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1. Abstract

Cilia are motile and sensory organelles widely present in eukaryotie.cells, and their
dysfunction is closely associated with various human ciliopathies: Tubby-like proteins
(TLPs) play critical roles in ciliary assembly and signal transduction; however, whether
and how TLP2 regulates ciliary motility remains insufficiently studied. Toelucidate the
role of TLP2 in cilia-driven motility, this study employed Chlamydomonas reinhardtii
as a model organism and integrated a suite of techniques including population-based
phototaxis assays, single-cell motility tracking, cell micromanipulation, and Al-assisted
image analysis to comprehensively compare the motility characteristics of wild-type
(CC-5325) and TLP2 knockout mutant (¢#/p2)-across populational, cellular, and ciliary
scales. The results demonstrated that compared with CC-5325, tlp2 completely lost
phototaxis, exhibited significantly reduced'swimming speed, and showed a shift from
linear trajectories in CC-5325 to more tortuous-like ones. By developing an Al-assisted
tool for the image.analysis, the beating behavior of the two cilia of a cell were further
analyzed: in CC-5325, the two.cilia of a cell beat synchronously, whereas in #/p2, the
two cilia displayed an asynchronized beating with the beating periods of the two cilia
differed significantly (0.029 s vs. 0.038 s, respectively). This can directly explain the
motility differences’of the two strains observed at the cellular and populational scales.
The findings of this study demonstrate the important roles of TLP2 in the regulation of
cilia-driven motility, which can provide insight for developing new strategies in
combating cilia-related diseases, especially oligoasthenoteratozoospermia.

Keywords: Cilium/flagellum, motility, Tubby-like protein, C. reinhardtii



Table of Contents

B e = o @

ADSITACT ...ttt ettt e et e e et e e et a e e e b e e e aaae e taeeeaaeeentraeeraeeenraeean 2
INELOAUCTION. ...ttt s 4
2.1 Research back@round..............ccoooiieiiiiiiiiiiie e sae e 4
2.2 The aim and content of this StUAY........cccceeviiiiiiiiiiiiieeeceeceeee e 6
2.3 Significance of this StUAY .......ccccocieriiiiiiiiiiie e et 7
Materials and Methods...........ooueiiiiiiiiiiniiiieeeeee e e 7
3.1 Chlamydomonas Strains...........cccceeveeeiuienieiniienieiiee s baden e a0 7
3.2 Population phototaXis @SSAY........ccevvrerrureerirreerreesbureeiboreeeneese e idobanie ienneennnns 7
3.3 Microscopic observations of cells ...l feadenstt e 8
3.4  Micromanipulation of cells..........ccurrrctmiun e St e 9
3.5 Image analysis ....cccececueerieeiienieee e e et 9
RESUILS ...t e et e 10
4.1  C. reinhardtii cells lost phototactic behaviorin the absence of TLP2....... 10

4.2  tlp2 showed different characteristic'swimming motility than WT cells.... 11
4.3  The swimming motility.differences between two strains arise from different
beating behavior of CIHA . ..cvt e i e 14

4.4  Statistical analysis of immobilized cells through micromanipulation

revealed the impaired synchronization of ciliary beating in t/p2 cells ................. 20
DIISCUSSIONS . fiasenveenssenreettaneadeeenieeteetesttete et e st e bt et e sbeesbeentesaee bt enteeseenbeenseeseenseenees 24
CONCIUSION ..t sttt ettt et e st e et e st e e beesaeeenbeeeaee 26
RETCTONCES .. £ e il ettt 28
Legends of supplementary MOVIES. .......couierieriieiieeiieeie e 30
ACKNOWICAZEMENL ......ovviiiiiiiiiiiiiciieeteee e e e e e eee 31



2. Introduction

2.1 Research background

Cilia/Flagella are hair-like surface appendages existing in many types. of
eukaryotic cells, ranging from unicellular organisms like algae to mammalian cells such
as lung epithelium and sperm cells'2. A single cilium is composed of a basal body, an
axoneme and cilia membrane (Figure 1)'. The axoneme is a tube-shaped structure that
has a typical 9+2 microtubule structural arrangement with 9 outer microtubule doublets
surrounding a central pair of microtubules. Nexins link neighboring outer microtubule
doublets while each outer doublet also has protein complexes called “radial spokes”
extended toward the central pair. There are two arms, outer dynein arm and inner dynein
arm, associated with each outer doublet, which serve as molecular motors and drive the
beating of cilia®. Besides motile cilia, there are also non-motile ¢ilia (known as primary

cilia), which typically has a 9+0 arrangement?,
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Figure 1. Sketch of a cilium structure. Figure adapted from reference’.

