both cases, the force and
the flow rate are independent of the number of cells (approx. 2%
variations). For the advection and diffusion problem, the mesh
is further refined on and in between the microvilli and down-
stream of the collar, where the concentration gradients are high,
resulting in 12 and 13 million computational cells for loricate
and non-loricate cases, respectively. Finally, to ensure indepen-
dence of the size of the domain, we solve the governing
equations on three different domain sizes with diameters of
60 pm, 80 pm and 120 pm, and we find less than 1% variations
in the results. Therefore, we use a domain with a diameter of 60 pum.

Once the velocity field has been determined, the power (P)
expended by the beating flagellum is calculated as the surface
integral over the flagellum area (Sp) of its local velocity (equation
(2.3)) times the resultant stress vector (o -n). We verify that the

total power expenditure equals the volume integral over the n

fluid domain (V) of the viscous dissipation:
P:JJ u-(a~n)d5:2MJJJ E:EdV, (2.4)
Sy v

where n denotes the unit normal vector on the surface Sg point-
ing into the fluid and E = (Vu + (Vu)T)/Z the fluid strain rate
tensor [23]. Equation (2.4) is valid for both tethered and freely
swimming organisms.

2.1.2. Model of the lorica as a permeable structure

The veil in the upper part of the lorica is composed of approxi-
mately 0.01 wm thick filaments with radius a = 0.005 pm, and
it has a pore size h = 0.05-0.5 um [18]. To study the effect of
the porosity of the lorica on the flow around the cell, we consider
the lorica as a porous baffle that the flow can pass through sub-
ject to a pressure drop. We model this structure as a square
network of cylinders of spacing h. The pressure drop (Ap,) due
to fluid flow through such a network can be related to the
velocity normal to the network surface (v,,) as

1671
App = h—AeUn, (25)
where A,=1-2In7+ /6 — 7*/144 + 7°/1080 + --- and

7=2v2ma/h [24]. Equations (2.1) and (2.2) subject to equation
(2.5) are solved to obtain the velocity and pressure fields.

2.1.3. Solution procedure to model free swimming

For swimming at low Reynolds numbers, the change in the
momentum is negligible compared to the pressure and viscous
forces. Therefore, at any instant of time, the forces (F) and torques
(L) of the fluid (as given by viscous and pressure forces in the
stress tensor) are balanced by any external forces and torques
acting on the swimmer [8]:

(D). (D) =

The fluid forces and torques are calculated by integrating the
stress tensor over the surface of the swimmer:

F:J'J.Sownds and L:.”.er((r-n)dS, 2.7)

where r denotes the position on the surface S.

The motion of a microswimmer is a superposition of a defor-
mation and rigid body motion. The rigid body forces and torques
are related to the translation velocity and rotation rate through
the resistive matrix R of the body [8]. In our case, the flagellum
beats in the xz-plane and because of the mirror symmetry with
respect to this plane, only translation and rotation in the xz-
plane are allowed. Therefore

Fext + Fdef +RU = 0, (28)
where
Fx F X ux
Fext = F, ; Faer = F, , U= u,
Ly ext Ly def 'Qy

Here F, and F, denote the x and z component of the force, and U,
and U, are the x and z component of the velocity, respectively. L,
and {2, are the torque and rotation rate with respect to an arbi-
trary point. Here, we choose the base of the flagellum (0, 0, zg)
as the point about which the organism rotates. The resistive
matrix R is a square 3 x 3 matrix:
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The unknown matrix elements depend on the shape of the organ-
ism and since the flagellum is constantly changing its shape, the
matrix is also time-dependent. It can be shown that R is always
symmetric, resulting in six unknowns in the matrix [25]. In the
absence of any external forces and torque, the organism is freely
swimming and equation (2.8) reduces to

Faef + RU =0, (2.9)
where
[
U= 0.
O,

represents the swimming vector. Equation (2.9) represents three
equations with 12 unknowns. However, U in equation (2.8) is arbi-
trary, and four appropriate choices of U yield nine independent
equations to solve for all elements of the matrix R and vector
Fyer. This is equivalent to the problem of towing the organism
with some arbitrary velocity U and imposing the external forces
and torque that equal the fluid forces and torque calculated by
equation (2.7). Once these quantities are found, the swimming
vector U is determined by equation (2.9).

