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1 Abstract 
Background 

Protists are eukaryotic cells, almost unicellular organisms that have survived for hundreds of millions 
of years. These cells ubiquitously live in aquatic environments, soil environments and our bodies. 
Furthermore, they play key roles in the food chain and water purification; conversely, they cause red 
tides. Protists relate our lives from several aspects. These macroscopic phenomena result from 
integrating each behaviour in one cell. Various microorganism behaviours have been descriptively 
reported from one hundred years ago. However, quantification of the behaviours is still in progress. 

In aquatic environments, ciliates are dominant constitution organisms. Cilia (hair-like 
organelle) on the cell surface reciprocally change the beating form and stir fluid for locomotion. 
Swimming ciliate Stentor coeruleus changes its states from swimming to anchoring for feeding, 
accompanied by cell deformation depending on surrounding environments. Its behavioural transition 
from adhering to swimming relating to an avoiding reaction has been studied, but switching 
behaviour from swimming to adhering has yet to be focused. Their habitats consist of various 
geometrical structures, such as porous media and rigid surfaces, affecting their motilities. In addition, 
there are heterogeneous distributions of prey and predator, and external flow affects their lives. Thus, 
anchoring location is essential for their living in nature. In this thesis, quantifications of the 
behavioural transition in S. coeruleus in a simple observation chamber are conducted. Then, I focused 
on selecting anchoring locations using several geometrical chambers.  

Results 

Quantification of behavioral transitions in S. coeruleus 
Using image analysis of a long-time observation in a simple chamber, I obtained a time series of the 
cell shape and calculated the swimming speed and cell length. The cell states were characterized 
statistically from these values, and I found the different time scales of each transition.  
 
Characterization of the transition from swimming to adhering 
We can see a negative correlation between cell length and swimming speed from cone-shaped 
swimming cells to trumpet-shaped adhering cells. In addition, swimming trajectories occur between 
cone-shaped cells and trumpet-shaped cells. The shape of the cell corresponds with its motility that 
cone-shaped is swimming form and trumpet-shaped cell is adhering form. Close observation of 
membranelle (ciliary bands) reveals the difference in beating forms. It suggests that the cell changes 
its swimming properties by modulating the beating forms of ciliary bands. 

Next, I focus on when and where the cell takes a behavioural transition from swimming to 
adhering. Using the microfabrication technique, I observed the behaviour in a structural chamber. In 
a simple chamber, the cell dominantly swims in a cone-shaped state. On the other hand, the cell takes 
a trumpet shape in a structural chamber compared with the simple chamber. These results indicate 
that a structure affects their motility and behavioural change from swimming form to adhering form. 
Trumpet-shaped cell selectively adheres to narrow regions between the structure and the wall of the 
chamber. Stentor causes flow by using membranelles around the cell "mouth" for feeding. I found 
that most cells direct the cell mouth to broad areas at narrow regions. 
 
Selecting behaviours of anchoring location affected by geometrical cues 
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2 Introduction  
Protists are eukaryotic cells, almost unicellular organisms, except for animals, plants and 

fungi. They are ubiquitously in nature and have many varieties of shape and motility. They have 
survived in complex habitats for hundreds of millions of years. This thesis focuses on a living 
strategy in swimming ciliate Stentor coeruleus, a 1 mm long trumpet-shaped blue single-cell. In this 
section, I introduce the background of protists' behaviour, focusing on the variety of motility in 
microorganisms, especially Stentor. I also added to the connection between microscale motility and 
physics, such as hydrodynamics. Based on these backgrounds, I introduce a research question in this 
thesis. 

2.1 About Protist 

Protists are eukaryotic cells, not including animal, plant and fungi. Recently, molecular 
biological analysis revealed the protist's diversity, and then its classification was revised, and another 
eukaryote classification system was suggested (Adl et al., 2005, 2012, 2019). Eukaryotes are 
classified into groups named supergroups based on the genome analysis, not on morphology like a 
five-kingdom classification. The classification revealed that the protists previously classified have a 
large variety in eukaryotes compared to animals and plants. The previous classification had a bias 
from humanity.  