Cilia act as either a motility unit or sensory organelles, and thus play important
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roles in cell motility, growth and adaptation to local environment. For instance,
Chlamydomonas reinhardtii (C. reinhardtii) use cilia to perform phototaxis, by which
cells can find appropriate illumination conditions for cell photosynthesis®*. In
mammals like humans, dysfunction of cilia often lead to ciliopathies®. For instance,
dysfunctions of motile cilia will result in male infertility and primary ciliary dyskinesia
(PCD)® while defects in primary cilia are closely related to diseases including
polycystic kidney disease (PKD), Bardet-Biedl syndrome (BBS), retinitis pigmentosa
(RP) and orofaciodigital syndrome (OFD)°. Many of them such as.BBS, RP and OFD
are rare genetic diseases. Thus, it is necessary to understand.the mechanisms and
regulations of ciliary assembly and functions, to find effective ways to battle these
diseases.

Tubby-like proteins (TLPs for plants and.algae, and TULPs for mammals) are
widely found in eukaryotic cells and play /important roles in cell development. In
mammalian cells, there are five types of TULPs (TUB, TULPI1, TULP2, TULP3,
TULP4)’. Among them, TUB, TULP1 and TULP3 have been studied extensively. TUB
is the first discovered protein of TULP family in mice, and it has been shown to be
related to obesity, retinal degeneration, and hearing loss of mice®’. TULP1 is found to
be closely related to“eye diseases'® while TULP3 is vital in embryonic neural
development'!. More generally, TULP3 (TLP3 in C. reinhardtii) also act as a general
adapter for intraflagellar transport (IFT) of membrane-associated proteins such as G
protein-coupled-receptors!?, which are important for ciliary functions. In contrast to the
widely recognized. functions of TUB, TULP1 and TULP3, TULP2 and TULP4 are
relatively lessunderstood. Recently, however, studies show that TULP2 plays an
important role in” affecting spermatogenesis'®>. Tulp2 was found to be specifically
expressed in the testis of mice, and lacking TULP2 would lead to the phenotype of
oligoasthenoteratozoospermia: the decreased sperm count and tail deformity of
spermatozoa, implicating its potential role in male fertility'®. In addition, at the ciliary
tip of Tetrahymena thermophila, TLP2 is found to help maintain the integrity of the

axoneme of cilia by wrapping laterally around and linking the central two



microtubules'®. Together, these results suggest that TLP2/TULP2 is related to the
assembly and/or functions of cilia, but the mechanisms are largely unknown.
Particularly, how the cilia beating pattern would be altered due to TLP2/TULP2
disruption and its associated phenotypical motility behavior remain to be discovered.
Chlamydomonas reinhardtii, a green alga, has two motile flagella/cilia. Here, the
term cilium and the flagellum are interchangeable, as their structures are .virtually
identical®. C. reinhardtii cells can swim in aqueous environment through cilia beating
in a form of breaststroke. They also contain an organelle called eyespot, by which cells
can sense light signals and then respond by altering their cilia beating patterns
accordingly (e.g., phototaxis)®*. Compared with mammalian cells, C. reinhardtii is a
simpler organism, and has a vast of genetic tools for engineering. All these merits make
it an ideal model organism for cilia/flagella-related studies. Forinstance, recent studies

on BBSomes!>!7

in C. reinhardtii cells have greatly advanced our understandings on
the mechanisms of IFT activities of cilia, which are vital for enabling cells to sense and

transduce extracellular stimuli inside the cell.

2.2 The aim and content of this study

In this study, we chose C. reinhardtiias the model system, and employed microbial
microscopic tracking techniques, which enable us to monitor the microbial behavior in
a real-time and in situ manner. By studying the motility behavior of wild-type (WT) C.
reinhardtii strain and a TLP2-null mutant, we aim to understand mechanistically how
the motility behavior of C. reinhardtii will be affected by TLP2, thus, to reveal the role
of TLP2 in the regulation of cilia-driven motility of cells.

Toward the goal, we have studied the motility behavior of C. reinhardtii cells from
three different scales: Firstly, at the populational scale (i.e., macroscopic level), by
employing petri dish-based phototaxis assays, we analyzed the differences in
phototactic behavior between WT (CC-5325) and TLP2 knockout mutant (z/p2) to
evaluate the role of TLP2 in the regulation of cell light-responses. Secondly, at the
cellular scale (i.e., mesoscopic level), through high temporal-resolution microscopic

tracking techniques, we quantified and compared the cellular movement ratio,



locomotion velocity, and movement trajectories of both algal strains to elucidate the
role of TLP2 in the overall regulation of motility. Thirdly, at the ciliary scale (i.e.,
microscopic level), we performed micromanipulation experiments and observed the
beating patterns of individual cilium and combined with high-speed microscopie
imaging to analyze whether TLP2 deficiency causes abnormal ciliary beating. In
addition, to analyze the data more efficiently, we developed an Al-assisted method: to

perform image analysis in a high-throughput way.