The arbitrary choices of the vector U in equation (2.8) are as
follows:

0
(1) U= |0 | gives Fyf
_0_
1]
(2) U=1|0 gives 711, 21 = 112 and 31 =731
0
0]
(B U= |1] gives ry and 13, =123
_O_
0]
(4) U= |0 | gives ra3.
1

Finally, once the swimming vector U is determined, one more
simulation is conducted to obtain the pressure and velocity
fields, and to extract the forces on the different body parts of
the choanoflagellate in the freely swimming form. The above cal-
culations have been performed independently for 12 different
positions of the flagellum during the first half of its beat period.

2.1.4. Advection and diffusion of prey

In loricate choanoflagellates, the structure of the lorica is such as
to guide the flow through the lorica chamber [3]. In D. grandis
specifically, the beating flagellum sucks in the water from the
lower part of the lorica through the equator and expels it out
from the chimney resembling a jet [6]. This arrangement may
suggest that the cell is directing the water far away from itself in
order to prevent refiltration of once filtered water, a phenomenon
which the volume flow rate per se does not account for. To test this
hypothesis, we assume that prey concentration (C) satisfies the
advection—diffusion equation [26,27]:

% +u-Ve= DV, (2.10)
where ¢ = C/C, is the dimensionless concentration field, C,, the
concentration of the prey in the far field, and D the diffusivity of
the prey due to Brownian motion and motility. The collar filter
acts as a sink and consumes the prey once it reaches it, essentially
leading to a vanishing value of c. To model this behaviour, we set
¢ =0 in a thin volume inside the collar filter, in close proximity to
the microvilli using a source term that is active in this region [28].
We set c =1 on the outer boundary where the flow enters the
domain. Initially the concentration inside the collar filter volume

is zero and elsewhere ¢ = 1. Both the advective and the diffusive n

transport through the filter contribute to the clearance rate:

Qnet = — JL (cu — DVc) - ndS. (2.11)

The simulations are performed for 40 beat cycles at which time the
flow is sufficiently developed and periodicity in the net clearance
rate has been obtained.

2.2. Observed swimming speed

Diaphanoeca grandis (American Type Culture Collection no. 50111)
was cultured non-axenically in the dark at 10°C, using B1 medium
with a salinity of 32. Organically grown, autoclaved rice grains
were added as bacterial substrate [6]. To determine the swimming
speed, freely swimming D. grandis cells were observed using an
Olympus IX-71 inverted microscope equipped with a UPLSA-
PO60X0O/1.35 oil-immersion objective and a U-ECA magnifying
lens. Image sequences were recorded at 100 frames per second
and a resolution of 1024 x 800 pixels using a Phantom v210
high-speed camera. Observations were done in a chamber con-
structed from a 5 mm high polycarbonate ring (diameter approx.
1 cm) mounted with non-hardening silicone between an objective
slide and a coverslip.

3. Results and discussion
3.1. Permeability of the lorica

In this section, we simulate a tethered D. grandis and model
the lorica as a porous structure with a range of pore sizes
between 0.05 and 0.5 pm. Figure 3 depicts the velocity field
in the xz-plane for the two different pore sizes of 0.05 and
0.5 wm averaged over the flagellum beat cycle. A pore size of
0.05 pm practically acts as an impermeable structure (figure
3a). However, as the porosity increases from 0.05 to 0.5 um,
the lorica becomes permeable to the flow (figure 3b), in
response to the negative pressure created below the lorica
dome (equation (2.5)). Consequently, a portion of the flow
reaching the collar filter passes through the lorica dome
which results in less flow entering the collar filter through
the equator plane. Figure 3c shows the time-averaged flow
rate through the equator plane, the collar filter and the lorica
dome for a complete beat cycle. The flow through the filter is
almost independent of the lorica porosity, and for all cases it
is very close to the volume flow rate approximated by the
pumping mechanism value of Qy = AWNf = 879 um®s ™! pro-
posed by Nielsen et al. [6] (eqn 5 therein). This is because the
flagellum acts nearly as a positive displacement pump in a
system of small overall resistance as flow shifts between
paths for changing lorica porosity.

