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Multicellularity and increasing Reynolds 
number impact on the evolutionary shift 
in flash‑induced ciliary response in Volvocales
Noriko Ueki1,2* and Ken‑ichi Wakabayashi2,3* 

Abstract 

Background  Volvocales in green algae have evolved by multicellularity of Chlamydomonas-like unicellular ancestor. 
Those with various cell numbers exist, such as unicellular Chlamydomonas, four-celled Tetrabaena, and Volvox species 
with different cell numbers (~1,000, ~5,000, and ~10,000). Each cell of these organisms shares two cilia and an eye‑
spot, which are used for swimming and photosensing. They are all freshwater microalgae but inhabit different fluid 
environments: unicellular species live in low Reynolds-number (Re) environments where viscous forces dominate, 
whereas multicellular species live in relatively higher Re where inertial forces become non-negligible. Despite signifi‑
cant changes in the physical environment, during the evolution of multicellularity, they maintained photobehaviors 
(i.e., photoshock and phototactic responses), which allows them to survive under changing light conditions.

Results  In this study, we utilized high-speed imaging to observe flash-induced changes in the ciliary beating man‑
ner of 27 Volvocales strains. We classified flash-induced ciliary responses in Volvocales into four patterns: “1: temporal 
waveform conversion”, “2: no obvious response”, “3: pause in ciliary beating”, and “4: temporal changes in ciliary beating 
directions”. We found that which species exhibit which pattern depends on Re, which is associated with the individual 
size of each species rather than phylogenetic relationships.

Conclusions  These results suggest that only organisms that acquired different patterns of ciliary responses survived 
the evolutionary transition to multicellularity with a greater number of cells while maintaining photobehaviors. This 
study highlights the significance of the Re as a selection pressure in evolution and offers insights for designing propul‑
sion systems in biomimetic micromachines.
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Background
In the history of evolution, multicellularity occurred 
multiple times independently; multicellularity is thought 
to result in survival advantages under selective pressure 
[1]. Multicellularity provides various benefits: avoiding 
predation due to larger size, effective predation/escape/
movement to optimal environments due to faster moving 
speed, division of labor by cell differentiation, etc.

Volvocales green algae are a group of swimming phy-
toplankton that include species with a wide range of cell 
numbers, making them an excellent model for studying 
the evolution of multicellularity in existing organisms 
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(Fig.  1A and B). The multicellular species in Volvocales 
have either a flat or spherical shape. Flat species contain 
relatively few cells, like Tetrabaena and Gonium (Fig. 1A 
and C). Among spherical species, Pandorina has a mor-
phology of densely packed cells, and those with more 
cells have a single layer of cells on the surface of the sphe-
roid, like Eudorina, Pleodorina, and Volvox (Fig. 1A and 
C). Their evolution involved increasing complexity, such 
as in morphogenesis and sexual reproduction [2]. Vol-
vox, which has the highest complexity, has the following 
survival advantage traits: they avoid predation by their 
large size [3, 4], swim fast [5], move quickly to optimum 
light environments [6], and differentiate between somatic 
and reproductive cells, with the reproductive cells being 
located and protected inside the spherical somatic cell 
sheet [7] (Fig. 1A).

With the increasing size of aquatic organisms, the 
physical properties of the surrounding fluid change. For 
organisms as small as 10  µm, such as Chlamydomonas, 
the environment is dominated by viscous forces. This 
would be like humans swimming in honey; thus, those 
small organisms must constantly generate propulsive 
forces to move. Cilia (or flagella) are considered adequate 
in such environments [12]. For smaller organisms ~1 µm 
in diameter, such as Escherichia coli, the effect of diffu-
sion by Brownian motion cannot be ignored. For larger 
ones, > 1  mm, such as Volvox or Daphnia, the effect of 
inertia cannot be ignored [13, 14]. Accordingly, Volvo-
cales range from sizes where viscous forces dominate 
to those with nonnegligible inertial forces. The ratio of 
inertia force to viscosity force is defined by the Reynolds 
number (Re), which is given by

where V (m/s) is the average velocity of an object rela-
tive to the fluid, L (m) is the characteristic length, ρ (kg/
m3) is the density of the fluid, μ (kg/m·s) is the dynamic 
viscosity of the fluid, and ν (m2/s) is the kinematic viscos-
ity of the fluid. The equation above can be transformed as 
follows:

where the numerator represents the inertia force, and the 
denominator represents the viscosity force. Thus, Re > 1 
means that inertia overcomes viscosity.

