








Fig. S1. Lacrymaria hunting events search the local environment efficiently and 
comprehensively. (a) Search clouds for single hunting events from 8 separate cells. 
Each point in the cloud corresponds to a point the cell’s head visited and is colored by 
the time it occurred in the hunt (blue: start; yellow: finish). The duration of each hunting 
event is indicated. (b) Experimentally measured search coverage over time during a 
single hunting event, defined as the fraction of theoretically accessible points (based on 
minimal circle enclosing observed point cloud) accessed the indicated number of times 
by the organism. Nearly all reachable points are visited at least once, and most are visited 
many times over.  The t1/2 to “fill” accessible space (~140s) indicates that the organism 
efficiently samples space during search. (c) Six separate hunting events from the same 
cell in a culture supplied with prey organisms, aligned to the start of the hunt. Prey capture 
was observed in four of the six hunting events at the times indicated by the arrows, which 
led to retraction of the neck and a return to the dormant state.  This indicates that the 
efficient search of space can result in effective hunting outcomes.   
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Fig. S2. Confocal images of the cytoskeleton of Lacrymaria cells in different 
conformations. Maximum z-projections from stitching two confocal stacks of three cells 
in the same field of view for either (a) tubulin or (b) centrin. Additional three-dimensional 
representations of these cells can be found in supplemental movies 7 and 8. 
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Fig. S3. Lacrymaria cells have an extraordinarily flexible reach. (a) Illustration 
depicting how reach plots are constructed. From the lab reference frame (on the left) we 
observe a search cloud that the organism carves out of space. By choosing a fixed body 
position and orientation, we can rotate and translate each head position from our dataset 
to view the search from the reference frame of the cell body (on the right). Now the head 
positions of the head now reflect the intrinsic reach of the organism and the shapes of the 
neck reflect the flexibility of that structure. (b) Examples of reach density plots for three 
separate cells, each of which has a different size neck. The color of each point in the 
reach cloud indicates the frequency with which it is sampled during search. All three cells 
sample a wide swath of points, and can sample positions to their far left, right, and even 
some regions behind them. There is a clear length-dependence to these reach density 
plots: cells with shorter necks sample more densely much closer to them; while cells with 
long necks sample distant points with high frequency at the expense of less dense 
sampling overall.  
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Fig. S4. Additional examples of Lacrymaria length/shape relationships. (a) Length-
dependence of eigenshape amplitudes (red=first mode; blue=second mode; cyan=third 
mode; yellow=fourth mode) for eight different cells with distinct neck sizes. (b) Aligned 
length/shape relationship for the eight cells in (a), in which each relationship from (a) was 
normalized by its mean neck length. Although individual cells vary with respect to absolute 
length, their length-shape relationships align very well when normalized. (c) Example of 
normalized length/shape dynamics (1 minute in total) for an individual cell. Note the 
different behavior of the shape amplitudes when the neck length is above (tense) or below 
(compressed) the mean neck length (length=1). 
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Fig. S5. Lacrymaria uses a calcium controller to regulate ciliary and contractile 
activities.  (a) Illustration depicting signaling controllers commonly used by other ciliates 
to regulate ciliary and contractile activities. We tested whether the main features of this 
system apply to Lacrymaria, acknowledging that additional genomic and molecular work 
will be needed to identify the specific ion channels, regulatory proteins, and factors that 
underlie specific details of the Lacrymaria controller. (b) Effect of elevated calcium levels 
on Lacryamria hunting behavior.  A single cell is tracked for over an hour before perfusion 
with media containing elevated calcium at the indicated time. The cell was in a dormant 
state at the time of perfusion and with seconds immediately began transitioning to an 
active state. The cell extended to a length more than twice as long as the pre-treatment 
lengths, and this hyperextended length was observed in the next five post-treatment 
hunting events as well. (c) Inspection of the initial extension periods from the pre- and 
post-treatment hunting events showed that this hyperextension is manifest by a faster 
extension rate, rather than a longer period of extension. (d) The hyperextended form of 
these necks was quite prone to supercoiling and forming kinks (see Supplemental Movie 
11 as well). (e) Effect of decreased calcium levels (EGTA-treatment) on Lacrymaria 
hunting behavior. Neck length dynamics before treatment show rapid length dynamics, 
while within seconds of treatment length dynamics are almost immediately attenuated. (f) 
Most cells lost the ability to stay firmly attached to the surface and began to swim freely. 