Since only the collar filter captures prey, the lorica blocks
prey larger than its pore size (i.e. typical bacteria-sized prey)
from reaching the filter. Thus, only flow passing the equator
plane provides nutrition for the cell, and this decreases as the
porosity of the veil increases. This suggests that the lorica
costae should be covered either with a fine mesh, which is vir-
tually impermeable to the flow, or with a very coarse mesh,
which does not intervene in the prey capture process. An inter-
mediate pore size allows water to pass through while
intercepting bacteria-sized prey, consequently impairing the
feeding process. In fact, the lorica either contains a fine veil,
as compared to the filter spacing, or in some species it appears
as an open structure [3]. Nevertheless, even with a medium
pore size, more than 80% of the flow goes through the equator
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Figure 3. Dependence of flow velocities and flow rates on the permeability of the lorica. Velocity field in the xz-plane for lorica pore sizes of 0.05 pm (a) and
0.5 m (b) time-averaged over the flagellum beat cycle. For clarity, velocity magnitudes higher than 10 pm s~ 1 are omitted. (c) Mean flow rate through the filter,
equator plane and lorica dome for different pore sizes of the lorica. As the pore size increases, the volume flow rate through the equator plane decreases while more
flow permeates through the lorica dome which intercepts prey particles larger than its pore size. The flow through the collar filter is independent of the pore size of

the lorica and very close to the case of an impermeable lorica. (Online version in colour.)
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Figure 4. Velocity components and rotation rate during one half cycle for Diaphanoeca grandis with and without its lorica. The presence of the lorica does not
significantly alter the swimming velocity (a), but it dampens significantly the lateral velocity (b) and the rotation rate (c). (Online version in colour.)

plane. Therefore, modelling the lorica as an impermeable struc-
ture in the CFD study is an acceptable approximation to the
actual structure, and henceforth, employing the previously
used CFD model [6], we consider the lorica as an impermeable
baffle subject to the no-slip boundary condition.

3.2. Swimming motion and power expenditure

Loricate choanoflagellates are generally slow swimmers com-
pared to non-loricate species [3,18]. Figure 4 shows the
velocity components and the rotation rate of our modelled
freely swimming D. grandis with and without its lorica. The for-
ward swimming velocity (UL,) of D. grandis varies slightly during
the half cycle with a mean value of 3.0 wm s~ (figure 4a). This is
in agreement with experiments where the forward swimming
velocity Uep =22+ 1.1 um s ! was obtained as the average
of six different individuals of D. grandis. Forward swimming
is the dominant motion of the choanoflagellate and the lateral
velocity and rotation are relatively small (figure 4b,c). As a
result, D. grandis swims smoothly forward along a rather straight
line without additional motion (electronic supplementary
material, movies S1 and S2). When the lorica is removed, the
choanoflagellate appears to remain a slow swimmer with a
mean forward swimming velocity of 3.1 ums ™! very close to
that of the loricate one. However, in this case, the lateral velocity

components and rotation rate are significant and the cell wiggles
from side to side as it swims forward (electronic supplementary
material, movie S3). Hence, the lorica appears to stabilize the
movement of the cell.

It is striking that the forward swimming velocity of
D. grandis is almost independent of the presence of a lorica
since previously it has been suggested that the lorica slows
down the forward motion by imposing significant drag that
counteracts the locomotory flagellum force [18]. Table 2 lists
the force in the swimming direction on different parts of
D. grandis with and without its lorica in the freely swimming
form, as well as in the case of an externally towed, rigid body
with a mean swimming velocity of 3 wm s~ . In the freely swim-
ming D. grandis the flagellum force nearly balances the drag on
the body and filter, while the drag on the lorica is insignificant.

