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SUMMARY

Diverse animal species exhibit highly stereotyped behavioral actions and locomotor sequences as they
explore their natural environments. In many such cases, the neural basis of behavior is well established,
where dedicated neural circuitry contributes to the initiation and regulation of certain response sequences.
At the microscopic scale, single-celled eukaryotes (protists) also exhibit remarkably complex behaviors and
yet are completely devoid of nervous systems. Here, to address the question of how single cells control
behavior, we study locomotor patterning in the exemplary hypotrich ciliate Euplotes, a highly polarized
cell, which actuates a large number of leg-like appendages called cirri (each a bundle of ~25-50 cilia) to
swim in fluids or walk on surfaces. As it navigates its surroundings, a walking Euplotes cell is routinely
observed to perform side-stepping reactions, one of the most sophisticated maneuvers ever observed in
a single-celled organism. These are spontaneous and stereotyped reorientation events involving a transient
and fast backward motion followed by a turn. Combining high-speed imaging with simultaneous time-
resolved electrophysiological recordings, we show that this complex coordinated motion sequence is tightly
regulated by rapid membrane depolarization events, which orchestrate the activity of different cirri on the
cell. Using machine learning and computer vision methods, we map detailed measurements of cirri
dynamics to the cell’s membrane bioelectrical activity, revealing a differential response in the front and
back cirri. We integrate these measurements with a minimal model to understand how Euplotes—a unicellular

organism—manipulates its membrane potential to achieve real-time control over its motor apparatus.

INTRODUCTION

A major focus of modern neuroscience is to understand the bio-
logical mechanisms that underlie the behavior of living systems.
The neural and genetic basis of behavior in diverse species,
including flies, worms, and mice, have been elucidated by inter-
rogating how internal signaling relates to physiological or etho-
logical data obtained from behaving organisms.'™ The ability
to control and coordinate movement is a fundamental feature
of life, which allows individuals to explore their surroundings,
locate more favorable habitats and avoid harmful situations.
Even the most basic unit of life, a single cell, displays these abil-
ities in abundance.”° This has profound implications for the evo-
lution of sensorimotor coupling, environmental perception, and
basal cognition across phyla.® Notable examples include ani-
mal-like feeding,” hunting,® predation,” and mating behaviors
of free-living protists,’® as well as associative learning in the
“trumpet animalcule” Stentor."''®

How are complex behavioral actions encoded within the
confines of a microscopic body? Essential clues lie in the move-
ment of diverse microbes. The ciliate Paramecium swims using
distinct gaits,''® described by Jennings as “its action sys-
tem—the characteristic set of movements by which its behavior
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under all sorts of conditions is brought about.”"® Escherichia coli
exhibits run-and-tumble motility, comprising straight runs when
the flagellar bundle is synchronized and stochastic tumbles
when the bundle splits apart.'”'® The marine alga Pyramimonas
octopus adopts a run-stop-shock strategy using eight cilia,
switching between forward and fast backward swimming.'®°
The freshwater alga Chlamydomonas reinhardltii swims using a
eukaryotic run-and-tumble, where ciliary coordination again dic-
tates the gait.”' Microorganismal movement can thus be coarse-
grained into a small set of locomotor states, with fast and slow
episodes. By flexibly combining different gaits, single cells
perform complex maneuvers.?”~>* This is analogous to how ani-
mals chain together modular, stereotyped movements into more
complex sequences, or “bouts,” to achieve specific goal-
directed behaviors.?* "

How do protists control whole-body movements if they cannot
rely on animal-like central pattern generators?2%%° Various con-
jectures have been proposed for ciliates—a major class of organ-
isms for studying how cells coordinate appendages. Ciliates are
distinguished by their large size, complex morphology, and
exotic arrangements of cilia on a highly polarized cell.***' From
algal flagellates to ciliates, intricate structures extending between
or in association with basal bodies are involved in the mechanical
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coordination of cilia motility.**°> Dynamic contraction of the
basal apparatus and/or cytoskeleton implicates a putative ciliary
neuromotor apparatus.®®*” Ciliate behavior can also change
rapidly when responding to cues, reminiscent of bioelectrical
signaling from sensor to effector.

Since Hodgkin and Huxley’s seminal demonstration of action
potentials propagating across excitable cells,*® bioelectrical ac-
tivity has been shown to be responsible for surprisingly diverse
functions.®>*“° This includes the wound response of plants,*'*?
migration of epithelial cells in animals,***** to the germination tran-
sition of bacterial spores,*® and bioelectric communication
across bacterial biofilms.’®*” In ciliates, pioneering studies
used sharp-electrode recordings to measure membrane potential
and ion channel conductances.*®*° These produced detailed
measurements of cellular responses to different stimuli (e.g.,
intracellular current injection, chemical cues, or mechanical stim-
ulation),’*>* sometimes coupled with behavioral quantifica-
tion.>>™®" Together, these studies have led to the emerging
perspective that ciliate motility may be under bioelectric control.

In this work, we explore how bioelectrical signaling controls
whole-cell behavior and locomotor patterning in Euplotes, a ciliate
widely distributed in freshwater and marine environments.*® These
organisms are among the most morphologically complex and
differentiated groups of ciliates. Each cell has a characteristic
number of cirri (compound leg-like structures comprising many
cilia), which it actuates in distinct patterns to swim or walk across
surfaces'%®* (Figure 1). Cells have a modular gait, locomotion is
spontaneously interrupted by stops or sharp turns.>® Previous
work in other ciliated organisms already suggested a correlation
between intracellular membrane potential, cilia dynamics, and
locomotion gait. In the densely cilated Paramecium, voltage-gated
Ca?* channels elicit ciliary reversal and backward swimming upon
membrane depolarization,'*® which is also observed in the bicili-
ated Chlamydomonas.®®®" Euplotes also displays spontaneous
depolarizations,®® which can be effected by chemical cues.®*%
The effect of membrane potential on cirral movement in such
walking ciliates has been minimally characterized and is inconclu-
sive.??%5%° This emphasizes the need for quantitative study and
the development of an integrative perspective.

To temporally match cirri movement to the cell’s membrane
potential, we perform simultaneous high-speed imaging and
electrophysiology (inserting the recording electrode into immobi-
lized cells). We use machine learning and semi-automated
tracking to quantify observed cirri waveforms and dynamics,
revealing the functional relationship between membrane poten-
tial and cirri activity across the entire cell. We then propose a
multiscale model of how membrane bioelectrical activity con-
trols specific groups of spatially separate cirri and thus mediates
Euplotes’ modular walking gaits.

RESULTS

The complex motility patterns of Euplotes

We study Euplotes vannus, hereafter referred to as Euplotes (see
STAR Methods). Cells have a highly complex and stereotyped
architecture (Figures 1A-1C). Each E. vannus cell has 10 fronto-
ventral cirri, five transverse cirri and typically four caudal cirri (pri-
marily sensory and do not contribute to movement®”). Each
cirrus is composed of 25-50 tightly bundled cilia and protrudes
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from the ventral surface of the cell (Figure 1D). Each cell also
has a large membranelle (or membranellar) band of cilia,”® which
mostly contributes to feeding.””

Freely moving cells have diverse behaviors (Figure 1E). Trajec-
tories are categorized as either 3D helical swimming in bulk fluid
(Vswim = 548 160 um s~ n=2339 trajectories), or a slower sur-
face-based walking motility (vyak = 237 £121 um s ' n=133
trajectories) (see STAR Methods). Movement is intermittent, in-
terrupted by periods of quiescence (Figure 1F).

Motility is predominantly generated by the frontoventral and
transverse cirri (Videos S1, S2, and S3). Cirri beating freely in
the fluid cause the cell to swim in helices, whereas near a solid
substrate they perform a stepping-like motion, which enables
the cell to walk. Distinct cirri are involved in generating distinct
gaits (Figures 1G-1J). During forward walking, the frontoventral
cirri typically beat with a power stroke toward the posterior. In
contrast, the transverse cirri beat only irregularly and are often
stationary when the cell is walking. Neither the membranelle
band nor the caudal cirri significantly contribute to walking
motility (fluctuations are observed in both during the stop state
when the cell body is at rest, see Video S2). This is consistent
with observations in other Euplotes species.®*"?

Next, we focus on the walking dynamics. Single-cell trajec-
tories have large speed fluctuations with phases where the cell
stops walking completely (Figure 1G). Sudden changes in direc-
tion appear when Euplotes performs the side-stepping reaction
(SSR), a sophisticated maneuver involving complex coordination
of cirri (Figure 1J). SSRs occur spontaneously or as an escape
response when cells are mechanically stimulated.°%°?

