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ic mict are in water, and their
population dynamics are essential for forecasting the behav-
ior of global aquatic ecosystems. Their population dynamics are
strongly affected by these organisms’ motility, which is gener-
ated by their hair-like organelles, called cilia or flagella. However,
because of the complexity of ciliary dynamics, the precise role
of diliary flow in microbial life remains unclear. Here, we have
used ciliary hydrodynamics to show that ciliates acquire the
optimal propulsion efficiency. We found that dliary flow highly
resists an organism’s propulsion and that the swimming veloc-
ity rapidly decreases with body size, proportional to the power
of minus two. i ion efficiency

Matile microorganisms are morg y diverse and have
a broad range of body sizes (1). For example, the green algae
Volvocaceae can live as individuals Chiamydomonas or multicel-
Iular colonies Velvox (7, 15). The size of single-celled Chiamy-
domonas reinhardtii is less than 10 wm, and they swim by beating
two anterior Nlagella with a breaststroke motion. Multicellu-
lar Gonium forms an 8- to 16-celled convex plate colony with
a radins of 10 to 15 um, while a spheroid of Volvox carteri
contains thousands of biflagellate somatic cells and is larger
than hundreds of micrometers. Larger ciliates tend to have a
larger number of motile cilia, but how is this number deter-

e
as the cube of body Iength By mcreasmg the number of cilia,
however, y can be si up to 100-fold.
We found that there exists an optimal number density of cil
which provides the maximum propulsion efficiency for all cil
ates. The propulsion efficiency in this case decreases inversely
proportionally to body length. Our estimated optimal density
of cilia corresponds to those of actual microorganisms, includ-
ing specles of ciliates and microalgae, which suggests that
now-existing motile ciliates and microalgae have survived by
acquiring the optimal propulsion efficiency. These conclusions
are helpful for better the ecology of -
isms, such as the energetic costs and benefits of multicellularity
in Volvocaceae, as well as for the optimal design of artificial
microswimmers.

hydrodynamics | cilia | microswimmer | low Reynolds number

S ince before humanity rucmmihd the existence of microor-
ganisms about 300 y ago, microorganisms have played erucial
roles in the Earth’s eros\'strm For example, microorganisms
are at the bottom of the food chain, and phytoplankton pro-
duce nearly half of the world's oxygen (1, 2). The population
dynamics of microorganisms can result from 1l\e interaction
between their motilities and ambient fuid flow (3-6). Motile
phytoplankton, for instance, exhibit shear- mdm,ed aggregation
in thin layers underwater (2), which causes the emergence
of red tide. Flnid mechanics also governs a wide range of
functions of aquatic microorganisms, from nutrient uptake to
h.;11|17a!|m| {7-9}. Microhydrodynamics is, thus, |mpnr|anl for

the populz\\mn‘ ics of aquatic microorganisms

(10-12).
On 2].\:/ scale of an individual, microorganisms live at low
Remulda numba (Re 1), \lhdle inertia effects can be
cribing their loc ion {13). Due to the
reversibility of low-Re flows, a reciprocal motion just results
in a change of sign in the velocity and cannot generate net
propulsion. Hence, ciliates use their hair-like organelles called
cilia and create an asymmetric waveform of individual cilia for
net propulsion (7). Cilia exhibit collective motions, so-called
metachronal waves, on the body surtace (6), which enhance
the propulsion velocity (12). Becanse over 90% of ene: is-

mined? M -, how are the ity and evolution of
micro i affected by hydrod 7 Due to the com-
plexity of ciliary dynamics, the precise roles of ciliary flow are
still unclear.