The reason that the large lorica does not create significant
drag is that the flow is driven ‘internally’ by the beating flagel-
lum. The resulting flow differs markedly from the flow around
the towed cell (figure 5). In the latter, the drag force is owing to
positive contributions of both the pressure and shear forces
[25]. However, in an internal flow, the pressure contribution
can counteract the viscous forces depending on the shape of
the object and its interaction with other body parts, resulting
in a smaller net drag force. This is the case for the lorica, for
which the flow is internal. The time-averaged pressure field
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Figure 5. Flow fields in the freely swimming and towed choanoflagellates in the frame of reference moving with the cell. (a,b) Velocity field around freely swim-
ming Diaphanoeca grandis with and without its lorica averaged over the flagellum beat cycle. (¢,d) Velocity field around the towed D. grandis with and without its
lorica with a velocity of 3 wm s~ ". The flow near and through the lorica and the filter is dominated by the beating flagellum. Moreover, when towed, the presence
of the lorica reduces the flow velocity over the cell and hence reduces the force on the cell and the collar filter. (Online version in colour.)

Table 2. The z-component of the force on different parts of Diaphanoeca grandis with and without its lorica in the freely swimming and towed
choanoflagellate with velocity of 3 wm s~ in the swimming direction.

force (pN)
flagellum lorica
freely swimming with lorica —12.091 4343 7.169 0.580 0.001
without lorica —8522 3.344 5173 — 0.004
towed with lorica 0.027 0.008 0.027 0.382 0.444
without lorica 0.027 0.057 0.208 — 0.292

in the xz-plane reveals a low pressure region right below the
lorica dome which creates a suction region pulling the lorica
down (figure 6). As a result, the pressure force acts in the oppo-
site direction to the flow and counteracts the shear drag such
that the net drag on the lorica is comparably small.

When D. grandis is towed (or is exposed to an external flow),
the drag on the lorica plays a significant role, contributing 86%

to the total drag (table 2). However, the force on the lorica is
very small in comparison with the force due to the beating
flagellum of the freely swimming organism. In addition, the
presence of the lorica significantly decreases the drag force
on the filter and the cell by factors of 7.7 and 7.1, respectively.
The lorica increases the total external drag force on the
choanoflagellate by 52% (table 2).
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Figure 6. The time-averaged pressure field in the xz-plane around the freely
swimming D. grandis reveals a low pressure region right below the lorica
dome which results in a pressure force in the swimming direction. For clarity,
the pressure inside the filter and chimney is not shown. (Online version in
colour.)
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Figure 7. Power consumption by the flagellum for Diaphanoeca grandis with
and without its lorica. The presence of the lorica increases the average
required power by approximately 25%, however the power magnitudes are
insignificant when compared with the metabolic rate. (Online version in
colour.)

Finally, figure 7 shows the mechanical power consumption
by the flagellum over a half cycle for D. grandis with and without
its lorica; the average power consumption is 2.20 and 1.75 fW,
respectively. To compare these values to the metabolic budget
of the choanoflagellate, we use the size-dependent mass-specific
metabolic rate for the flagellate, RR = 173 M®17 [29], where RR
is the specific respiration rate in wl O, mg C 'h!'and M the
body mass of the organism in mgC. As an estimate of the
carbon content, we take 10% of the organism mass, resulting
in9.2 x 10~? mgC. To relate the respiration rate to the metabolic
rate, we use a standard oxycalorific value of 13.8] mg O, !
[30, p. 592] which gives a value of 375 fW, two orders of magni-
tudes bigger than the power expenditure by the flagellum. Even
though the efficiency of conversion is not 100%, the relative cost
of beating the flagellum is low, and therefore the additional
power consumption with the lorica is insignificant.

Table 3. Mean clearance rate Q. for different values of diffusivity D. A is

percentage difference in Qe With and without lorica.

Qrer (m*s™7)

) with lorica without lorica A (%)

0.0 900 853 —52
- o - B
e S e .
300 129 2150 66.7

#Corresponds to the volume flow rate Q which is obtained by setting ¢ = 1
in equation (2.11).