Protists account for a large portion of eukaryotes, are almost unicellular, and the size of the 
cell is barely visible to the naked eye. The structure of the protists is simple compared to 
multicellular organisms one. However, these protists have survived over 1 billion years (Dacks et al., 
2016; Hedges et al., 2004; Eme et al., 2014) and some protist fossil have been found in Cretaceous 
amber in their present forms (Martín-González et al., 2008). It has considered that these protists have 
survived in harsh environments for geological time. During this period, there have been 
environmental changes and mass extinction. To survive these environments, diversity of organelles 
structures (Müller Miklós et al., 2012), excitabilities (Wan and Jékely, 2021) and motilities (Bondoc-
Naumovitz et al., 2023) in the eukaryotic cells may contribute to their livings. 
 

2.1.1 Many variety of motility in protists  

In this thesis, I focus on the behaviour of a ciliate, and I will explain the variety of the 
motilities in microorganisms out of this diversity. Motilities in microorganisms are mainly divided 
into swimming and surface motility (Bondoc-Naumovitz et al., 2023). Paramecium or bacteria (not 
protists) have cilia or flagella, rod-like structures causing flow for swimming. On a substrate, one of 
the ciliate, Euplotes, has another motility that behaves like walking on a substrate using ciliary 
bundles named "cirri", like our legs (Larson et al., 2022). In addition, Amoeba crows for locomotion 
and feeding using pseudopodia. Diatom and some ciliates also crow. Chlamydomonas has two 
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2.2.3 Cell deformation and behavioral changes in S. coeruleus 

Stentor mainly exhibits three shape states: a droplet, a cone and a trumpet (Tartar, 1961). The 
cilia covering the cell surface cause flow for swimming. In free swimming, the cell forms a cone 
shape. On the other hand, trumpet-shaped cells slowly swim or attach to substances for feeding. This 
behavioural transition from swimming to adhering accompanies cell deformation. During the 
adherence process, Stentor anchors to a surface using an adherent structure (holdfast) at the posterior 
end, where mucus is secreted (Andrews, 1945). Previously, the holdfast had been considered a 
suction for adhering organs (Gruber, 1878), but the cilia at the holdfast attach to a substrate 
(Andrews, 1945). Mechanical stimuli and light produce a quick contraction from cone or trumpet 
shapes to droplet shapes as avoidance behaviour (Wood, 1969). The cell habituates its mechanical 
stimuli, and the behaviour has been studied from electrophysiology (Wood, 1970, 1988). Its 
contraction depends on Ca ion binding protein myoneme independent ATP (Wood, 1982; Huang and 
Pitelka, 1973). The molecular structure of the myoneme has not been revealed clearly. In 
Spirostomum, many people are trying some mechanism of quick contractions and phylogenetic 
analysis of myoneme (Chang and Prakash, 2023; Zhang et al., 2023). One behavioural transition 
from trumpet to droplet as avoiding reaction is caused by intracellular property triggered mechanical 
stimuli. The next section explains the relationship between behavioural change and mechanical 
stimuli. 

2.2.4 Quick contraction triggered by mechanical stimulus 

The quick contraction from trumpet to droplet has been well studied. The mechanoreceptor 
channel on the cell surface reacts to the mechanical stimulus, triggering its behavioural change 
(Wood, 1989). Through this channel, it induces the Ca ion influx and membrane potential increases. 
Once the potential exceeds some threshold, the quick contraction occurs, and the potential also bursts 
and returns to resting potential (Wood, 1988). The duration time from mechanical stimuli to initial 
reaction is several ms order (Newman, 1972). The contraction is also ms order; the half contraction 
takes several ms (Wood, 1970). 

When we repeatedly induce the quick contraction, it is not easy to contract (habituation); it is 
a primitive learning ability (Wood, 1969, 1988). So, the cell has been studied from cellular learning. 
Recently, Rajan et al. reported that the cell switches from a non-habituated to habituated state by 
statical analysis of the sequence of single-cell behaviours (Rajan et al., 2023). The hierarchical 
avoidance response previously reported by Jennings (Jennings, 1902) has been reproduced (Dexter et 
al., 2019), and machine learning does not predict these complex behaviours (Trinh et al., 2019). From 
these results, Stentor has the capacity to react to a variety of stimuli, and they may exhibit suitable 
behavioural transitions.  