Spontaneous SSRs are stereotyped (n = 155), with a fast back-
ward motion followed by alarge turn (Figure 1K). Turning is almost
invariably counterclockwise (viewed from the ventral side) (Fig-
ure 1L). From high-speed videos, we observe that the backward
motion is largely due to anteriorly directed beating of the trans-
verse cirri, whereas turning is due to the sideways power stroke
of the frontoventral cirri (Figure 11; Video S3). Walking and stop-
ping state durations are exponentially distributed, but duration
of SSR events is peaked, with a mean of 0.3 s (Figures 1TM-10).
The approximate state probabilities (i.e., fraction of time spent
in each state) were stop = 0.33, walk = 0.63, and SSR = 0.04.
Thus, the active walking of Euplotes has a discrete structure
comprising episodes of quiescence, persistent forward walking,
and transient but stereotyped SSR events.

Actively walking cells have a bimodal membrane
potential
To investigate what kind of intracellular signaling may be respon-
sible for the distinct walking gaits, we performed electrophysi-
ology on Euplotes. Membrane potential was measured by insert-
ing anintracellular (sharp) recording electrode into single cells that
were first immobilized by a second holding pipette (Figure 2A).
The spontaneous (no applied stimuli) electrical activity of 15 cells
were recorded, to produce 27 traces of 30-200 s in duration.
Membrane potential recordings were temporally matched to
high-speed images of the cirri, for cells held in different orienta-
tions (Figures 2B-2G; Videos S4, S5, and S6). Results for three
different cells, in two different orientations, are shown in Figure 2D.
Cirri activity is quantified using an approximate cirrus beat fre-
quency, from the mean pixel intensity (/ro;) across a region of
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Figure 1. Body architecture and locomotor patterns of Euplotes vannus

(A and B) Brightfield images showing the lateral (A) and ventral (B) view of a Euplotes vannus cell. Average body dimensions: L = 83+6 um(n=14),W = 39+ 4um
(n=8),and D =19+ 3 um (n = 6).

(C) SEM image of Euplotes vannus showing its intricate and complex architecture, including the densely ciliated membranelle band and bundles of cilia that form
individual cirri.

(D) Schematic of a Euplotes vannus cell showing the arrangement of its 15 cirri that protrude from the ventral surface, with 10 frontoventral cirri (A-J) and 5
transverse cirri (K-0).

(E) Trajectories of swimming and walking cells with example tracks color coded according to speed. Arrows point to example tracks.

(F) Histograms of cell migration speed computed separately for swimming (n = 339) and walking (n = 133) walking trajectories.

(G) Example trajectory of a walking cell color coded according to its three possible motility states: stop, forward walking, and the side-stepping reaction (SSR),
alongside the corresponding time series of cell speed v(t) and the orientation parameter @(t).

(H-J) Composite images, color coded by time, and time-lapse of body and cirri dynamics during helical swimming (H), forward walking (1), and the SSR (J) (Videos
S1, S2, and S3). (Black arrows indicate the predominant direction of the cirri power strokes.)

(K) Example trajectories from eight SSR events, overlaid by aligning the reversal direction and centering the trajectories at the peak in track angle.

(L-O) Histogram of the turning angle « (n = 155 SSRs) and Gaussianfit (u = 113, ¢ = 18). Distributions of SSR durations fit to a Gaussian (n=155, 1 = 0.30,0 =

0.09) (M), forward walking state durations fit to an Exponential (n = 431, u = 0.89) (N), and stop state durations fit to an Exponential (n = 357, © = 0.63) (O).

See also Figures S1 and S2, Table S1, and Videos S1, S2, and S3.

interest (ROI), which oscillates with the beat period. We then define
anormalized beat frequency f(0 < f < 1)(see STAR Methods) for
comparison (Figure 2C, inset).

Cirri activity changes concomitantly with membrane potential,
particularly during depolarizations (Figure 2D). The high-speed re-
cordings and simultaneous membrane potential measurements
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Figure 2. Simultaneous recordings of membrane potential and high-speed imaging of cirri activity

(A) Experimental setup used to measure the membrane potential of individual pipette-held cells while simultaneously recording high-speed videos.

(B) Example frame of a held-cell in lateral view.

(C) Cirri activity can be estimated by measuring mean intensity fluctuations (— /ro) across a pre-defined region of interest (ROI). Peaks are indicated by black
triangles, from which we compute frequency f and its normalized version f (see STAR Methods).

(D) Example electrophysiology recordings for three different cells. Shading indicates depolarization events. Corresponding f time series are shown for each of the
highlighted cirri.

(E-G) Distributions of f alongside the cross-correlations between f and the membrane potential V from the same recording. Note that cirri 1-5 correspond to
frontoventral cirri, whereas cirrus 6 is a transverse cirrus.

(H) Membrane potential distribution for a single cell is bimodal, corresponding to two bioelectric states—baseline and depolarization events.

() Mean membrane potential for the baseline state (blue circles) and for depolarization events (yellow diamonds) for each of the 27 traces.

(J) Distribution of depolarization event duration, fit with a Gaussian distribution (n = 367).

(K) Distribution of baseline state duration, fit with an exponential distribution (n = 345).

(L and M) Superposition of all depolarization and repolarization dynamics (mean and standard deviation, n = 367 for depolarizations, n = 369 for repolarizations).
(N) Distributions of the magnitudes of the depolarization (step-up) and repolarization (step-down) step-sizes.

(O and P) Mean and standard deviation of dV//dt for the depolarization (O) and repolarization (P) dynamics.

(Q) Distributions of the peak in the depolarization (step-up) and repolarization (step-down) rate. See also Videos S4, S5, and S6.

(see Videos S4, S5, and S6) show that during the baseline bioelec-
tric state, the frontoventral cirri beat regularly with a power stroke
oriented toward the posterior of the cell, whereas the transverse
cirri beat irregularly and are often inactive. During depolarizations,
the frontoventral cirri change their waveform to point toward the

700 Current Biology 34, 697-709, February 26, 2024

anterior, whereas transverse cirri start to beat regularly with a po-
wer stroke toward the anterior of the cell. The frequency of the
frontoventral cirri decreased during depolarizations, whereas for
the transverse cirri the frequency increased. We also evaluated
the dynamics of distinct cirri on the same cell (Figures 2E-2G).
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Figure 3. Membrane potential controls cirri beating

lags (s)

(A) Digital waveform tracking of two frontoventral cirri of a pipette-held cell (lateral view).
(B) Variation of x coordinates of the tip of cirrus 1 relative to its base, overlaid with the corresponding membrane potential trace, orange shaded regions indicate

depolarization events.
(C) Tracked waveforms during a depolarization and a repolarization phases.

(D) Probability density function (pdf) for the position of the cirrus tip relative to the base overlaid with the probability flux arrows during baseline or depolarizations.
(E) Time series of cirrus beat frequency f, mean tip-to-base distance per beat cycle D, and membrane potential V.
(

F) Cross-correlations of D, f, and V, for each of the two cirri.
(G) f and D mapped to the membrane potential V.
See also Video S7.

This shows that, although all the frontoventral cirri responded
similarly to membrane depolarization, there is a marked diver-
gence in the response of the transverse cirri (see later).

To establish whether membrane depolarization events are ste-
reotyped, we binarize the electrophysiology recordings into two
states: baseline (0) or depolarization (1) (see STAR Methods). For
most cells, the membrane potential was bimodal, with a “baseline”
or resting potential of — 26 +5 mV (n = 27 traces, calculated using
Vbaseline in Figure 21), interspersed with depolarization events where
the potential increases transiently by ~10 mV (Figures 2H, 21, and
2N). Across all recordings, state probabilities are (0.89, 0.11) for the
(baseline, depolarization) states. This is comparable to the (0.94,
0.06) we estimated previously for the probabilities that the cell is
in the forward walking and SSR states, respectively, conditional
on the cell being active. We did not observe the fully quiescent
(stop) state in the pipette-held individuals.