2.3 Significance of this study

The results of this study quantitatively described the motility behavior of C.
reinhardtii from three different scales. Such multiscale = description clearly and
comprehensively illustrated different motility behavior.of TLP2 mutant compared with
WT cells. These results will help to further understand the roles of TLP2 in the
regulation of cilia-driven motility and thus provide dinsight for developing new
strategies in combating flagella/cilia-related diseases: Moreover, the developed high-
throughput Al-assisted image processing method<provides a useful tool for data

processing of microscopic imagesand canbe readily extended to other related scenarios.

3. Materials and Methods

3.1 Chlamydomonas strains

The WT'C. reinhardtii strain’ CC-5325 and ¢/p2 mutant were obtained from Prof.
Zhen-Chuan Fan’s lab. Unless otherwise specified, axenic cultures were maintained in
Tris-Acetate-Phosphate (TAP) medium (pH 7.0 + 0.2) under controlled environmental
conditions: 23 + 1°C with continuous illumination at 100 pmol photons/m?/s provided

by cool-white fluorescent lamps.

3.2 /Population phototaxis assay

C. reinhardtii was cultured until the optical density at 680 nm (ODego) reached >
0.7. For each assay, 10 mL of algal suspension was equally aliquoted into two separate
15 mL centrifuge tubes and centrifuged at 3,000 rpm (xg relative centrifugal force) for
5 min. Following complete cell sedimentation, approximately 3 mL of supernatant was
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removed by pipetting, leaving a concentrated cell pellet. The pellet was resuspended
and transferred using a 20 pL precision pipette to the central region of a 30 mm glass-
bottom dish, ensuring complete coverage of the observation area. Uniform cell
dispersion was achieved through gentle repetitive pipetting. Phototactic behavior was
induced using a unilateral white LED illumination system (light intensity precisely
controlled at ~6.32x10%' photons/m?/s). Cell movement dynamics in/responseto
directional light stimulation were continuously monitored and recorded using an ATLI
scientific-grade microscopy imaging system at a capture rate of 1.frame per minute. All

experiments were conducted under controlled temperature conditions (23 +1°C).

3.3 Microscopic observations of cells

For microscopic observations, rectangular glass microcapillaries (0.10 x 2.00 mm,
VitroTubes™ model 5012) were employed as optically transparent sample chambers.
High temporal-resolution imaging was performed using a-Phantom V2512 ultra-high-
speed camera (Vision Research) coupled. with a Leica DMi8 inverted microscope
system, equipped with an advanced zero-drift. autofocus unit to ensure sustained
focusing stability during prolonged recordings. ‘Prior to experiments, C. reinhardtii
cultures were harvested at mid-logarithmic.growth phase (ODego~1) to ensure optimal
cellular vitality and motility. The algal suspension was diluted to ODggo=0.5 using TAP
medium, and 100 uL of therdiluted suspension was loaded into a 0.1 mm % 2 mm
rectangular glass microcapillary (the 0.1 mm thickness constrained algal movement
range to facilitate subsequent data processing). The microcapillaries were mounted on
microscope slides‘and positioned under the Leica DMi8 microscope. For quantitative
analysis of dynamic cellular motility patterns, bright-field image sequences were
acquired-at 1000 frames per second (fps) using a 40%/0.60 NA objective. To ensure
statistical robustness, a minimum of three independent biological replicates (n>3) were
performed for each experimental condition, with each replicate dataset comprising
10,000-15,000 consecutive frames (equivalent to 10-15 seconds of continuous

recording at 1000 fps).



3.4 Micromanipulation of cells

We performed micromanipulation experiments using custom-made glass-bottom
dishes (2 mm thickness) for microscopic observations. Image acquisition was
conducted using a Teledyne Photometrics camera mounted on a Nikon Eclipse Ti2-E
microscope. The HMS-320D-S micromanipulation system (Huayue Medical, China)
equipped with 2.5 pum micropipettes was employed to immobilize individual cells. in
liquid medium for subsequent observation. Bright-field images were recorded at 250
frames per second using a 100x oil objective for about 30 seconds. For each algal strain,

approximately 10 individual cells were sampled for data compilation.

3.5 Image analysis

Image analysis was performed in a similar way as described.in réference'®. Based
on microbial microscopic tracking algorithms, our image analysis enabled the
acquisition of morphological and positional information of microbial cells at each time
point. Then, the cell speed can be calculated as v = |K(#+7)-r(¢)|/z, with r(¢) representing
the position vector of the examined cell at time 7, 7 denoting the time lag. The cell
trajectory was reconstructed by connecting the e¢entral coordinates of cellular positions
in each image frame; Mean squared displacement (MSD) analysis was performed
according to reference!®, where MSD(7)'= (|r(t+7)-r(t)]?), and () indicates ensemble
averaging. Using Imagel, the displacement positions of cells during the observation
period can be.overlaid onto a‘single image to generate a cell body superposition plot
that visualizes cellular movement over time.