2.3 Research question 
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Behavioural transitions in Stentor occur in complex environments. The surrounding 
environment of the cell varies every moment, and the adhering cell will go away when the cell 
receives some unsuitable stimulus (Jennings, 1906). The location that the cell initially anchors also 
varies with the situation. So, the cell must perform behavioural change properly. Then how does the 
cell select the anchoring location in the behavioural change from swimming to adhering? Does the 
cell randomly attach or not? When we collect pond water in nature, we sometimes find that Stentor 
cells anchor to complex geometrical micro-sediments in their habitats. 

2.3.1 Micro -sediments and its shape 

In nature, there are ubiquitous micro-sediments with many shapes, such as twigs, dead leaves 
and dead bodies. These structures have a micro-complex geometrical shape. When we collect pond 
water, we sometimes see the anchoring Stentor on the surface of micro sediments (Figure 2-2). 

The behaviour of ciliates is affected by a substrate or geometry surrounding the cell caused by 
hydrodynamical interactions. For example, the ciliate, Tetrahymena, slides on a substrate by 
hydrodynamical interaction between the surface velocity and a substrate, and the cell shape also 
causes this behaviour (Ohmura et al., 2018). Furthermore, the ciliates perform a swim upstream 
caused by hydrodynamical interaction between the external flow and the flow caused by the ciliate 
(Ohmura et al., 2021). In addition, the ciliates can escape from a dead end formed by flat two plates 
hydrodynamically (Ishikawa and Kikuchi, 2018). When this cell, such as Tetrahymena or 
Paramecium, encounters a dead end or confinements, the cell escapes by more extended ciliary 
reversal (Kunita et al., 2014) or the swimming trajectory is changed to the size of the previous arena 
by intracellular mechanisms such as membrane potential change or Ca ion influx (Kunita et al., 
2016). These ciliates control the beating form of cilia, and it causes their swimming trajectory. When 
the cells collide with a pillar from its front, they react in ciliary reversal and turn the direction; on the 
other hand, when the cells collide from an angle or its side, they do not change their ciliary beating 
(Naitoh and Eckert, 1969) and go away hydrodynamical interaction to a pillar (Escoubet et al., 2023). 
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Figure 2-2 Anchoring cell to micro geometrical sediments in nature.  

Three elongate cells attach to a structure. Posterior regions of each cell adhere to groove of 
the sediment. 
 
2.3.2 The influences of geometrical structure to their strategies 

From these results, extracellular geometry and geometrical shape hydrodynamically affect 
ciliates' behaviour (Théry et al., 2021; Escoubet et al., 2023). Filter feeders like Stentor and 
Vorticella cause flow around the cells and capture the prey in their mouth using the flow. So, the 
structure of the feeding flow is affected by surrounding geometry and must influence the feeding 
efficiency (Pepper et al., 2010, 2013). In addition, there are environmental changes such as external 
flow or drying conditions. Therefore, anchoring the location of the Stentor is essential for their living.  

However, the behavioral transition from swimming to adhering has not been focused 
(Andrews, 1945). In this study, I will focus on the influences of geometrical micro-structure around 
the cell for selecting anchoring locations. I aim to reveal the mechanisms of spatial sensing: what 
external cues induce the behavioural change from swimming to adhering. So, I quantitatively 
evaluated the effect of extracellular structures on the Stentor's behaviour.  
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Figure 3-1 The differences between the 2 strains.  

(A)The frequencies of the cell states. The difference in the strain was not significant in our 
experiment. Cone-, trumpet- and droplet-shaped cells were observed in 72.3%, 25.7% and 
2.0%, respectively in strain 1 (obtained from Tomakomai) in a glass chamber; In strain 2 
(obtained from Shiribetsu River) in the gel chamber, cone-, trumpet- and droplet-shaped 
cells were observed in 74.1%, 22.4% and 3.5%. 
(B) In strain 1 (obtained from Tomakomai) in a glass chamber, the speed and length were 
1.05 ± 0.23 mm/s and 0.33 ± 0.046 mm (SD, n = 14), respectively. In strain 2 (obtained from 
Shiribetsu River) in the gel chamber, the speed and length are 1.35 ± 0.14 mm/s and 0.38 ± 
0.034 mm (SD, n = 12), respectively. 
*Created by modifying (Echigoya et al., 2022) (© 2022 Echigoya, Sato, Kishida, Nakagaki and 
Nishigami (Licensed under CC BY 4.0)) https://creativecommons.org/licenses/by/4.0/ 