Depolarizations have a mean duration of 057+0.43 s
(Gaussian fit, n = 367) and for the baseline state the expected
duration was 4.3 s (exponential fit, n = 345) (Figures 2J
and 2K). Defining the depolarization transition from state
0 to 1 as a step-up, and the subsequent repolarization from
state 1 to 0 as a step-down response (Figures 2L-2Q), we find

that the step-up phase is associated with a change in
potential AV = 8.3+3.8 mV and peak rate dV//dt = 28 +14 mV
s~" (n = 367 depolarizations), while for the step-down phase
AV = —91+40mVandpeak dV/dt = — 2511 mVs~ ' (n=
369 repolarizations). Therefore, the membrane potential of a
pipette-immobilized cell is bimodal. The baseline state likely cor-
responds to forward walking and the transient depolarization
events to the SSRs routinely observed in the trajectories of freely
moving cells.

Membrane potential gates cirri dynamics with a small
time delay

To determine which bioelectrical state of the cell corresponds to
which walking gait, we compared the membrane electrical po-
tential measurements alongside the cirri dynamics obtained
from high-speed recordings of immobilized cells. For automated
cirri tracking, we implemented the machine-learning-based al-
gorithm Social LEAP Estimates Animal Poses (SLEAP).”® Using
a skeleton of four nodes per cirrus, we tracked a 22.2 s video
(imaged at 225 fps) of a cell held in the lateral (side-on) view,
equivalent to ~500 consecutive beat cycles of the cirri. We
post-processed and smoothed the raw coordinates of the nodes
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to obtain the cirri waveforms, which we then relate to the mem-
brane potential (Figure 3; Video S7).

We tracked two frontoventral cirri of the same cell. The cirri dy-
namics clearly depend on membrane potential, adopting two
distinct waveforms (Figure 3A). The first is associated with the
baseline bioelectric state, where the stroke patterns are typical
of most cilia, with an extended power stroke toward the posterior
of the cell, and a more curved recovery stroke. The second
waveform sweeps over a smaller area, and the stroke asymmetry
is less pronounced. Due to microscopy limitations, the extent of
3D cirri beating cannot be measured fully from 2D observations.
Nonetheless, we can now relate cirri dynamics to membrane po-
tential. Waveform changes coincide with step-up and step-down
jumps in membrane potential (Figure 3B). However, the depolar-
ization waveform only appears after the threshold membrane po-
tential has been reached, conversely the baseline waveform is
not recovered until a few beats after membrane repolarization.
This suggests a latency in the cirral motor response (Figure 3C).

Cirral tip movement is another informative measure of the dy-
namics. We compute the spatial probability density function (pdf)
of the tip positions relative to the cirrus base during the two
bioelectric states, as a measure of the relative occupancy prob-
ability of the cirrus tip at each location in phase space. We then
plot the associated time-averaged probability fluxes, corre-
sponding to the most likely direction and strength of tip move-
ment.?%"*"5 For both cirri, the tip trajectory traces out strong
flux cycles during the baseline state, which reflect the strongly
non-equilibrium nature of the actively beating cirri (Figure 3D).
During depolarizations, the flux patterns become less ordered,
consistent with the noisier beating. In this lateral projection, the
beat of the frontoventral cirri also appears to be more confined
toward the anterior end of the cell, with the tip tracing out a
smaller area. The occupancy probability is evenly distributed
along the limit cycle in the baseline state but more localized dur-
ing depolarizations. The phase speed of the cirri is less uniform
and can be “stuck” in certain phases of the beat cycle in the de-
polarization state.

To quantify how cirri beat parameters depend on the mem-
brane potential V(t), we further estimated the cirri beat ampli-
tude D(t)—the mean tip-to-base distance over a given beat
cycle, and beat frequency f(t)—inverse of the period (peak-to-
peak distance in the time series of tip-to-base distance). This
definition of D is akin to a stroke amplitude transverse to the
main power stroke direction. For both cirri, V is negatively corre-
lated with f and positively correlated with D, while f and D are
anti-correlated (Figures 3E-3G). Finally, we compute cross-cor-
relations between time series (Figure 3F). For cirrus 1, we find
that D and f lags V by 0.12 and 0.17 s, respectively, whereas
for cirrus 2, the lag times are 0.15 and 0.31 s, respectively. The
lag times between D and V are shorter, f lags D by 0.03 and
0.07 s in the two cirri, respectively. For a typical beat frequency
of f = 20 Hz, these lag times correspond to 1-6 beat cycles.
Although the two cirri have different characteristic beat fre-
quencies and amplitudes, they share a similar functional depen-
dence between f and D. The activity of both cirri map similarly to
membrane potential in this f-D space (Figure 3G), with the beat
frequency decreasing when the beat amplitude increases.

Taken together, we have shown by simultaneous waveform
tracking and electrophysiology that the cell’s membrane potential
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and cirri beat dynamics are tightly coupled, with V fulfilling the role
of an order parameter that controls cirri beat pattern, in which f
and D are enslaved to the dynamics of V with only a small time
delay. These trends are consistent with results in Figure 2 and
the previous section. Our long-time waveform tracking dataset
is currently limited to one cell, more experiments are needed to
explore the universality of these trends and whether these apply
to freely walking cells (see discussion).

Forces on individual cirri can be estimated by resistive
force theory

Next, to understand how changes in cirri beating impact the
walking dynamics of Euplotes, we estimate the hydrodynamic
drag on individual cirri. Given the relatively slow speed and small
length-scales involved, Euplotes locomotion operates in a regime
dominated by viscosity. Here, the Reynolds number, a key dimen-
sionless parameter given by the ratio between inertial and viscous
forces, is about 0.02, so inertial effects are negligible. Drag can be
reasonably well approximated using resistive force theory (RFT), a
local theory (which neglects long-range hydrodynamic interac-
tions) that produces estimates of the forces acting on a slender fila-
ment based solely on observations of movement (Figures 4A and
4B). This method relies on accessing tracked cirri waveforms,
which could not be reliably obtained by fully automated methods
due to the densely overlapping cirri. Instead, we tracked cirri wave-
forms manually over multiple beat cycles to achieve a discretiza-
tion of ~50 points/cirrus.

For RFT analysis, we divide each filament into small segments
and calculate the hydrodynamic drag force acting on each
segment based on its local velocity through the fluid (Figure 4B)
and then numerically integrate along the filament’s length to
obtain the total drag.”®”” This approach has been applied previ-
ously to study cilia and flagella.””®° RFT was implemented in
Python (see STAR Methods). First, cirri positions were fit to a sec-
ond-order spline, to obtain curves r(s, t) described by arclength
se [0,L] and time t, with a constant spacing As = 0.4 um. We
set the cirrus length L to be constant, equal to the mean length
across all frames. For tracings shorter than L, the curve is
extended using the fitted spline, while for longer tracings points
for s> L are discarded. Here, L was between 16 and 23 pum for
the different cirri.

For each segment, the local drag force density is given by f(s,
t) = — (cvi(s,t) +cpvn(s,t)), where vi(s,t) and v, (s, t) are the
tangential and normal components of the local velocity, respec-
tively. The tangential and normal drag coefficients are

B 27w 3 dmu
“ i) — 172 T inLjn+1/2’

(Equation 1)

taking asymptotic limits for a slender rod, where p is the dynamic
viscosity, and L the length and r the radius of the cirrus. Here, we
estimate 2r = 1.5 um from Figure 1C.

The total instantaneous drag force on the cirrus is numerically
integrated to give

L
F(t) = ) f(s,t)as, (Equation 2)
s=0

and we also define an effective “center of force” to understand
the within-beat progression of force:
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(A) Still from a video showing a cell held in ventral view, overlaid with a hand traced waveform of one of the frontoventral cirri (cirrus “i,” Figure 1D).

(B) Principle behind RFT estimates for the drag on a slender filament moving through a fluid.

(C) Example tracings (red) over one beat cycle of the three waveform types we observed for a frontoventral cirrus during the baseline state (Type I) or respectively a
depolarization event (Type ll), and a transverse cirrus during a depolarization event (Type lll). (Blue arrows: local force vectors; black arrows: cirri power stroke

direction.)

(D) Integrated total F(t) over five beat cycles, localized at the center-of-force coordinates.

(E) x and y components of F(t) (PSs are shaded).
See also Figure S3 and Videos S4, S5, and S6.