For the cilium imageanalysis, the skeleton of each cilium was first generated, and
its start point (basal-body point) and end point were determined. Then, three parameters
Oya and f were defined (see the definitions in the text) and used to characterize the
beating behavior of the cilium. To judge the two cilia of a cell to beat synchronously is
firstto calculate the phase shift between the oscillations of a and £ for one period, and
then the two cilia are said to have synchronized beating if the phase shift is no larger

than 0.004s (1 frame).



4. Results

4.1 C. reinhardtii cells lost phototactic behavior in the absence of TLP2

A C. reinhardtii cell possesses a red eyespot at its anterior end, which detects light
intensity and direction, enabling phototactic behavior through cilia motility®°. The
phototactic response in C. reinhardtii represents a photoreceptor-mediated proactive
defense strategy, which can help to mitigate photodamage and maintain energy

homeostasis under photoinhibitory conditions?'.

A

CC-5325

4 min 5 min 6 min 7 min

4 min 5 min 6 min 7 min

Figure 2. Phototactic response assay of CC-5325 and #/p2. A. Phototactic behavior
of CC-5325 under flashlight illumination during the first 7 minutes. B. Response of
tlp2 mutant under the identical illumination conditions during the first 7 minutes. The
light source was placed at the right side of the dish.

To investigate the impact of ¢/p2 deletion on phototactic behavior, we employed
the classical dish assay (Figure 2). When exposed to directional flashlight illumination,
CC-5325 exhibited a trend of moving away from the light source (i.e. negative
phototaxis) within 2 minutes. By 4 minutes, a distinct crescent-shaped distribution

pattern formed. At 7 minutes, the right side of the dish (i.e., the side closer to the light
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source) was nearly devoid of green coloration, indicating that the majority of cells
migrated away from the light source. In contrast, the #/p2 mutant showed no response

in 7 minutes under the identical illumination condition.

4.2 tlp2 showed different characteristic swimming motility than WT cells

The phototactic behavior of C. reinhardtii cells is driven by cellular swimming
motility powered by ciliary beating. To further understand the role’of TLP2 'in
regulating cell motility, next we characterized the motility behavior of cells at the single
cell level for both CC-5325 and t/p2 mutant.

Using microscopic tracking techniques, we first obtained the trajectories of cells.
Figure 3 shows a part of cell trajectories that this study obtained for CC-5325 and tlp2.
In terms of trajectory shape, CC-5325 cells exhibited predominantly smooth and linear
or curvilinear trajectories (Figure 3A), whereas #/p2-cells.showed more tortuous paths
with increased frequency of wavy and helical/spring-like-movement patterns (Figure
3B). Throughout the 60-second microscopic recording period (Supplementary Movies
S1 and S2), we found that all observed.€CC-5325 cells'temained motile. Interestingly,
for ¢lp2 cells, approximately 65%.0f cells are freely motile, while the remaining 35%
adhered to the glass surface and remained immotile (Figure 4A), with their cilia

straightened and firmly attached (Figure 4B).

Figure 3. Examples of cell trajectories of CC-5325 and #/p2 obtained in this study
for an observation time window of 60s. A. Movement trajectories of CC-5325. B.
Movement trajectories of t/p2. Different colors in the figure represent distinct
individual cells. Cell images were recorded under a 40x objective. Scale bar: 20 pum.
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Figure 4. Proportion of metile and adherent cells. A. Proportion of motile and

adherent cells for CC-5325 and #/p2'within a 60s observation period. B. An example
showing a:t/p2 cell adhered to a glass surface. Scale bar: 20 pum.

Quantitatively, we calculated the swimming speed of motile cells in both CC-5325
and #/p2. The results tevealed distinct speed distribution profiles between the two strains
(Figure 5). CC-5325 cells demonstrated a range of swimming speed from 50 to 175
pum/s, with-a prominent peak at 125 pm/s, while the speed distribution of #/p2 cells is
left-shifted ' with a reduced speed range (50~150 um/s) as well as a smaller peak speed
at 75 um/s (Figure 5A). Consequently, CC-5325 has a higher average swimming speed
of 120+ 28 um/s than that of t/p2, which is 92 + 41 um/s (Figure 5B). These results

suggest that the swimming motility in #/p2 cells was impaired.
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Figure 5. Swimming speed of CC-5325 and #lp2 cells. A. Instantaneous speed
distribution of two strains.'B. The average swimming speed of two strains. Statistical
significance was.measured using a two-sample Student’s ¢-test. ***p very highly
significant at p <0.001.