Here, we use ciliary hydrodynamics lo bllo“ lhu\ ciliates
have optimal p We ha " ree-
dimensional madel of motile ciliates mcnrpor'mm individual
ciliary motions {14), which allows us to accurately caleulate
hydrodynamics inside the ciliary envelope under free- swimming
conditions. We found that ciliary flow strongly resists an organ-
ism’s propulsion and that swimming velocity rapidly decreases
with body suu V\,loql\ is propomuno.l to size to the power of
minus two. 1 efficiency d as the
cube of the bod» length. B\' mr.redsmb the number of cilia, how-
ever, the efficiency can be significantly improved, up to 100-fold.
We found that there exists an optimal number density of cil
which provides the maximum propulsion efficiency for all cili-
ates. The propulsion efficiency, in this case, decreases inversely
proportionally to the body length. Our estimated optimal density
of cilia corresponds to those of actual microorganisms, includ-
ing species of ciliates and microalgae (16-27), which suggests

Significance

In this study, we clarified energetics of microbial locomotion
by computing flow around a spherical swimmer covered with
cilia. We showed a scaling law for microbial dynamics and
revealed that microorganisms can swim optimally and enlarge
their bodies by making multiple cilia. The optimal density of
cilia was independent of the body size. Our estimated optimal
density of cilia corresponded to those of actual microorgan-
isms, including species of ciliates and microalgae. These results
will help us to understand the mechanistic benefits of multi-
ple cilia and open up an area of research that integrates fluid
mechanics, biophysics, and microbiology.
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sipation oceurs within the ci iary envelope (14), metach I
waves govern a ciliate’s propulsion velocity and ils energetic
cost.
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patient. 1. a method for evaluation of physical performance. Scand J Rehabil Med.

197557:13-31.
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Lecty —Hmm===Cancer gene therapy: oncolytic viruses and SPECT/PET imaging
Oct. 6 m by Dr. Georges Vassaux

Research Director, University of Nice-Sophia Antipolis, France
Radiation Protection and Dosimetry

Lect2 m by Dr. Mehrdad Shahmohammadi Beni
Oct.13 Assistant Professor, CYRIC, Tohoku University
Postdoctoral Fellow, Department of Physics, City University of Hong Kong Py 7726

Transforming the treatment of bacterial infections via innovative antimicrobial

Lect3 m drug delivery systems
Oct.20 by Prof. Thirumala Govender
Professor, School of Health Sciences, University of KwaZulu-Natal, South Africa
L m Capacitive field-effect chemical sensors and biosensors with focus on biomedical applications

by Prof. Michael J. Schoening
Oct.27 Professor, Aachen University of Applied Sciences, Jilich

Lect5 iz
Nov.10 Image analysis : basic contrast enhancement
Lect.6 : :
Image analysis : Fourier transform
Nov, 17 B Image analy
Lect7 Image analysis : region detection
Nov.24

by Prof. Carole Frindel
Associate professor, CREATIS - INSA - University of Lyon / Lyon Center - IFS, Tohoku University

Lect.8 m Hemodynamics: modeling and experimental considerations

Dec. 1 by Prof. Lisa Prahl Wittherg
Associate Professor,Dept. of Engineering Mechanics, Royal Institute of Technology (KTH),Stockholm

lications

Lect.9 Supramolecular aggregates and porous organic materials for biomedical a
P onine |

Dec. by Dr. Abhijit Patra
Associate Professor, Department of Chemistry, IISER Bhopal, India

Lect10 Vi Using Computational Fluid dynamics to understand endothelial biology
Dec.15 [W55 and vascular diseases
Lect 11 Epigenetics, tRNA biology and epigenetic sequencing
Dec.22 M by Dr. Sherif Rashad
Assistant Professor, Tohoku University School of Medicine
Lect 12 Bio-tribology of materials for hip joint applications
Jan.5 by Dr. Vincent Fridrici

Associate Professor, Ecole Centrale de Lyon, France

1
Lect13 Application of in silico modelling in health and disease
Jan.12 m by Dr. Andrew J Narracott ot
Senior Lecturer, Faculty of Medicine, University of Sheffield, UK
Lect.14 ks

Balance, gait, muscle activation
Jan.19 m i Bl
Lect15 m Non-invasive brain stimulation (NIBS) techniques

Jan.26 by Dr. Janos Négyesi
Assistant Professor, Graduate School of Biomedical Engineering, Tohoku University
[Venue] Google Classroom Class code: vigfuor L {120 lectures will be available for one week.
[Targets] Masters of Biomedical Eng. 2 Credits [} & students ing to other dep
Doctoral of Biomedical Eng. 2 Credits (No pre-registration required. Please access the lecture you are interested in.)

Graduate Academic Affairs Section Tel. 022-795-4824 email: bme-kyom@grp.tohoku.ac.jp
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