5 [f(s.lr(s.t)

X(t) = ¢ (Equation 3)

L

)

s=0

f(s,t)‘

From high-speed videos of cells held in different orientations,
the 3D nature of cirri beating is apparent. The ventral view, and
forces in this x-y plane, are most relevant for walking. We iden-
tified three main waveforms: the “normal” circular beat of the
frontoventral cirri during the baseline state (Type l), the sideways
sweep of the frontoventral cirri during depolarizations (Type ll),
and the anteriad beating of the transverse cirri, also during de-
polarizations (Type lll) (Figure 4C; Videos S4, S5, and S6). This
is a simplification because in reality there is variability across
different cirri, and some rarer waveforms appear between
modes (Figures 5A and S3; Videos S4, S5, and S6). Nonethe-
less, classification into these three waveform types broadly
captures the key cirri dynamics relevant for understanding
whole-cell locomotion. Plotting the force F(t) localized to X(t)
over five beat cycles reveals three distinct limit cycles corre-
sponding to the three waveform types (Figure 4D).

To compare propulsive forces produced by the three wave-
forms (for walking), we project F(t) in the x and y directions.
The propulsive force oscillates with the periodic beating of the
cirri. Inthe Type | waveform, associated with baseline membrane
potential, cirri power strokes are directed toward the posterior of
the cell and correspond to peaks in Fy. The average peak force is
Fyx = 75+ 5 pN (n = 5 beat cycles, Figure 4E, Type I). During de-
polarizations, the beat pattern of the frontoventral cirri is
confined to a more anterior orientation with the power stroke to-
ward the right (Type Il waveform), with a peak Fy, = — 42+ 3 pN
and apeak F, = 25+ 6 pN during the power strokes (n =5 cycles,
Figure 4E, Type Il). Finally, the transverse cirri, which only

become fully active during depolarizations, beat with a power
stroke toward the anterior of the cell (Type Ill waveform) with a
peak force Fy = — 111 +17 pN (n = 5 beat cycles, Figure 4E,
Type IlI).

By tracking cirri waveforms, we identified three representative
modes that characterize the main cirri activity patterns during
active Euplotes walking. We used these shape sequences to es-
timate the hydrodynamic drag acting on the cirri in each case.
The next step is to relate this to the whole-cell dynamics of
walking and associated bioelectrical activity.

Membrane potential controls whole-cell walking

To construct a minimal model relating cirri activity to the cell’s
global walking dynamics, we first observe that the cirri wave-
forms of freely walking and pipette-held Euplotes cells are funda-
mentally similar and can both be classified by the three waveform
types in Figure 4C (Figure S3; Videos S2, S3, S4, S5, S6, and S8).
The main difference is that the power stroke of the cirri in freely
walking cells is less extended, likely due to surface interactions.
This suggests that the cell actuates its cirri in a similar way
whether it is swimming or walking. The Type | waveform is used
for forward walking, whereas Types Il and lll only appear during
SSR events.

We model whole-cell walking and turning by accounting for the
total number of frontoventral or transverse cirri that are active,
and their waveforms (Figure 5A). For simplicity, we assume all
15 cirri are located on the ventral surface, along the y = 0 center-
line of the cell body, with a separation d = 25um, either in the
anterior or posterior half of the cell (Figure 5B). At any given
time, the total drag on all the cirri Fgi = F,+Fy +Fy, where F;
is the force associated with the Type i waveform, which we
take to be FizNPSJ(FPS.i)+NRS,i<FRS,f>s where Nps./ and NRS,I'
are the number of active cirri that are found in their power (PS)
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Figure 5. Minimal model for a walking Euplotes cell

(A) Overview of the different cirri waveforms observed for different cell orien-
tations and corresponding to the two bioelectric cell states: baseline and
depolarization events. (Waveforms traced by hand from experimental footage.
PS indicates direction of the cirri power stroke.)

(B) Model of the cell as a prolate spheroid with frontoventral (and transverse)
cirri localized to x = +25and x = — 25 um, respectively.

(C) From a sample high-speed video of a freely walking cell (Video S2), we
annotate the cirri stepping pattern according to whether they are performing a
power (PS) or recovery stroke (RS), and in which of the three waveforms (Types
1, 11, and lll). These are shown alongside cell speed v, and angular velocity Q at
equivalent times. Shaded regions highlight approximately one beat of the cirri
in each of the Type |, II, and Ill waveforms (green, blue, and pink, respectively),
which are used to obtain the time-averaged values (v,) and (Q).

See also Figure S3 and Videos S2, S4, S5, S6, and S8.

or, respectively, recovery stroke (RS) state, and (Fps ) and (Fgs ;)
are the time-averaged RFT forces for the Type i waveform
for the power and recovery stroke phases, respectively (see
STAR Methods). Similarly, the total torque T¢iwi = Ti+ T+
Ty, where the torque for the type /i waveform is
Ti=Nps{Tps;) + Nrsi{Trs,). For the Type | and Il waveforms,
Ngs = 10 — Npg, while for the Type Ill waveform, Ngs = 5 —
Nps. Foreach waveform type, we use the previous RFT estimates
from pipette-held cells to approximate the drag for the cirri of
freely walking cells.
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For low-Reynolds number propulsion, the thrust generated by
the cirri is balanced by the drag on the cell body, similarly for the
torque. This is accurate for cells swimming through bulk fluid but
is only an approximation for cells moving across surfaces, where
cells may experience other forces, such as adhesion through direct
interaction of the cirri with the substrate. Here, we neglect adhe-
sion, and focus only on the hydrodynamic drag (see discussion).

The cell body is estimated as a prolate spheroid,®’*? with
semi-major and minor axis dimensions to be a = 42+ 3um
(n =14 cells), b =20+2 um (n = 8 cells), and eccentricity e =

\/1 — (b?/a2)=0.88. The viscous drag and torque are given by

F; = 6mupav,Cy, (Equation 4A)

T
I

6muav,Cy, (Equation 4B)

T; = 8muab?QCs, (Equation 4C)

where v, and v, are the x and y components of the cell velocity, Q
is the angular velocity, u is the fluid viscosity, and

1
Cy = 263[, 2e+(1+e2)ln11iee} , (Equation 5A)
1
C, - %3 [2e+(362 ~ 1) 1iee} , (Equation 5B)
C. = fes 2 ? ge+(1+92)|n 1+e ] (Equation 5C)
373 T e T-¢ =

The equations for a sphere are recovered when e — 0.

Next, we validate the model against data by comparing the
number of active cirri contributing to either forward walking or
an SSR. From a short recording (265 frames, 800 fps) of a forward
walking cell, we manually annotated the activity of each fronto-
ventral cirrus (a—j).*>** We define an active cirrus as being either
inthe PS or RS phase of the Type | waveform (Figure 5C) and esti-
mated the speed vy in the x direction. Over one beat cycle,
(v,) = 231 pm s~ ', Substituting this into Equation 4, we find
F; =106 pN. Because walking is primarily due to the frontoven-
tral cirri in the Type | waveform, the force balance in the x direc-
tion is given by F; = Nps,/<FX,pS,/> + (10 — NPS./)<FX.RS,I>- For the
Type | waveform, we estimated (Fyps)=33+5 pN and
(Fyrs) = — 19+2 pN for the PS and RS phases, respectively.
This gives us Nps; = 5.7, which agrees well with (Nps ;) =5.9 ob-
tained from direct tracking of cirri activity (see STAR Methods).
This means Euplotes forward walking is driven by ~6 of its 10
frontoventral cirri simultaneously being in the power stroke
phase.

From a recording of a sample SSR (310 frames, 800 fps), we
again annotated cirri activity according to whether the cirri are
in the PS or RS phase of the Type Il or Type Illl waveform (Fig-
ure 5C). The SSR, which corresponds to depolarizations, con-
sists of two phases: a fast backward motion followed by a turn
about the cell’s axis (yaw). Recall that SSRs are highly stereo-
typed, with average duration 0.30+0.09 s, and a reproducible
counterclockwise turning angle |« = 113+18°, viewed from
the ventral side. The propulsion speed in the x direction of the
cell vy and angular velocity Q is again calculated. Over a period
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Table 1. A comparison between experimental measurements and a mechanical model of whole-cell walking in Euplotes

Gait: Forward walking SSR (turn) SSR (reversal)
Bioelectric state: baseline depolarization depolarization
Waveform: Type | Type Il Type I

Power stroke: (Fxps) = 33£5pN

(Fxgs) = — 19+2 pN
1

Recovery stroke:
Speed (from trajectory): (vy) = 231um s~
Nps(model): 5.7
Nps(counting): 5.9

(T;ps) = 542£37 pN pm (Feps) = — 5124 pN
(Tzps) = — 39466 pN pum (Feps) = 132 pN
(Q) = 6.1 rad/s (i) = — 558 um s
8.6 5.0

71 3.4

Summary statistics from RFT estimates for the time-averaged forces and torques during the power and recovery stroke for each of the three different
waveform types (data from n =5 PS and 4 RS strokes, respectively). Average speed vy, and angular velocity Q values were estimated from a high-speed
video of a freely moving cell (Video S2). Nps(model) and Nps(counting) are estimates for the number of cirri in the power stroke phase of the
relevant waveform contributing to each of the three distinct phases of activity considered in the text, obtained either from our minimal model, or by direct

counting.

of one beat cycle during the backward motion of the transverse
cirri, (vx) = — 558 um s~'. From Equation 4, we obtain F; =
— 258 pN. The backward motion is largely generated by the
Type |l waveform of the transverse cirri (k-0), which leads
to the force balance F; = Np3‘|||<FX'p3> + (5 — Nps.|||)<FX.R3>. For
the Type Il waveform, we estimated (Fyps) = — 51 =4 pN and
(Fxps) = 13+2 pN for the PS and RS phases, respectively.
This gives Nps;1 = 5.0, compared with (Nps ) =3.4 obtained
from direct annotation.