The motion of cells in liquid can include both active process (through swimming)
and passive process (through diffusion). A common way to evaluate the different effects
of active process and passive process is to calculate the mean squared displacement
(MSD), which.is a parameter used to measure the deviation of a type of motion from a
random diffusive motion. In the log-log plot of MSD(7) versus 7, the slope of the curve
reflects the nature of the type of motion: a slope of 1 indicates a Brownian-type motion,
while >1 is super-diffusive and <1 is sub-diffusive. In this study, to further understand
the differences of two strains in swimming motility, we also applied the MSD analysis

to quantify the trajectories of two strains. Both CC-5325 and #/p2 exhibited a MSD
13



curve with a slope greater than 1 in the log-log plot (Figure 6), indicating that cells of
both strains performed super-diffusive motion, which are expected as cells can swim
actively. However, #/p2 displayed a relatively lower MSD slope compared to CC-5325,
indicating a less active motion, which is consistent with the observed decrease in the
average swimming speed in t/p2. Together, these results support that TLP2 play

important roles in facilitating normal swimming motility of cells.

CC-5325
tlp2
10000 -
g
=
a
w2
= 1000
100
0.1 1
At (5)

Figure 6. Mean squared displacements (MSDs) of CC-5325 and #/p2. The lines are
fitted results in the log-log plot.

4.3 The swimming motility differences between two strains arise from different
beating behavior of cilia

C. reinhardtii moedulates its motility through precise regulation of the beating
patterns and waveforms of its two cilia?**. Generally, ciliary beating can be classified
into two types of modalities, symmetrical beating and asymmetrical beating. The
symmetrical beating is characterized by the synchronous, in-phase oscillation of both
cilia’(see one example in Figure 7, also shown in Supplementary Movie S3). They
propel backward from the anterior end in a breaststroke-like pattern, generating
maximum forward thrust. This mode is the principal mechanism to power forward
locomotion, enabling the cell to swim in a steady linear or curvilinear trajectory at

speeds ranging approximately from 100 to 200 pum/s.
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CC-5325

Figure 7. An example illustrates a con e of ciliary symmetric beating of
a CC-5325 cell. A. OverlaN m\pmple ry beatlng cycle. Different colors
e

represent successive c111a ent time points. The light green shaded
over one cycle. B. A time series of

area indicates the regi
snapshots in one cycl{cﬂary ic beating. In each snapshot, the cilia were
marked with whit ts manually. Scale bar: 10 um.

In contra beating pattern arises from a dyssynchrony in ciliary

act1v1ty, where one- ¢ alters its beating, typically demonstrating a reduced

efﬁ e or a ant, asymmetric waveform, while the contralateral cilium

ont1 ues its c ive power strokes (see one example in Figure 8, also shown in
Movie S4). This imbalance in propulsive forces results in distinctive
% haviors such as phototactic turning, erratic rotation around a fixed point, or

Q(‘/ ckward movement.
(\/ \\' Such two types of ciliary beating were both observed in this study, but the
occurrence frequencies are different for CC-5325 and tlp2. In CC-5325 cells, the

symmetrical beating was the dominant one observed, while in #/p2 the asymmetrical

15



beating was frequently observed. Because of the different beating modalities, the
corresponding cell trajectories generated therefrom also displayed different

characteristics (Figure 9), which were also shown in Figure 3.

Figure 8. An example illustrates a complete cycle of ciliary asymmetric beating of
a tlp2 cell. A. Overlay of a complete ciliary beating cycle. Different colors represent
successive ciliary positions at different time points. The light green shaded area
indicates the region swept by the cilium over one cycle. B. A time series of snapshots
in one cycle of ciliary asymmetric beating. In each snapshot, the cilia were marked
with white segments manually. Scale bar: 10 um.
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CC-5325 . Up2

Figure 9. An exemplar cell trajectory overlaid with cell cartoons to schematically
illustrate the two ciliary beating modalities and the cell trajectories generated
therefrom. A. Symmetric beating of a CC-5325 cell. B.Asymmetric'beating of a #t/p2
cell. The time interval between successive cell positions'is 0.5 s:

To quantitatively characterize the beating pattern of cilia, cilium identification is
necessary. We first manually marked the cilia-of'cells in each image, which enabled us
to unambiguously demonstrate the two distinct ciliary beating modalities. Figure 7
illustrates a complete cycle of ciliary symmetrical‘beating of a CC-5325 cell. Figure 7A
shows the area swept by the cilia during their beating, while Figure 7B shows a time
series of snapshots of cilia during, the beating cycle. In each snapshot, the cilia were
marked with white segments manually. Similarly, Figure 8 displays a complete cycle of
ciliary asymmetrical beating of a'tlp2 cell.