3.3. (learance rate

This section presents the effect of the lorica on the clearance rate
in the freely swimming choanoflagellate. First we discuss the
flow rate through the collar filter, i.e. neglecting the diffusion
and depletion of the prey, and then the net clearance rate
when advection and diffusion of the prey are considered.

3.3.1. Flow rate through the collar filter

In the absence of prey diffusion, equation (2.11) gives the volume
flow rate Q by setting ¢ = 1 (the case D = 0.0 marked with aster-
isk in table 3). The lorica has a slight effect on the volume flow
rate increasing it only by approximately 5%. This is consistent
with the result of §3.1 where the flow passing through the
filter is shown to be unaffected by lorica porosity.

Another important aspect is that the slow swimming motion
of D. grandis does not significantly increase the volume flow rate
when compared with the tethered value of Q =898 um’s™"
in the previous study [6]. This is because of a significant resist-
ance by the cell, the filter and the lorica to the swimming, and
most of the flow bypasses the collar filter (figure 5¢,d).

3.3.2. Advection and diffusion effect

The volume flow rate does not reveal possible effects of flow
recirculation and prey diffusivity on feeding. Flow recircula-
tion, i.e. backflow from downstream of the chimney toward
the upstream of the lorica, can potentially imply refiltration
of already filtered water. To determine a more correct
volume cleared for prey, we study the net clearance rate Q¢
of equation (2.11) including advection and diffusion of the
prey. Table 3 lists the net clearance rate for different values
of prey diffusivity. First we consider only advection of passive
prey (D = 0.0), i.e. in the limit of infinite Péclet number. This
case is suitable to study the possible recirculation of the flow.
Here there is only a minor difference (—5.2%) in the net clear-
ance rate of D. grandis with and without its lorica. The function
of the lorica is thus not to prevent recirculation.

The case D= 0.4 pm?®s ' in table 3 corresponds to the
effective diffusivity due to the Brownian motion of a typical
spherical prey of 0.5 um in diameter at 16°C. In this regime,
the advective transport is dominant, and the difference in the
clearance rate is still small. Although the chimney in D. grandis
directs the flow far from the choanoflagellate resembling a jet,
there is still no sign of recirculation even after the lorica is
removed (figure 81). However, as we increase the diffusivity
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Figure 8. Prey concentration ¢ in the xz-plane around the freely swimming Diaphanoeca grandis. (a) D = 0.4 pm?® s~ which corresponds to the effective diffu-
sivity of typical passive prey due to Brownian motion. (b) D = 30 um? s~ ' which corresponds to the effective diffusivity of typical motile prey. For each case, the
left and right half of the plot shows the result with and without its lorica, respectively. At small diffusivity (high Pe), advection is the dominating transport factor
while at higher diffusivity (low Pe), diffusion becomes dominant. In this case, the lorica would act as an insulation to prey diffusion towards the filter, thus reducing

the net clearance rate as compared to that of the non-loricate case. (Online version in colour.)

D, i.e. smaller Péclet number, the clearance rate becomes domi-
nated by the diffusion mechanism. At D = 30 pm?®s ™', which
is the effective diffusivity of a typical motile prey with swim-
ming speed 44 pms ' and run time 0.04s [31], the net
clearance rate of the non-loricate choanoflagellate surpasses
the loricate one by 67% (table 3). In a pure diffusive transport
regime, the flux through a spherical sink in an infinite
domain is Qgiff = 4mDRgink, Where Ry is the radius of the
sink [32]. Employing a mean filter radius of R;=4.3 um and
a diffusivity of D =30 p,m2 s~ !, for the case without the
lorica we find Qg = 1620 pm>s™* comparable with the total
clearance rate indicating the complete dominance of diffusive
transport when prey motility is considered. In such a
diffusion-dominated regime, the lorica suppresses the prey
transfer toward the filter (figure 8b). This suggests that loricate
choanoflagellates are inefficient feeders on motile bacteria.