Finally, for the turning phase of the SSR, over one beat period,
we estimated (Q) = 6.1 rad/s. From Equation 4, we obtain T} =
4.1x10% pN pm. If cell turning is driven exclusively by the
frontoventral cirri performing the Type |l beat pattern, then the tor-
que balance gives T} = Npg {Tzps)+ (10 — Npg1){T,Rrs). Using
RFT to estimate torques T(t) = Zézor(s) X f(s, t)As, where
r(s) is the position relative to the center of the cell, we estimate
for the Type Il waveform (T, pg) = 542 +37 pN pm and (T,gs) =
— 394 +66 pN pum for the PS and RS phases, respectively. This
gives Nps; = 8.6, compared with (Nps;)=7.1 obtained from
counting cirri activity.

Our simplified picture (Table 1) provides estimates for the
number of cirri that are active in each gait. The agreement with
data is best for forward walking, but the model overestimates
the number of transverse cirri during reversals. This is likely
because it neglects the frontoventral cirri, which during this
phase also contributes to backward movement. Meanwhile,
SSRs require more synchronized or concerted action of the cirri.
We have shown that the cell’s membrane potential can be clas-
sified into two bioelectric states (baseline and depolarizations).
These are linked to two distinct modes of the cirri, which, in
turn, maps to two distinct locomotor gaits (forward walking
and SSRs), during which the frontoventral and transverse cirri
display three possible beating patterns.

DISCUSSION

Ciliates embody many behaviors that are reminiscent of loco-
moting animals, in which modular movements are chained
together to generate complex stimulus-response sequences.””
Time and again, these remarkable feats call into question what
is physiologically possible within a single cell, reviving its depic-
tion as a “swimming neuron.”'*%% Here, we have identified a

low-dimensional-state space for Euplotes’ walking dynamics
and mapped its discrete behaviors to discrete bioelectric states
by simultaneous high-speed imaging and electrophysiology. We
demonstrated the heterogeneity of different cirri on the same
cell, with different groups of cirri behaving differently. We also
presented a mechanistic picture of how membrane potential
precisely orchestrates cirri movement, leading to dynamic and
reversible switching between whole-cell walking or turning.

A substantial literature already implicates bioelectric signaling
in controlling the motility of diverse protists.****5¢ Paramecium,
an extensively studied system, exhibits a characteristic avoid-
ance response involving a backward motion followed by a turn
before resumption of forward swimming.'®*° Although reversals
are triggered by action potentials, visualizing cilia activity at the
same time as membrane potential has proven difficult. A recent
study used changes in flow patterns around the cell as a proxy
for depolarization-induced changes in cilia-beat direction.*® Pre-
vious research on the walking ciliates, although somewhat
inconclusive, suggested a much more nuanced response of
the cirri to potential modulation, in contrast to the en masse
ciliary reversals observed in Paramecium. In Euplotes, short de-
polarizations above a threshold can slow down the cirri, while
extended periods of depolarization can reverse the cirri beat
orientation.®>®* Yet, other studies show that on depolarization
cirri orientation immediately reverses, while on hyperpolar-
ization, cirri beat frequency increases.®®®" In Stylonychia, cirti
motor responses can be elicited by positive or negative shifts
from its resting potential,°®%° with depolarizations associated
with Ca®* influx and an anteriorly oriented power stroke qualita-
tively similar to our Type Il waveform, while hyperpolarizations
are associated with a Ca®* efflux and a posteriorly oriented po-
wer stroke similar to our Type | waveform.5%-67:88

Here, by imaging Euplotes cirri movement simultaneously with
electrophysiology recordings, we unequivocally demonstrated
the coupling between membrane potential, cirri beating, and
whole-cell walking motility. Our detailed and integrative analyses
resolved changes in cirri beating and detected an ©(100) ms
latency in the response of cirral parameters to changes in
membrane potential. Therefore, cirri likely do not respond
directly to membrane potential but rather to voltage-gated cal-
cium channels, which regulate intraciliary Ca®* and alter the
conformation of dyneins.’®>®° This gating timescale is
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comparable to that estimated for Chlamydomonas phototaxis
and the Paramecium avoiding reaction.®%"®

The timing (duration, frequency) of the SSR turning events may
be under cellular bioelectric control. Mixed-mode motility strate-
gies combining steady forward movement with fast reorientations
are common in microbes.”*°° Modulating the balance of different
motility modes in response to chemical cues could enable
Euplotes to perform chemokinesis and increase the dwell time in
nutrient-rich areas.®® Moreover, depending on the ecological
context, different species may employ distinct motility strategies
with stereotyped turning angles (here, ~110°) to enhance the effi-
cacy of environmental sampling.”'~%* While Euplotes SSR events
are rapid (©(100) ms), they are much slower than neuronal
signaling; indeed, Euplotes membrane depolarizations are not
bona fide action potentials.

We remark on some differences observed between pipette-
held and freely walking cells. Cells immobilized on micropipettes
exhibited longer spontaneous membrane depolarizations than
freely walking cells (as inferred from duration of SSRs), and the
“stop” state was rarely observed. Cirri beat frequency was also
more variable, even though the associated patterns of cirri beating
are similar (Figure S3). A previous study in Euplotes suggested a
regular rhythm of spontaneous depolarizations,® but our more
comprehensive dataset showed a high degree of cell-to-cell vari-
ability. Our use of a second holding pipette to immobilize the cell
for high-resolution imaging may have contributed to deviations
from true spontaneous activity that would otherwise be experi-
enced by a cell that is completely free to move. Such differences
hint at a mechanosensitive (“touch”) response of Euplotes,®®°”
which remains to be further explored, especially in combination
with other chemical or ionic perturbations.

Our mechanical model, which couples cirri activity to whole-
cell locomotion, is well supported by the data. However, we
focused only on surface-based walking and did not account
for adhesion. Based on measurements of Chlamydomonas
gliding motility, if an entire 12.5 um-flagellum (fully attached to
the substrate) produces approximately 0.5 nN of force,’* then
a cirrus that only temporarily contacts the surface at the tip (<
0.5 um) can be expected to produce <20 pN of force during
peak contact, lower than hydrodynamic drag.