 

3.2 Observation method 

Before the observations, we washed the cells in fresh pond water twice in order to eliminate 
chemical effects and starved them for 3 days. Prior to transferring a cell into an observation chamber, 
we washed the cell with fresh pond water again and equilibrated it for over 20 min (Figure 3-2A). 
The observation chamber was made of a silicon sheet (244-6012-03, HAGITEC Co., Ltd., Chiba, 
Japan; 0.2 mm depth, 5 mm inner diameter) and covered by a cover slip (Figure 3-2B). Cell 
behavior was observed by an inverted microscope IX73 (Olympus, Tokyo, Japan) equipped with a 
PLANPO X1.25 objective (Olympus, Tokyo, Japan). Images were recorded by using a CMOS 
camera (ORCA-Flash4.0 v2, Hamamatsu Photonics, Hamamatsu, Japan) with an exposure time of 
5.0 ms and a frame rate of 10 frames per second (fps) under a brightness field using weak 700 nm 
light (M700L4, Thorlabs, New Jersey, United States) to reduce the photoresponse effects (Song et 
al., 1980b; a; Iwatsuki, 1992).  
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Figure 3-2 Experimental setups.  

(A) Washing cells. (B) Observation method. 
*Created by modifying (Echigoya et al., 2022) (© 2022 Echigoya, Sato, Kishida, Nakagaki and 
Nishigami (Licensed under CC BY 4.0)) https://creativecommons.org/licenses/by/4.0/ 

 

We used 14 cells for measuring the swimming speed and the cell length over 25 min after 
placing them in the chamber (24.7 ± 3.4 min (SD, 14 cells, maximum 32.0 min, minimum 18.6 min, 
total 345.1 min: All behavioural data are shown in Figure 3-3). To measure the duration time of each 
shape transition and the diameter of the swimming trajectory in the trumpet shape, we additionally 
recorded the cell behaviors and analyzed the data (Figure 3-4). Because of the very low frequency at 
the droplet state, we obtained the behaviors of the cells in the droplet state by adding an external 
mechanical stimulus to calculate a transition vector and conducted computational classification of the 
cell state (Figure 3-4). 
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Figure 3-4 Additional data for quantitative measurements of cell behavior.  

To measure the duration time of each shape transition and the diameter of the swimming 
trajectory in the trumpet shape, we additionally recorded the cell behaviors and analyzed 
the data. Red rectangle symbol means an external mechanical stimulus. 
*Created by modifying (Echigoya et al., 2022) (© 2022 Echigoya, Sato, Kishida, Nakagaki and 
Nishigami (Licensed under CC BY 4.0)) https://creativecommons.org/licenses/by/4.0/ 
 

 

Due to very quick contraction from the trumpet to the droplet shape, we recorded the 
contractions of eight cells by the high-speed camera FASTCAM Mini AX50 (Photron, Tokyo, Japan) 
at 2,000 fps and an exposure time of 1/2,000 s. Images were collected by using the IX73 microscope 
with a UNLPlan X10 (Olympus, Tokyo, Japan) objective under 700 nm light. 

When we observed the shape transitions from the trumpet shape to the droplet shape, we added an 
external stimulus by striking the chamber using a tweezer. 

Prior to observing anchoringbehaviours in the chamber with/without an obstacle, cells were washed 
twice in a fresh medium and starved for several hours. The gel chambers were then placed on a cover 
slip, and their surfaces were wetted with medium before being covered with a plasma-coated glass 
slip for 20 s. After that, a glass slide on the chamber was slid until a swimming arena appeared, and 
the cell was transferred into the chamber from the edge of the glass slide using a pipette tip. The 
inner surface of the tip was coated with the 2% 2-methacryloyloxyethyl phosphorylcholine (MPC) 
polymer Lipidure® CM5206 (NOF Corporation, Tokyo, Japan) in ethanol (weight per volume) to 
prevent cell adhesion. uring this process, most cells quickly contracted in response to external 
stimuli; however, the cell swam after several seconds. Finally, we slowly slid the cover slip to cover 
the observation chamber. 
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3.8 Quantification of the reversal of swimming direction 

I obtained a time series of swimming vectors vi as above same manner. Then I calculated the inner 
product of swimming vector vi dot vi+1, where i is recording frame (4 fps). The thresholds of reversal 
are -0.8 in corner chamber and -0.85 in star-like chamber, respectively. More than 20 times reversal 
in one trial is eliminated.  