(g) This is coincident with a noticeable loss of apparent tension within the cells as 
indicated by the loose, soft appearance of the neck. Unlike the elevated calcium 
treatment, EGTA-treated cells cannot be tracked across multiple hunts as most cells will 
eventually tear the neck free from the body and cannot rebuild it unless calcium is added 
back to the solution. See also Supplemental Movie 12. (h) Table of drug perturbations 
tested related to calcium-based signaling controllers or the potential downstream targets 
of that regulation. Entries in the orange section of the table produced phenotypes (see 
supplemental movies), while those in the gray section did not—though we emphasize that 
we cannot confirm that those drugs work effectively in the context of Lacrymaria cells. (i) 
Examples of perturbations to calcium controller that produce distinct phenotypes owing 
to distinct mechanisms of action. Ionomycin, which permeabilizes calcium stores, led to 
immediate compaction of cells and an eventual twisting off of the junctions between the 
cell body and its neck and foot (see supplemental movie 17). In contrast, KCl perturbation, 
which affects membrane polarization, had a two-phase phenotype in which cells first 
transiently swam backwards before settling into a long-term state in which the cells 
became unable to reverse cilia and lost contractility (see Supplemental Movie 13). These 
observations are consistent with the notion that Lacrymaria, like many other ciliates, uses 
membrane excitability and a calcium controller to regulate its ciliary and contractile 
activities.  
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Fig. S6. Shape and length dynamics of BAPTA-AM relaxed Lacrymaria cells. (a) 
Schematic showing the mechanism by which BAPTA-AM selectively chelates intracellular 
calcium while leaving extracellular calcium levels unaffected . The chelation activity of 
BAPTA-AM is restricted until the removal of the acetomethoxy (AM) esters by intracellular 
esterases. This allows intracellular calcium to be disrupted without affecting extracellular 
calcium levels, thus allowing for ciliary reversals (which depend on extracellular calcium) 
to be retained. (b) Neck length dynamics of the same cell prior to (pre) and after 20 
minutes of BAPTA-AM treatment (post). The neck length spans the same range of lengths 
both pre- and post-treatment, however the high-frequency length dynamics are largely 
lost following treatment as post treatment necks monotonically extend for ~5 sec, then 
monotonically retract for ~5 sec. This indicates that the cilia are still capable applying 
forward and reverse forces to the organism following treatment. (c) First and (d) second 
shape mode dynamics for the same cell as in (b) pre- and post-treatment with BAPTA-
AM. It is readily apparent that post-treated cells lack the high frequency shape dynamics 
of untreated organisms. Instead, treated cells undergo extended periods in which the 
amplitudes of all shape modes is nearly 0, followed by punctuated bursts of extreme 
shape amplitudes typically during the late stages of retraction. 
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Fig. S7. Schematic of culturing method for long-term growth, maintenance and 
single-cell tracking of Lacrymaria.  Illustration depicting the process by which 
sufficiently dense Lacrymaria cultures are prepared for single-cell tracking and long-term 
imaging. The method of culture is adapted from Yanase et. al.  with specific modification 
to facilitate stable growth of small-scale subcultures directly in imaging plates. Lacrymaria 
growth is sustained by consumption of large quantities of the small prey ciliate Cyclidium. 
These cultures are maintained at modest densities through serial propagation in liquid 
cultures in which the nutrition is provided through slow release from an agar pad. 
Transferring the liquid prey culture to 160 mm petri dishes 3-4 days prior to a Lacrymaria 
feeding led to a large increase in Cyclidium densities before the culture exhausts all 
available nutrition. These expanded Cyclidium cultures are then filtered and washed with 
fresh media to provide a highly concentrated, clean prey culture to feed large-scale 
Lacrymaria cultures (2x a week). Upon feeding, 25-50 mL of the large-scale culture is 
concentrated 25x by centrifugation and the resulting cells are dispense in 100-200 uL 
volume cultures in a 96 well imaging plate. Within 24 hours the majority of cells will have 
settled on the plate surface and perform regular hunting events. These cultures can be 
further cleaned for darkfield imaging by transfer to a fresh well on the plate after 24 hours 
to separate cells from residual agar or other debris.  
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