After tracking the cilia of a cell for one complete beating cycle, then we can tell
the synchronization of two.cilia. For the two cilia of a C. reinhardtii cell, the one closest
to the eyespot is called the cis-cilium/cis-flagellum, and the other is called the trans-
cilium/trans-flagellum. In this study, however, since the eyespot could not be reliably
identified in our tracking assays, we could not determine confidently which cilium is
cis-cilium‘and which is the other. But this differentiation does not affect our analysis.
Fort the purpose of better presenting our analysis results, here we simply named the two
cilia as cilium a and cilium b (Figure 10A). To characterize the synchronization, three
angular parameters 6, o and f were employed. As shown in Figure 10A, 6 is defined as
the angle between the long axis of the cell body and the horizontal direction. It is used

to check the status of the cell. a is defined as the angle between the long axis of the
17



cell body and the line connecting the starting point of the cilium a from the basal body
and a chosen point along the filament of cilium a (here, a point that is 30 pixels away
from the starting point along the cilium filament was chosen, which is indicated by an
orange dot in Figure 10A). g is defined similarly for the cilium b. a and f are used. to

denote the phase angle of the cilium beating.

A
B CC-5325 =0 =-a.»p
80
Py
=0
=
< 40
0 : .
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C tlpz -0 -a »f
80-
2
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é 40 -
0 : ;
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Figure 10. Quantitative analysis on the ciliary beating behavior. A. Schematic
diagram showing the two cilia definitions and the three angular parameters 6, o and £.
B-C. The change of angular parameters with time over a period of 0.027s (B) for the
CC-5325 cell shown in Figure 7, and (C) for the t/p2 cell shown in Figure 8.
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Using these parameters, the beating behavior of cilia for the exampled cells shown
in Figures 7 and 8 were analyzed, and the results are shown in Figure 10B and 10C.
Since for both examples, cells freely swam, 8 would fluctuate as expected. Also, due to
ciliary beating, o and f for the both CC-5325 and tlp2 cells oscillated. However, in the
CC-5325 cell, the oscillations of @ and  were in phase and essentially reached maximal
and minimal values simultaneously, i.e., the two cilia were synchronized in beating,
whereas in the #/p2 cell, the oscillations of a and § were clearly not in phase and the
two cilia showed a distinct asynchronous beating pattern. But given the inherit
heterogeneity of cells in nature, to get a statistical meaningful-conclusion regarding the
beating behavior of two strains, more cells need to be analyzed.

Marking cilia manually is tedious and less efficient. Considering the large number
of images obtained from microscopy, to mark all.the images manually becomes an
impossible mission. Therefore, new methods-that can identify cilia in each image
automatically and accurately are in urgent need. Artificial intelligence (Al) techniques
recently have shown great potential in' image processing?*. So, in this study, we tried to
develop an Al-assisted method to deal with the identification of cilia and analysis their
beating patterns in a more efficient and high-throughput way.

Professor Fan’s lab:has already developed an Al-assisted model based on an open-
source tool-Cellpose®* for microbial image processing. Based on this model, we need
to tune the parameters by training the model with manually labelled images as the
training dataset.

Unfortunately, after 400 rounds of model training, the performance of the model
was still not satisfactory (Figure 11), which is due to inherent limitations in the set-up
of “microscope imaging for freely swimming cells—specifically, the difficulty in
maintaining both cilia within the same focal plane during the freely swimming of a cell.
Such technical difficulties precluded robust tracking of a complete ciliary beat cycle for

freely: swimming cells.
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0.000 s 0.002 s ;

Figure 11. Examples showing the poor identification results (marked in red)
through Al-assisted model for freely swimming cells. Scale bar: 10 um.

0.001 s

4.4 Statistical analysis of immobilized cells through micromanipulation revealed
the impaired synchronization of ciliary beating in #jp2 cells

To overcome the technical challenges in ciliary identification of freely swimming
cells, we employed micromanipulation techniques to+~immobilize individual C.

reinhardtii cell by holding it with a 2.5 pm diameter micropipette under the microscope.

Figure 12 shows the equipment set-up.
; " Two

micromanipulation
arms

Two
micromanipulation
micropipettes

Pump for one
micropipette

Controller

Figure 12. Micromanipulation equipment set-up. The photo was captured during
the adjustment of micropipettes.

This immobilization strategy enabled prolonged tracking of ciliary beating in a
single cell and significantly increased the probability of both cilia remaining within the

same focal plane. After training the Al-assisted model with the data obtained using
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micromanipulation techniques, the performance of the model was much more improved.
Figure 13 shows examples of ciliary identification results obtained from the Al-assisted &b

model. In each image, a C. reinhardtii cell was held by a micropipette, and the outlin@

of the identified cilia through the model were marked in red and overlaid wi /
original image. The results demonstrate a good agreement between model-identified é—
S
cilia and true cilia (judged by human eyes). @ \ V_
A E———— -

v

o

(5]

w

Q

@)