   Doctoral Dissertation 

28 

 

 

Figure 4-1 Three modes and transitions of S. coeruleus  and the variety of behavioral 
modes in the quasi -2D disk chamber.  

(A) Schematic images of the cell states and the transitions. (B) The time series of cell length 
(blue line) and swimming speed (orange line). The graph displays the typical behaviors of 
two cells (Cell A, B). The cell states are shown on the top of each graph. 
*Created by modifying (Echigoya et al., 2022) (© 2022 Echigoya, Sato, Kishida, Nakagaki and 
Nishigami (Licensed under CC BY 4.0)) https://creativecommons.org/licenses/by/4.0/ 

 

 

Figure 4-2 The frequency of the cell state and the distributions of the cell length and 
speed in each state.  

The states were manually divided into droplet (2.0%), cone (72.3%), and trumpet (25.7%). 
The length and speed distributions were normalized using averaged values in the cone 
state. Droplet lengths were shorter than those in the cone state, while trumpet lengths were 
higher. Swimming speed was separated into the swimming state (cone) and the adhering or 
lower swimming state (droplet and trumpet). 
*Created by modifying (Echigoya et al., 2022) (© 2022 Echigoya, Sato, Kishida, Nakagaki and 
Nishigami (Licensed under CC BY 4.0)) https://creativecommons.org/licenses/by/4.0/ 
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Figure 4-3 Time series of averaged probabilities and standard errors of each state 
from the onset of the record.  

(A) Solid lines indicate the average probabilities of cell states, with transparent areas 
indicating standard errors for 14 cells. (B)These standard errors remain steady after 5 
minutes. 
*Created by modifying (Echigoya et al., 2022) (© 2022 Echigoya, Sato, Kishida, Nakagaki and 
Nishigami (Licensed under CC BY 4.0)) https://creativecommons.org/licenses/by/4.0/ 
 

 
Figure 4-4 The flow of cell state transitions and the clustering of steady cell states . 

(A) The transition vector of the cells is represented, with dots indicating cell states in a 2D 
field containing cell length and speed at different time points. The dots were manually 
classified into three (droplet, cone, trumpet). Hierarchical clustering of the steady cell states 
is also shown in (B), with dots in the 2D state field divided into three clusters, similar to 
manual classification. 
*Created by modifying (Echigoya et al., 2022) (© 2022 Echigoya, Sato, Kishida, Nakagaki and 
Nishigami (Licensed under CC BY 4.0)) https://creativecommons.org/licenses/by/4.0/ 
 

4.2 Cell transition accompanied by cell deformation 

To characterize the behavioral transitions accompanied by the shape deformations shown in 
Figure 4-1A, Figure 4-4A, we analysed the time series of the cell length and estimated the duration 
times of each shape deformation (Figure 4-5). The duration of each transition was estimated by 
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fitting an exponential function to the averaged time series of the deformation rate. Due to the rarity of 
the contraction process from cone to droplet (observed only three times in over 6 hours of recording), 
this process was excluded from the analysis. Consequently, Stentor exhibited a droplet shape 
following contraction from the trumpet shape. Then, the contracted droplet cell transitioned into cone 
shape and swam away (Figure 4-5A) or became trumpet shaped again (Figure 4-5C). The duration 
times for these transitions were 16.2 ± 0.2 s (SD, n = 13, 10 cells, Figure 4-5B) and 40.1 ± 0.51 s 
(SD, n = 10, eight cells, Figure 4-5D). Another elongation process from cone to trumpet is shown in 
Figure 4-5E, with a duration time of 107.9 ± 1.47 s (SD, n = 20, 14 cells, Figure 4-5F). In contrast, 
the contractile process from trumpet to droplet occurred very quickly, more than ten thousand times 
faster than other transitions (Figure 4-5G). In the contraction process, a two-mode exponential 
function (Moriyama et al., 1998) fit well [2.1 ± 0.51 ms and 15.6 ± 2.3 ms (SD, n = 8, eight cells, 
Figure 4-5H)] to the averaged deformation rate rather than the function with a single time scale. 