A hallmark of biological cognition is the capacity to rapidly con-
trolcomplex actions from a distance. In Euplotes, we found striking
functional differences between distinct groups of cirri (Figure 1).
Other protists also have heterogeneous ciliary structures with
distinct functions: the flagellar apparatuses of algae,'® the ciliary
bands of Didinium,** and the membranelle bands of Stentor.”®
Even cilia that appear morphologically similar may have divergent
functions. Chlamydomonas phototaxis requires opposing re-
sponses of the two cilia®°® to Ca2*,°” while the four isokont cilia
of some quadriflagellates can start and stop beating at different
times.® Here, distinct groups of cirri in a Euplotes cell responded
differently to the same bioelectric signal during SSRs. We suggest
two mechanisms for this functional asymmetry. First, there may be
a heterogeneous distribution of voltage-sensitive ion channels
around the cell, hypothesized to explain the differential response
in Paramecium to mechanical stimulation at the posterior vs ante-
rior.?® Alternatively, inherent asymmetries in the cytoskeletal or
cortical architecture may contribute to active control of ciliary ac-
tivity and whole-body coordination.®***
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Our work on the walking ciliate Euplotes reveals new complexity
in the bioelectrical regulation of ciliary activity and how this control
architecture can vary even across different unicellular species. Ul-
timately these insights can help us understand how divergent mo-
tor responses can arise on the same cell, and the origins of
bioelectrical communication in living systems.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins

Protozoa pellets Blades Biological Ltd Cat# CBAO53

Cat# H3375-250G
Cat# E9502-100G
Cat# A9418-100G
Cat# E3889-25G
Cat# P1379-25ML
Cat# BP152-1
Cat# D1306

Cat# 31434-1KG-M
Cat# P/4280/53
Cat# C/1500/53
Cat# BP214-500

Cat#69204

HEPES Sigma-Aldrich
HEPPS Sigma-Aldrich
BSA Sigma-Aldrich
EGTA Sigma-Aldrich
Tween-20 Sigma-Aldrich
TRIS-base Fisher Bioreagents
DAPI ThermoFisher
NaCl Sigma-Aldrich

KClI Fisher Chemical
CaCl2 Fisher Chemical
MgCl2 Fisher Bioreagents
Critical commercial assays

DNeasy Plant Pro kit Qiagen

Deposited data

Electrophysiology recordings This study
Waveforms This study
Trajectory data This study

Zenodo: https://doi.org/10.5281/zenodo.10391984
Zenodo: https://doi.org/10.5281/zenodo.10391984
Zenodo: https://doi.org/10.5281/zenodo.10391984

Experimental models: Organisms/strains

Euplotes vannus This study. Deposited at

www.ccap.ac.uk.

CCAP 1624/35 Euplotes vannus

Software and algorithms

Fiji J. Schindelin et al.”®
TrackMate J.-Y. Tinevez et al.’®

Micro-Manager A. Edelstein et al.®"

MATLAB Mathworks

Wavesurfer HHMI Janelia Research Campus
SLEAP T.D. Pereira et al.”

BLASTN suite NCBI

DADA2 B. J. Callahan et al.'*
Bioelectric states and motility This study

states classification

https://imagej.net/software/fiji/; RRID:SCR_002285
https://imagej.net/plugins/trackmate/
https://micro-manager.org; RRID:SCR_016865
https://uk.mathworks.com/; RRID:SCR_001622
https://wavesurfer.janelia.org/

https://sleap.ai/; RRID:SCR_021382
https://blast.ncbi.nim.nih.gov/Blast.cgi; RRID:SCR_001598
https://benjjneb.github.io/dada2/; RRID:SCR_023519
Zenodo: https://doi.org/10.5281/zenodo.10391984

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Kirsty Wan

(k.y.wan2@exeter.ac.uk).

Materials availability

The Euplotes vannus culture established as part of this study has been deposited at the Culture Collection of Algae and Protozoa
(CCAP) and has been allocated the CCAP accession number: CCAP 1624/35 Euplotes vannus.

Data and code availability

Membrane potential recordings, waveform data, and trajectory data have been deposited at Zenodo. DOIs are listed in the key re-
sources table. All other data, including the video recordings, acquired as part of this study will be shared by the lead contact upon

request.
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Original code has been deposited at Zenodo and is publicly available as of the date of publication. DOls are listed in the key re-
sources table.
Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culturing
The Euplotes species used in this study was identified and isolated from cultures of coral larvae received from the Horniman Museum
Aquarium in London during December 2020 and January 2021. 18S sequencing confirmed the genus to be Euplotes, and based on
BLAST analysis results combined with morphological comparisons we conclude that the species is Euplotes vannus (see Species
classification section below and Table S1 for details).

Cultures were maintained under low light conditions (approximately 1-19 lux measured with a RS-8809A light meter, RS-Pro) at
21°C, and were sub-cultured every 2-4 weeks in media prepared by dissolving protozoan pellets (CBA053, Blades Biological Ltd)
in artificial seawater at half the recommended concentration (i.e. 1 pellet in 2L).

Species classification

18S sequencing and analysis

Culture samples were washed 5 times in filter sterilised (0.2 pm syringe filter) artificial seawater and harvested by centrifugation at
2000-3166 rcf. DNA was then extracted using a DNeasy Plant Pro kit (Qiagen) and sent for 18S amplicon sequencing at the Exeter
Sequencing Service, University of Exeter. 18S DNA was amplified by Polymerase Chain Reaction between the primer annealing sites
5’-GTACACACCGCCCGTC-3’ (18S_Euk_1391f) and 5’-TGATCCTTCTGCAGGTTCACCTAC-3’ (18S_EukBr) using a modified Illu-
mina protocol for the generation of amplicon libraries using a 2 step PCR'%® and unique dual indexing. The purified amplicon libraries
were denatured and diluted to 0.5 nM and 150 paired-end sequenced on the NovaSeq 6000 using v1.5 SBS reagents (lllumina Inc.
USA) with other samples according to the manufacturers protocol. After sequencing, the data was run through a DADA2 pipeline'®?
including removal of primers, filtering low quality reads, denoising, merging paired ends and chimera removal. The number of reads
lost at each stage was minimal, suggesting the libraries and sequencing are of good quality. This process identified 36 18S se-
quences, illustrating that the culture is a microbial consortium. The vast number of reads correspond to the five most frequently
occurring sequences (i.e. the highest five no. of reads were 47255, 3952, 811, 110 and 60). BLASTn analysis of the most abundant
sequence hits 125 full length sequences with 100% identity match and covering different Euplotes and Moneuplotes species (see
Table S1), note that Moneuplotes has a homotypic synonym Euplotes. Overall, this 18S sequence analysis confirms that the organism
is from the genus Euplotes and provides a shortlist of potential classifications to the species level (Table S1).

Morphological comparisons

To confirm the identity of the Euplotes species used in this work, we next turn to morphological characteristics of the cell revealed by
brightfield imaging, confocal microscopy and SEM (Figure 1 and Figure S1). The Euplotes species used in this study has 10 fronto-
ventral cirri and 5 transverse cirri, typically 4 caudal cirri, a single type dorsal argyrome, a C-like shaped macronucleus with a twisted
extension and a micronucleus at the anterior end often very close to the macronucleus. Additionally, the cell body is approximately
72-92um long and 34-43um wide and 15-22um high (measured from bright-field images, N = 14, 8 and 6 respectively). Comparing
these morphological characteristics with those described in the references'®* %%, they were found to be most consistent with
Euplotes vannus (see Table S1; Figure S1). Overall, we conclude that the species used in this study is Euplotes vannus.

METHOD DETAILS

Scanning electron microscopy

For ultrastructural investigation, Euplotes vannus culture samples were concentrated by centrifugation at 1000g for 20 mins followed
by removal of supernatant to achieve a 4-fold concentration. Cells were then fixed in 2% paraformaldehyde and 2% glutaraldehyde in
0.1M sodium cacodylate containing sea water, pH 7.2 for 2 h at room temperature. To help with sample processing, cells were keptin
small baskets, prepared from 1.5 ml centrifuge tubes. The basket was then created by applying a small rectangular piece of 30 um
nylon mesh, large enough to cover the tube diameter, which was sealed with the lid of the prepared centrifuge tube. Turned upside
down, this creates a small basket which can be easily transferred into glass vials containing the various sample preparation solutions.
After 3 x 5 min washes in buffer, the samples were post-fixed in 1% osmium tetroxide in deionized water for 1 h at room temperature.
Following 3 x 5 min washes in deionized water, cells were dehydrated in a graded ethanol series (30, 50, 70, 80, 90, 95% - 5 min per
step, followed by 2 x 10 min in 100% ethanol) and subsequently incubated for 3 min in HMDS (Hexamethyldisilazane, Merck, Gilling-
ham, UK) and air drying. Fully dried samples were mounted on aluminium stubs with the help of carbon tabs and coated with 10 nm
gold-palladium (80/20) in a sputter coater (Q150T, Quorum, Lewes, UK) before imaging in a scanning electron microscope (Zeiss
Gemini 500 SEM) operated at 1.5 kV and a SE2 detector.