B

/

< ’5 &%

& q;y e 13. Examples of cilia identification of a cell through Al-assisted model.
(1/ T

e cell was held by a micropipette, and these snapshots showing the identified cilia
whose outlines were marked in red and overlaid with each original image at different
time points. A. a CC-5325 cell. B. a tlp2 cell. Scale bar: 10 um.
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Using this Al-assisted model, we did a quantitative analysis on the dynamics of
ciliary beating behavior for both CC-5325 and #/p2 cells. We first measured the beating
periodicity for each cilium of a cell. The results are shown in Figure 14. For a CC-5325
cell, cilium a and cilium b have very similar distributions of beating periods, and the
averaged beating period is 0.022 + 0.004s for cilium a, and 0.025 + 0.004s for cilium b,
which are essentially identical considering the variance of measurements. In contrast,
for a tlp2 cell, cilium a and cilium b have significantly different beating period

distributions with an averaged beating period 0.029 = 0.012 s for-cilium a, while 0.038

+0.016 s for cilium b.
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Figure 14. Distributions of measured beating periods for the two cilia (cilium a
and cilium b) of a cell. A. Distributions of measured beating periods in CC-5325
cells. B¢ Distributions of measured beating periods in t/p2 cells. For all cases, the

number of analyzed beating period is more than 1500.

Similar to the case of freely swimming cells, for the cells held steadily by
micropipettes, we also investigated the synchronization status of the two cilia, again
using the parameters 6, a and f. The time evolution of the three parameters over a 0.10s

period are shown in Figure 15. Compared with the freely swimming cells shown in
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Figure 10, the behavior of 6 is clearly different, as 6 in Figure 15 essentially didn’t
oscillate and stayed at the same level for both CC-5325 and #/p2, which is expected for
these immobilized cells. But such immobilization through micropipette didn’t affect the
ciliary beating, as both a and S displayed oscillating behavior, similar to Figure 10.
Moreover, because this immobilization method enabled prolonged tracking of ciliary
beating, whether the two cilia beat in a synchronized way or not is easier to tell..In
Figure 15A, a and S curves are essentially overlapped with each other, indicating the
identical phase and amplitude of the beating between two cilia of the CC-5325 cell, so
the two cilia were synchronized. By contrast, in Figure 15B; a.and p~domot have a
stable phase shift although their amplitudes are similar; indicating.that the two cilia of

the t/p2 cell were not synchronized.
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Figure 15. Quantitative analysis on the ciliary beating behavior for cells held by

a micropipette. A. The change of angular parameters with time over a period of 0.1s

for a CC-5325 cell. B. The change of angular parameters with time over a period of
0.1s for a tlp2 cell.
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Synchronized ciliary beating is beneficial for a cell to have a powerful thrust to
move quickly, but this may not be needed always, and under some circumstances such
as when cells turn their moving directions, asynchronized ciliary beating would appear.
Thus, to further understand the synchronization behavior of ciliary beating, we also
measured the proportion of time during which the two cilia of a cell exhibited a
synchronized beating over a one-minute observation window (Figure 16). The results
clearly show that CC-5325 cells maintained a symmetrical beating pattern for 58.9 +
0.6% of the duration of observation, whereas t/p2 cells were observed to display such
coordinated pattern for only about 17.8 £ 0.2% of the -observation time. These
pronounced discrepancies in ciliary beating coordination is likely.a major contributor
to the observed differences in swimming motilities and hence phetotactic behaviors of

the two strains.
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Figure 16. Fraction of time with synchronized ciliary beating within a one-
minute:period-for both CC-5325 and #lp2 cells. Statistical significance was
measured using-a two-sample Student’s ¢-test. ***p very highly significant at p <
0.001.

5. Discussions

This ‘study systematically investigated the critical role of TLP2 protein in
regulating motility in C. reinhardtii at three different scales, including macroscopic
(populational), cellular, and ciliary scales.

Firstly, at the macroscopic level, the TLP2 mutant completely lost phototaxis
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(Figure 2). This result indicates that the absence of TLP2 disrupts the cell's ability to
appropriately response to environmental light signals. Phototaxis is a core survival
strategy for C. reinhardtii to find optimal light conditions for photosynthesis. The loss
of this behavior implies severely impaired adaptability and competitiveness in the
natural environment for the mutant.

At the cellular scale, our results revealed multiple abnormal motility behavior
caused by the TLP2 deletion: approximately 35% of cells became completely inactive
and adhered to the substrate (Figure 4), while the swimming speed of the remaining
motile cells was significantly reduced (Figure 5). Their movement trajectories changed
from the smooth linear/curvilinear paths of the wild type-to, the more tortuous, wavy
paths of TLP2 mutant (Figure 3). MSD analysis further confirmed their reduced
effective motility (Figure 6). These phenotypes,.together: with. the results at the
macroscopic level, are highly consistent with'recent findings.in mice'®, where tulp2
knockout mice exhibit oligoasthenoteratozoospermia, which is frequently reported in
male infertility cases? and characterized by decreased sperm count, reduced motility,

and tail deformities'?