 

Figure 4-5 Shape transitions between cell states and the estimation of duration times 
for each transition.  

(A,C,E,G) Sequential images of shape transitions from droplet to cone, droplet to trumpet, 
cone to trumpet, and trumpet to droplet are provided. (B,D,F,H) Time series of shape 
deformation rates and estimated duration times for each transition are also shown. 
Transition duration times were estimated using exponential fitting to the averaged 
deformation rate. 
*Created by modifying (Echigoya et al., 2022) (© 2022 Echigoya, Sato, Kishida, Nakagaki and 
Nishigami (Licensed under CC BY 4.0)) https://creativecommons.org/licenses/by/4.0/ 

 

4.3 Behavioral transition from cone to trumpet 

This section focuses on the transition from cone to trumpet (Figure 4-5E,F) , which is relevant 
to determining the adhering location. In this transition, the swimming speed decreased while its 
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Figure 4-7 The trajectory of a cell and beating forms in the behavioral transition from 
swimming to adhering.  

As the cell elongates, the cell becomes locally rotating. The color represents elapsed time 
from the beginning of the transition. The dashed line represents the wall of the chamber. In 
behavioural changes, beating characters occur between each state. 
*Created by modifying (Echigoya et al., 2022) (© 2022 Echigoya, Sato, Kishida, Nakagaki and 
Nishigami (Licensed under CC BY 4.0)) https://creativecommons.org/licenses/by/4.0/ 
 

 
Figure 4-8 The comparison of trajectories  between cone state and trumpet state . 

(A,B) The comparison between the swimming trajectories at swimming steady state and 
steady rotating state. The distribution of the swimming pass diameter in the steady rotating 
state is shown in (C), with a diameter of 1.4 ± 0.3 mm (SD, n = 133, 11 cells). 
*Created by modifying (Echigoya et al., 2022) (© 2022 Echigoya, Sato, Kishida, Nakagaki and 
Nishigami (Licensed under CC BY 4.0)) https://creativecommons.org/licenses/by/4.0/ 
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Figure 5-6 The time series of the cell length (blue) and swimming speed (orange) in 
the chamber with the structure . 

*Created by modifying (Echigoya et al., 2022) (© 2022 Echigoya, Sato, Kishida, Nakagaki and 
Nishigami (Licensed under CC BY 4.0)) https://creativecommons.org/licenses/by/4.0/ 
 

The modulation of cell states is influenced by the structure in the arena. In the crescent areas, 
the cell not only stays frequently but also switches its behavior and adheres for extended periods with 
its oral structure directed opposite to the dead end. 

5.3 Selection of anchoring locations effected by geometrical parameters 

Anchoring locations in S. coeruleus are affected by geometrical parameters forming narrow 
regions. The cell swam around the chamber containing four specific regions formed at different 
angles (30, 45, 60 and 90 degrees, named "angle chamber", Figure 5-7A). Figure 5-7B shows the 
frequency distribution of the position in 12 swimming cells. S. coeruleus tended to swim along the 
wall and was found in the corners formed by wall and rod-like structures. Presence rates in 4 narrow 
areas are shown in Figure 5-7C. The rate in a 90-degree location was highest, and the rate in a 60-
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degree area was lowest. We consider that both sides in 90-degree rods make the bias. We also 
consider that the rod's order affected the bias because each rod-like structure guides the direction of 
the swimming cell (Figure 5-7B). Then, the cell adheres to some location.  

 

Figure 5-7 Swimming behaviour of Stentor  in a geometrical chamber about angle.  

(A) The geometry of observation chamber in top view. There are 4 types of corners formed 
by the chamber's wall and rod-like structure. (B) two dimensional distibution about the 
locations of the 12 swimming cells. The dense color in narrowness and along the wall 
represents a high frequency of the presense. (C) Quantifications of presense rate at each 
angle. Presense rate means the ratio of time in the presense at each corner divided by all 
observation time. 