DAPI staining and confocal imaging
Euplotes vannus culture samples were first concentrated approximately 5-fold by centrifugation at 1000g for 10 minutes. Cells were
then permeabilised in PHEM buffer (60 mM PIPES, 25 mM HEPES, 10 mM EGTA, 2 mM MgCl ,, pH 6.9) containing 1% Triton X-100
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for 2 minutes, after which the cells were fixed for 10 minutes by adding paraformaldehyde (2% final concentration). The cells were
then washed twice by centrifugation at 1000g for 5 minutes and resuspension in TBST/BSA (10 mM Tris, 0.15M NaCl, pH 7.4, con-
taining 0.1% Tween-20 and 3% BSA). After staining the nuclei with DAPI (1 ng ml’1) for 5-10 minutes at room temperature, cells were
washed twice by centrifugation at 1000g for 5 minutes and resuspension in TBE (10 mM Tris, 0.15 M NaCl). Images were acquired
using a confocal laser scanning microscope (Zeiss LSM 880 with Airyscan Fast).

Experimental solutions

The medium used for behavioural observations and electrophysiological experiments was EASW (Artificial Sea-Water for Electro-
physiology), which contained 430 mM NaCl, 10 mM KCI, 10 mM CaCl,, 53 mM MgCl, and 10 mM HEPPS; pH 8.0-8.1. Cells were
transferred from the growth medium by centrifuging at 1000 g for 5 mins then re-suspending in EASW three times. For electrophys-
iology experiments the cells were concentrated 2-fold during the final re-suspension.

Imaging and tracking the behaviour of freely moving cells

The free swimming and walking trajectories of Euplotes vannus were recorded at 40 — 53 fps using a pco.panda 4.2 M camera
mounted on a Leica M205 C stereomicroscope, with 2x magnification. Cells were free to roam in a 700 — 800 ml volume. Trajec-
tories were obtained using TrackMate in Fiji.'°° Motility trajectories were manually classified according to walking or swimming, and
further analysis of swimming speed and walking behaviours were performed using custom MATLAB scripts (see Trajectory analysis
section below). To capture the cirri dynamics of freely walking cells, videos were recorded at 800 fps using a Phantom v1212 camera
mounted on a Leica DMi8 inverted microscope with 40x and 20 % objectives, in brightfield. To ensure that all images and trajectories
are consistent with a bottom-up view of the cells (i.e. viewing from below), the images and trajectories were reflected, and care was
taken to preserve this consistency when transferring TrackMate results into MATLAB.

Trajectory analysis

Digital trajectories consisted of 2D coordinates (x,y), at discrete times (t). The cell speed is defined as v = /Ax2+Ay2/At, here
calculated after smoothing using a 2nd order Savitzky-Golay filter. We use the four-quadrant inverse tangent to define a track angle
» = atan2(|p X q|,p -q), from vectors p and q, approximately tangential to the track at adjacent times (Figure S2). Positive w cor-
responds to a counter-clockwise angle.

We also obtain an ellipse angle ¢ (also from TrackMate), defined as the angle of the major axis of the fitted ellipse with
respect to the x-axis of the image (Figure S2), with a positive value indicating that the ellipse angle is increasing (i.e. here turning
counter-clockwise for a bottom-up view). For the states assignment we apply a smoothing filter to 4, and work with ® =

|Acos 26 /At|.

Assignment of motility states

Trajectories of walking cells are discretised into 3 motility states: stop (istate = 0), forwards walking (istate = 1) and SSR events
(istate = 2); see Figure 1G and Figure S2. To distinguish between ‘stop’ (istate = 0) and ‘moving’ (istate € [1,2]) states, a speed
threshold of 60 um s~ is applied to the moving mean of speed v (window width of 10 frames). SSR events (istate = 2) are identified
using peaks in the ellipse angle parameter ®, corresponding to large changes in cell orientation, and the track angle w is used to
define the start and end times of each SSR event. An SSR event typically consists of a double peak in the track angle magnitude
||, the first and primary peak corresponding to the initiation of the backwards motion of the cell and the later secondary peak to
the cell turning. The start of an SSR is defined to be the location of the primary peak (located before the corresponding peak in
0). The end of an SSRis defined based on either the location of the secondary peak in |w|, or the location of the peak in ®, whichever
is later. Thus, teng = tpk +W/2, Where ty is the time point of the chosen later peak and w its width at half maximum. Any SSR events
with a mean speed <100um s 'are false-positives and reclassified as forwards walking (istate = 1)-

SSR characteristics

We define a set of parameters to characterise the SSR (Figure S2). As well as the duration Tssg, we defineaturninganglea = — (7 —
|wpk |)wpk/|wpk |, Where w is the track angle corresponding to the secondary peak identified in |w|. This gives — = < & < m, with pos-
itive « corresponding to a counter-clockwise turn.

Distribution fits )
Probability density functions (pdf) were fit with either a gaussian distribution pdf = ﬁexp( - <X2;’Z) ) , or an exponential distribution
pdf = 1;exp( — x /u), where p is the mean and ¢ the standard deviation.

Electrophysiology and high-speed imaging

Intracellular recording electrodes were made from filamented borosilicate glass capillaries with inner and outer diameters of 1 and
0.5 mm respectively (GBF-100-50-10, WPI). Electrodes with a 0.9 — 0.5um tip were pulled using a P-1000 Puller (Sutter Instru-
ment), filled with 1 M KCI and had resistances of ~ 60 — 100 MQ. The electrode was mounted onto a HS-9-0.1x headstage con-
nected to an Axoclamp 900A amplifier (Molecular Devices), which was connected to the computer with a PCle-6341, X Series
DAQ board (National Instruments) and operated using the Axoclamp 900A commander software. After enabling the bridge balance
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and zeroing the voltage reading in the EASW bath solution, the electrode was inserted into a cell held fixed with a suction micro-
pipette pulled from TW-120 borosilicate glass capillaries (WPI) using a P-1000 Puller (Sutter Instruments). Micropipettes were
scored and broken off to give an 0.d. ~ 60 — 70 um and fire polished to create a rounded tip with i.d. ~ 10 — 25 um. Electrophys-
iological recordings were acquired using the WaveSurfer software, a MATLAB-based platform (https://wavesurfer.janelia.org/),
while videos were acquired at 130 — 250 fps using a PRIME 95B camera (Photometrics) mounted on a Nikon Ti2-U Eclipse mi-
croscope and controlled using Micro-Manager.'®" In order to synchronise the electrophysiological recordings and video acquisi-
tion, the stimulus package in WaveSurfer was used to send a trigger signal to the camera via the PCle-6341, X Series DAQ board
(National Instruments).

Analysis of membrane depolarisation events
Custom MATLAB scripts were used to identify and analyse membrane depolarisation events. First, the signal is detrended using a
2nd order polynomial to obtain the detrended membrane potential V(t). Second, a multi-modal gaussian is fit to the distribution of

V(t) using pdf = ZN‘“’““A,7 1 exp( — (X”‘”)z), where the number of gaussians Ngauss is determined by the number of peaks in

n=1 a2 242
the distribution, and n,, ¢, and A, are the mean, standard deviation and coefficient respectively for the nth gaussian. Third, a
voltage threshold is defined as V, = Mok +0pk +1.5, where Kok and opx are the mean and standard deviation respectively for
the gaussian fit with the largest value of A, for —40<u, < — 10 mV. Finally, the bioelectric activity is discretised into two states
(baseline = 0 and depolarisation events = 1) by applying the voltage threshold V. to the moving mean of V(t)(window width 0.25 s).
Any instances where the maximum in the moving mean of V(t) during the depolarisation is <V +1 mV are removed and reas-
signed to the baseline state.

We define the depolarisation transition from state 0 to 1 as a step-up, and the subsequent repolarisation from state 1 to 0 as a step-
down response. To superimpose the depolarisation and repolarisation phases, the time series are centred at t;, the time point at
which the membrane potential crosses the V, threshold. For each depolarisation we define the relative membrane potential Vg
by subtracting the mean membrane potential 0.5-1 s before t;. Similarly, for each repolarisation we define the relative membrane po-
tential V¢ by subtracting the mean membrane potential 0.5-1 s after t;. The size of the step AV = Vinax — Vimin, Where Vinax and Viin
are the maximum and minimum values respectively for the moving mean of V (t)(window width 0.25 s) within t; + 0.5 s. The rate dV// dt
is calculated using the moving mean of V(t) with window width 0.125 s. The results for dV /dt are reported here as the moving mean
with window width 0.25 s. The peak in dV//dt associated with each depolarisation and repolaristaion is defined as the maximum
|dV /dt| within t; +0.5 s.