. Our study directly ~corroborates, in C. reinhardtii, the
evolutionarily conserved function of TULP2/TLP2 in driving cell motility. Increased
cell adhesion of TLP2 mutant might stem from altered surface properties due to changes
in ciliary membrane ‘protein compositions, while changes in speed and trajectory
directly point to dysfunction of the propulsion apparatus—the cilia themselves.

A more interesting discovery came from the fine analysis of the ciliary beating
patterns, which was muchimproved by micromanipulation techniques. The two cilia of
wild-type cells (CC-5325) had similar beat periods (~0.022-0.025 s) and maintained
synchronous, symmetric beating (the "breaststroke" pattern) for nearly 60% of the time,
whichis the basis for efficient linear propulsion (Figure 13A, Figure 14A). In contrast,
the beat periods of the two cilia in ¢t/p2 were not only significantly longer but also vastly
different from each other (0.029 s vs. 0.038 s), causing the time of symmetric beating

torplummet to less than 18% (Figure 13B, Figure 14B). This severe dyssynchrony

explains all the abnormal motility behavior observed at the cellular scale: asymmetric
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beating generates a net torque, causing the cell to spin in place or move along a tortuous
path rather than swimming straight; the reduced beat frequency and efficiency directly
lead to decreased swimming speed.

In this study, we haven’t investigated the mechanisms at the molecular. level
behind the observed abnormal ciliary beating patterns. One intriguing possible
mechanism might lie in the regulation of ciliary beating function by TLP2 via altering
the cilia structures. Another possible mechanism might rely on the rele of TLP2 in
regulating the trafficking of cilium, which aligns with the role of the TLP protein family
as IFT adapters!?. Its absence can prevent key receptors for light perception ‘and/or
transduction (such as photoreceptor proteins in the eyespot) from being properly
anchored in the ciliary membrane or disrupts the signaling pathway "% thereby breaking
the entire chain from signal reception to behavioral output. But more studies are needed

in the future to test these possibilities.

6. Conclusion

This study employed an dntegrated approach combining population behavioral
assays, single-cell motility analysis, and. high-speed imaging to comprehensively
elucidate, for the first time and at multiple scales, the regulatory role of TLP2 protein
in C. reinhardtii motility. The main‘conclusions are as follows:

TLP2 is essential for phototactic behavior in C. reinhardtii. Its absence completely
abolished the-cells' photoresponse capability at the population scale; TLP2 deficiency
causedssevere cell motility dysfunction, manifested as inactivation of a subset of cells
to be non-motile, a significant reduction in swimming speed of motile cells, and a
transition of movement trajectories from linear to tortuous paths; The core function of
TLP2. lies in, maintaining the synchronization of cilia beating. Its loss led to
heterogenous and prolonged beat periods of the two cilia and severely disrupted the
maintenance of the symmetric beating pattern. This is the direct cause of all observed
motility phenotypes.

Using cell movement and ciliary beating as directly observable and quantifiable

outputs, this study demonstrated a good practical way to evaluate the functions of TLP2,
26



which extends the routine molecular or macroscopic approaches. The findings in this
study will further deepen our understandings of TLP2 in the regulation of cilia-driven
motility and thus provide insight for developing new strategies in combating
flagella/cilia-related diseases. Particularly, given the similarity in the motility
phenotypes of TLP2 mutant and the sperm cells of oligoasthenoteratozoospermia, the
findings of this study may be especially beneficial for the clinical applications of the
diagnosis and treatment of oligoasthenoteratozoospermia. In addition,. the developed
high-throughput Al-assisted image processing method provides.a-useful tool for data

processing of microscopic images and can be readily extended-to other related scenarios.
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8. Legends of supplementary movies

Movie S1. An example showing the normal swimming motility of CC-5325 cells. In
this case, essentially all appeared cells in the field of view were motile. The movie was
taken at a frame interval of 0.005s (i.e. 200 fps) for 60s, and was played back with: 1
frame out of every 40 frames at a rate of 10 fps. Scale bar, 10 pm.

Movie S2. An example showing the motility behavior of #p2 cells. In this case,
approximately 65% of cells were freely motile, while the remaining 35% adhered to the
glass surface and remained immotile. The movie was taken at a frame interval 0f£0.005s
(i.e. 200 fps) for 60s, and was played back with 1 frame out of every 40 frames at a rate
of 10 fps. Scale bar, 10 pm.

Movie S3. An example showing the synchronized, symmetric beating of the two cilia
of a CC-5325 cell. The movie was taken at 1000 fps for 0.05s, and was played back at
10 fps. Scale bar, 10 um.

Movie S4. An example showing the asymmetric beating of the two cilia of a t/p2 cell.

The movie was taken at 1000 fps for 0.1syandwas played back at 10 fps. Scale bar, 10
pm.
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