3.4. Prey retention

Thus far, our results on clearance rates for different scenarios
and energy expenditure reveal no significant advantage of the
lorica, but rather the opposite for motile prey. However, the
clearance rate estimated above assumes that all encountered
prey are captured. One should also consider the efficiency of
prey capture, that is the ratio of the number of prey particles
captured to those encountered. Filter feeding consists of three
successive steps: prey encounter, retention and handling [33].
Once the prey is in contact with the microvilli during the
encounter process, the cell must retain and transfer it down to
the base of the collar toward the cell where it is phagocytosed.
This process may take several seconds [20], and in the choano-
flagellate Salpingoeca rosetta, Dayel et al. [34] report that the
movement of bacteria prey to the base and engulfing takes on
average 12.5 s and 20 s, respectively. Given that the flagellum
beat period in choanoflagellates is a fraction of a second, the
prey experiences hundreds of beat cycles as it is being moved
along the collar, with a potential to be lost before being
engulfed. We speculate that the lorica increases the efficiency
of prey capture by three mechanisms.

Firstly, without the lorica, the cell and specifically the
microvilli exhibit intense movements from side to side, which
possibly hinders prey retention and transportation down to
the base of the collar. However in the loricate cells, the lorica
stabilizes cell motion by reducing the lateral motion of the
cell and microvilli which could reduce the risk of prey
escape. Being thecate or part of a colony could have a similar
effect where the cells attach to a substrate or stick together
via filopodia and intercellular bridges [35-37]. Attachment
or colony formation stabilizes the individual cell and the
collar motion, potentially increasing the retention efficiency.
This could also be the reason why the flagella beat is not syn-
chronized in colonies [38,39], as the lateral force and torque
from neighbouring cells would stack rather than cancel out.

Secondly, while the flagellum is beating, in some areas at
the distal part of the microvilli, the flow direction is outward
from the collar. This phenomenon is observed in both loricate
and non-loricate cells, but it is much more intense in the
latter. Figure 9 depicts snapshots of the velocity field between
the microvilli in the xz-plane. Without the lorica, the velocity in
the upper part of the collar is outward and bigger in magnitude
than for the loricate one. Including the lorica mitigates this
effect not only by lowering the velocity magnitude, but also
by slight downward deflection of the flow. This may increase
the likelihood of prey retention on the collar. For the cell to
retain a passive prey that encounters the outer surface of the
microvilli, the adhesive force by the collar must equal or
exceed the local fluid forces resisting the adhesion [33]. For a
given adhesive force, the smaller the local fluid forces on the
particle, the bigger the likelihood of the bacteria retention on
the collar. The lorica reduces velocities on the distal part of
the filter, and thus could improve prey retention. Poor particle
retention and loss of bacteria from the distal part of the collar
has been observed in some species of non-loricate choano-
flagellates such as Salpingoeca amphoridium [40] and S. rosetta
single cells and colonies [34]. Another remedy to this problem
would be to have the prey capture zone mostly on the lower
part of the microvilli where there is no outflow; the veil in
the loricate choanoflagellate Didymoeca costata guides the
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Figure 9. Snapshot of the velocity field between the microvilli in the flagellar beat plane (xz-plane) of Diaphanoeca grandis with (a) and without (b) its lorica. The
lorica mitigates the outward flow from the distal part of the microvilli, potentially increasing the chance of retaining the prey on the collar. (Online version in colour.)

inflow directly toward the collar base [3] where the prey is
immediately captured and ingested.

Thirdly, the lorica chamber, especially in species with a veil
on the inner surface of the lorica such as D. grandis, D. costata
and Crinolina aperta, is similar to a trap; even if the prey escapes
from the collar, the lorica veil does not allow it to go beyond
reach and it is more likely for the choanoflagellate to recapture
its prey.

4, Conclusion

In this study, using detailed CFD simulations, we explore
the hydrodynamic function of the lorica in the standard
tectiform loricate choanoflagellate D. grandis. Our results
provide no support for the several previous hypotheses regard-
ing the effects of the choanoflagellate lorica. Rather, our
simulations suggest that the main function of the lorica is to
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