Cirri frequency analysis
We first apply a median filter to the videos, then manually defined (using Fiji°) rectangular regions of interest (ROI) and measured the
mean intensity /ro; within this region. Further analysis of Iz was performed using custom MATLAB scripts. The chosen ROI specifies
an area passed through by a specific cirrus and oscillates in accordance with the beat period. The time-resolved cirrus frequency is
given by f(t) = 1/T(t), where T(t) corresponds to the beat period calculated as the time between neighbouring peaks in — Igo; (Fig-
ure 2C). Note that due to the presence of multiple cirri with overlapping waveforms, sometimes other cirri pass through the ROI.
Therefore, f(t) is correlated with cirri activity but is not always a direct measure of the cirri beat frequency. A normalised frequency
is defined as

f(t) = M, (Equation 6)

fmax - fmin

where fmin and fmax are the minimum and maximum values of f(t) respectively.

Cross-correlations
The cross-correlation of two time-series x(t) and y(t) as a function of the time-lag 7 is given by

S — ) (y(t+7) — )
rXxY(T) = d 2 27
¢z(x<t) — w2 () — )

t t

(Equation 7)

where u, and p, are the mean of x(t) and y(t) respectively. Cross-correlations were computed using custom MATLAB scripts.

Tracking cirri using SLEAP

The machine learning tool SLEAP”® was used to obtain tracks of the cirri shape by using a multi-animal model such that each cirrus
was considered an ‘animal’ and using a skeleton of 4 nodes connected in a line (see Figure 3A). The model was trained on 51 frames
(~ 10% of the entire video). Post-processing of the cirri tracks was required in-order to improve the results. First, the position of node
1 was used to obtain a more effective labelling of the cirri identities based on threshold values of the x-position of node 1: x4 1 < 160
pixels and 200 < x,1 <250 pixels, where x; is the x coordinate of node 1 for cirrus i. Second, missing nodes were linearly
interpolated.
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Probability flux of SLEAP-tracked cirri tips

Cirri tip trajectories were defined as xijp; = Xj4 — X;1, where X; 4 is the position of the cirrus tip (node 4) and x; 1 the position of the
cirrus base (node 1), for cirrus i. The probability flux for cirri tip trajectories was calculated using the method described in Bentley
et al.?° Briefly, the 2D positional space is divided into a grid of equally sized square boxes side length Ax. From a trajectory, a
time-series of box transitions is obtained, giving the transition matrix

i)y ()  tie
A | G i)y tos 7 (Equation 8)

(Dn-1 Dy tn-aw
where (i), and (i,j),,, are the positions of consecutively visited boxes and t, ,.1 is the time spent in the initial state (i, j),, prior to the
transition. When two successive states (i, /), and (i,j),,.; do not correspond to nearest neighbours, the intermediate boxes are deter-
mined by linear interpolation and the extra transitions are inserted into the array A (Equation 8). Note that this calculation did not
account for diagonal transitions, which are assumed to be negligible. For a trajectory of total duration t:.ta), the net transition rate be-
tween neighbouring boxes is given by

1 .
Wkl = (Nijwen — Nayip) (Equation 9)
where N« is the number of transitions from box (i,j) to box (k,/). The probability flux is then calculated according to
: 1 ((@apisti) + @614 :
o= Hi ). Equation 10
Jin = Bax <w<iJ><iJ+1>+w<u—1)<u) (Eq )

The 2D trajectories of the tip were also used to calculate the probability density function, pdf = n;;/(NApox), Wwhere n;; is the num-
ber of trajectory points in box (i,j), N the total number of trajectory points and Apox = Ax? the box area.

Cirri beat characteristics for SLEAP-tracked cirri

Beat frequency was determined using the tip-to-base distance d = |x,g4 — X1 | i.e. the distance between node 1 and node 4 for the
SLEAP-tracked cirri. Peaks in — d were used to give the beat period T, with instantaneous beat frequency givenby f = 1/ T.The beat
amplitude D is defined as the mean value of d for each cycle. A moving mean was used to reduce noise. The cross-correlation was
calculated for all pairs of the three variables f(t), D(t) and V/(t).

RFT and model calculations

Cirri waveforms were hand traced using Fiji, with subsequent spline fitting and force calculations implemented in Python. Traces were
interpolated using a cubic fitting to increase the sampling frequency 4-fold and achieve a At = 0.0012 s. The power stroke phase was
defined as periods during which F, >0, F, >0 and Fy < — 10 pN for the Type I, Type Il and Type Il waveforms respectively. Using
these power stroke assignments, the average forces (Fps) = 1/rpsftPSF(t)dt and (Fgs) = 1/ersftRSF(t)dt, and torques (Tps) =
1/7ps ftFST(t)dt and (Trs) = 1/7Rs erST(t)dt were obtained for the power stroke (PS) and recovery stroke (RS) phases respectively,
where 7pg and 7grs are the estimated duration of the power and recovery stroke phases.

The cell’'s speed and angular velocity was tracked from high-speed video using TrackMate, again defining x and ellipse angle 4. The
speed of each segment is given by v = Ax/At. An unit orientation vector o is defined as the orientation of the long axis of the fitted
ellipse, as obtained from TrackMate. The speed in the x-direction of the cell is then given by v, = v-0. The angular velocity is defined
as Q = Af/At.

Manual annotation of cirri activity

When the cell is walking forwards (i.e. t = 0.5 — 0.85 s), the 10 frontoventral cirri (a-j) are seen to be performing the Type | waveform
and were manually assigned to either the power stroke (PS) or recovery stroke (RS) in each frame. During an SSR event (i.e. t =

2 — 2.4 s), the 10 frontoventral cirri (a-j) perform the Type Il waveform starting at t ~ 2.08 s, whereas the 5 transverse cirri (k-0)
perform the Type lll waveform starting at t ~ 2.04 s. The cirri were again assigned to either the power stroke (PS) or recovery stroke
(RS) phase of the corresponding waveform. For each of the three waveforms, a period of the video is identified which approximately
corresponds to one beat cycle, i.e. t, = 0.52 — 0.66 s, t; = 2.12 — 221 sand t = 2.07 — 2.19 s for the Type |, Il and Ill waveforms
respectively. The average speed (vy) = 1/fr,-ft/_vx(t)dt and average angular velocity (Q) = 1/-r,'ft’Q(t)dt were calculated, where i indi-
cates the waveform type and 7; is the total duration of the period t;. Similarly, the time series of the cirri power and recovery stroke
assignments are used to obtain the time-averaged number of cirri performing the power stroke, (Nps;) = 1/7; ft/_NpS,,'(t)dt, for each of
the waveforms Type i = |, Il and lIl.

As described in the main text, Nps was estimated using our minimal model by imposing force free and torque free conditions, where
Feni = F\+Fy+Fy, where F; is the force associated with the Type i waveform and is given by F; = Nps(Fps,) + Nrs{Frs,), Where
(Fps,) and (Frs ;) are the time-averaged forces for the Type i waveform estimated from RFT calculations. Similarly Teimi = T+ Ty +
T, with the torque for the Type i waveform estimated as T; = Npg (Tps;) + Nrs{Trs,). Forthe Type | and Il waveforms Ngs = 10 —
Nps, while for the Type Ill waveform Ngs = 5 — Nps.
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QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical details (including the value of n, what n represents and the definition of precision measurements) of the experiments can be

found in the main text, figure legends, table legends or method details section. Precision measurements are given as the mean and
standard deviation, unless otherwise stated.

Current Biology 34, 697-709.e1-e6, February 26, 2024 e6



	Bioelectric control of locomotor gaits in the walking ciliate Euplotes
	Introduction
	Results
	The complex motility patterns of Euplotes
	Actively walking cells have a bimodal membrane potential
	Membrane potential gates cirri dynamics with a small time delay
	Forces on individual cirri can be estimated by resistive force theory
	Membrane potential controls whole-cell walking

	Discussion
	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and subject details
	Cell culturing
	Species classification
	18S sequencing and analysis
	Morphological comparisons


	Method details
	Scanning electron microscopy
	DAPI staining and confocal imaging
	Experimental solutions
	Imaging and tracking the behaviour of freely moving cells
	Trajectory analysis
	Assignment of motility states
	SSR characteristics
	Distribution fits
	Electrophysiology and high-speed imaging
	Analysis of membrane depolarisation events
	Cirri frequency analysis
	Cross-correlations
	Tracking cirri using SLEAP
	Probability flux of SLEAP-tracked cirri tips
	Cirri beat characteristics for SLEAP-tracked cirri
	RFT and model calculations
	Manual annotation of cirri activity

	Quantification and statistical analysis