Dots in Figure 5-8A represent the adhering positions, and the dots' size (and colour) means 
duration time (12 cells, 22 adhering events). Stentor tended to anchor to narrow areas at 30 and 45 
degrees. By quantifying adhering duration time in each narrow area (Figure 5-8B), total adhering 
time in 30 and 45-degree areas was higher than others. These results in Figure 5-8B show some bias 
about presence rates and area in each region. In order to eliminate the biases, we obtained the ratio of 
total adhering time to total presence time in each narrow area (Figure 5-9A) and total adhering time 
per area (Figure 5-9B). Even though we standardized total adhering time by presence time and area, 
the cell tended to adhere to the region formed by a smaller angle.  
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Figure 5-12 Normalization  of the selecting behaviours.  

Toral adhering times are normalized by total presence times at each corner. 
 

Regarding the influence of selecting anchoring locations by the depth of narrowness, we 
examined using two types of chambers, and then the tendency depended on the method of 
quantifications. Firstly, we observed the behaviour of one cell in the chamber containing four types 
of narrow areas between the outer wall and different length rod-like structures (0.4, 0.8, 1.2 and 1.6 
mm, named "length chamber", Figure 5-13A). Like the two types of chamber mentioned above 
(Figure 5-7B, Figure 5-10B), swimming cells were often observed along the chamber wall and 
between the wall and the structures (Figure 5-13B, 20 cells). We analysed the total presence time in 
each of the four areas from the cell's position and found that the cell accumulated in deeper areas 
(Figure 5-13C). Moreover, the cell frequently swam along specific trajectories, which we could see 
in the sharrow lines connecting each structure in Figure 5-13B. The order of different types of rod 
structures influenced the swimming trajectory and distribution of the cell position in the chamber. 
Figure 5-14A shows the 40 anchoring positions in 15 cells. The other 5 cells remained swimming 
during the observation time. The distribution of the total anchoring time (Figure 5-14B) had the 
same tendency as the distribution of the total presence time in each area (Figure 5-13C). The cell 
tended to adhere to deeper regions. Although the length of the swimming cell is about 0.4 mm, we 
can find the anchoring events between the wall and the shortest rod (0.4 mm), which is the same 
length. The narrow areas constructed with longer rod-like structures had more expansive adhering 
areas. To eliminate this bias, we calculated the total adhering time per adhering area (Figure 5-15B). 
This standardisation means that the frequency of adhering in sharrow locations is high. If the cell 
randomly switched from swimming to adhering, the areas where we frequently observed the 
swimming cell were selected as anchoring locations. To eliminate this bias, we calculated the ratio of 
total adhering time to total presence time in each area (Figure 5-15A). We can see the same manner 
as Figure 5-15B. These standardisations indicate that the wideness of anchoring areas caused the 
bias in selecting anchoring locations of S. coeruleus. 
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Figure 5-13 Swimming behaviour of Stentor  in a geometrical chamber about length.  

(A) The geometry of the observation chamber in the top view. Four types of corners are 
formed by the chamber's wall and rod-like structure. (B) Two-dimensional distribution about 
the locations of the 20 swimming cells. The dense colour in narrowness and along the wall 
represents a high frequency of the presence. (C) Quantifications of presence rate at each 
angle. Presence rate means the ratio of time in the presence at each corner divided by all 
observation time. 

 

 

Figure 5-14 Selecting of anchoring locations in the length chamber.  

(A)Anchoring locations in 15 cells. Dots and colour (area) in each dot represent the position 
of the anchoring event and duration time, respectively. (B) Quantification of total adhering 
time in each corner. The cell tends to adhere to deeper regions such as 1.2 mm and 1.6 
mm. 
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Figure 5-16 Influence of depth of narrowness to adhering behaviours.  

(A) The geometry of the observation chamber in the top view. There are 16 rectangular 
areas containing 4 types regarding the depth. The depths of each rectangular area are 0.2 
mm, 0.5 mm, 1.2 mm and 3.0 mm. (B) Anchoring locations in 11 cells. Dots and colour 
(area) in each dot represent the position of the anchoring event and duration time, 
respectively. The cell tends to adhere to rectangular areas, not broad ring areas. 
 

 

Figure 5-17 Adhering of the cell in sun -like chamber.  

(A) The positions of adhering cells in each rectangular area merged 4 same rectangular 
areas. (B) Quantification of total adhering time in each area. There are positive correlation 
between depth and total adhering time. 
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Figure 5-18 The characterization  of adhering behaviour in the sun -like chamber.  

The curve fitting on the total adhering time is in A, and the normalized total adhering time by 
area of each rectangular area is in B. 
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Figure 6-1 Flow field caused by adhering S. coeruleus  in wide area.   

Stentor attaches to the center of the image. Symmetrical vortex flow appears around the 
cell "mouth". The flow field is calculated by vector field obtained by PIV analysis using tracer 
particles. The colour of the line represents flow speed (log scale). 

 

Figure 6-2 Flow field caused by colonysed Stentor  sp. on the chamber.  

They adhere to a substrate encouraged by a mucus secreted from the posterior region of 
the cell. In high cell concentrations, they form radial colonies, as shown in the centre of 
each image (A, B). The cooperative flow caused by each cell makes a complex structure of 
the flow vectors (A). From the vector field, the flow field is obtained (B). The colour 
represents a flow speed. 
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Figure 6-3 The flow fields according to the angle of corners and the focal plane.  

In wide angles (30 and 45 degrees), the vortex flow is caused at the focal plane from the 
bottom to the top side of the chamber. In a narrow area (18 degrees), the flow comes in at 
the bottom side and out at the top side. So, we do not see vortex flow clearly. Colour 
represents a flow speed (log scale). Each scale is different. The maximum is the max 
speed, and the minimum is the minimum flow speed in each measurement. 

6.2 The effect of medium viscosity about behavioral change 

Next, I focus on the trigger of the behavioural transition from swimming to adhering. Before the 
adhering, the cell deforms to a trumpet shape. Then, I measured the proportion of the behavioural 
mode by observing the cell shapes. The frequency of the cell states was influenced by 1 % 
methylcellulose (Figure 6-4). Free swimming S. coeruleus took a swimming cone shape; conversely, 
the trumpet-shaped cell was dominant in the medium added methylcellulose. This viscosity of the 
methylcellulose is high compared to the culture medium. It indicates that the viscosity of the medium 
influences the states of the cell, and high viscosity changes its state from swimming to adhering. 
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0.13) significantly increased compared with blunt corners (r = 0.25) (Figure 6-12 and Figure 
6-13B). Backwards swimming is caused by ciliary reversal. 

Moreover, we could observe backwards swimming in the reversal direction detected in this analysis. 
Therefore, the escaping behaviour differs depending on the angle and curvature forming the corner. It 
indicates that a high frequency of ciliary reversal caused by contact in the corner affects the 
behavioural transition from swimming to adhering. 

 

Figure 6-5 Typical sequential images of the process in the escaping behaviour from 
two corners.  

Escaping behaviour in the 60-degree corner. The cell enters the corner after that it takes 
backward swimming and turns to escape from the corner. (B) Escaping behaviour in the 30-
degree corner. The cell entering the corner repeatedly back and forth. After that it turns to 
other direction to escape. The time is shown at the upper left in each image. 
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Figure 6-6 The distributions of duration time about stucking in each corner.  

The corner angle and the number of stuck events are shown in the upper right of each 
graph. The graph shows the range from 0 s to 50 s. 
 

 

Figure 6-7 The comparison of stuck time in each corner.  

Dots and bars are the mean value and standard deviations of duration times in Figure 6-6. 
Statistical analysis of Welch's t test conducted to this distribution. 
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Figure 6-8 The distributions of duration time about stucking in each corner.  

The corner curvature and the number of stuck events are shown in the upper right of each 
graph. The graph shows the range from 0 s to 12.5 s. 
 

 

Figure 6-9 The comparison of stuck time in each corner.  

Dots and bars are the mean value and standard deviations of duration times in Figure 6-8. 
Statistical analysis of Welch's t test conducted to this distribution. 
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Figure 6-10 Time series of cell counter about two types of escaping behaviours in the 
corners.  

In the smooth corner, the cell escapes by swimming along the wall. On the other hand, in 
sharp corners, the cell repeatedly reverses the ciliary beating at the corner tip. 
 

 
Figure 6-11 The distributions about the number of events that the cell reverses 
swimming direction per one trial in each corner.  

The corner angle and the number of the entering corner are shown in upper right in each 
graph. The graph shows the range from 0 time to 10 times per one trial. 
 
 




