Volvocales species commonly possess one eyespot 
and two cilia on each cell and beat the cilia toward the 
posterior of the individual with asymmetric waveforms 
consisting of effective and recovery strokes (Fig.  2A) 
[15]. Because the cilia deform differently during the 
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two strokes, propulsion is efficiently generated even in 
environments with low Re, i.e., where viscosity is dom-
inant [16]. When the eyespot senses a light stimulus, 
the ciliary movement pattern alters, and Ca2+ influx 
into the cilia is considered to occur during this process 
[17].

Interestingly, several reports suggest that the regula-
tion pattern in ciliary movement varies among species. 
In Chlamydomonas reinhardtii, the ciliary waveform 
converts from asymmetric to symmetric in response to 
a sudden increase in light intensity (such as flash illu-
mination), causing temporal backward swimming called 
photoshock behavior (Fig.  2B) [20–24]. This waveform 
conversion is shared by other unicellular species of Vol-
vocales, such as Chlorogonium and Carteria, and some 
prasinophytes, such as Pyramimonas and Tetraselmis 
[25]. In Tetrabaena socialis, which has a flat shape with 
four cells, cilia do not change their motility even after 
light stimulation, and no photobehavior is observed [19]. 
Several Volvox species temporarily reduce the ciliary 
beating frequency or stop ciliary movement in response 
to a sudden increase in light intensity [26, 27]. Other 
Volvox species in section Volvox, a group containing 
relatively more cells characterized by thick cytoplasmic 
bridges connecting cells, cilia temporarily change the 
direction of beating in response to sudden increase in 
light intensity while remaining in an asymmetric wave-
form (Fig.  2B) ([6] for V. ferrisii (previously reported as 
V. rousseletii); [27] for V. barberi). In both Volvox groups, 
those ciliary responses are considered to cause both pho-
totactic and photoshock behaviors. A sudden increase in 
ambient light intensity induces a ciliary response in all 
cells throughout the sphere, causing photoshock behav-
ior. When continuously illuminated from one direc-
tion, because of the self-rotation of the sphere about its 
anterior-posterior axis and directional photoreception at 
each eyespot, oscillation of light intensity is perceived by 
photoreceptors. In addition, cells closer to the anterior 
pole have larger eyespot. These factors result in a ciliary 
response only on the light side, whose amplitude is larger 
closer to the anterior pole, causing phototactic behavior 
(Fig. 2B) [6, 27–29].

Thus, Volvocales species commonly beat their cilia in 
an asymmetric waveform toward the backward of the 
individual during normal forward swimming; conversely, 
the responses of ciliary movement after a sudden change 
of light intensity differ among species. Here, the four 
patterns above are classified according to the number of 
cells and size of the individual as “1: temporal waveform 
conversion”, “2: no obvious response”, “3: pause in cili-
ary beating”, and “4: temporal changes in ciliary beating 
directions”. In this study, we categorized the pattern of 
ciliary response after a flash illumination is applied for 27 
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Fig. 1  Volvocales species/strains used in this study. A Schematic illustration of representative genera in Volvocales. B Phylogenetic relationships 
among the Volvocalean species examined in this study (Table 1). The cladogram was constructed based on the recent phylotranscriptomics/
phylogenomics [8, 9] and the chloroplast multigene phylogeny [10] of homothallic V. africanus and V. zeikusii. Note that Volvox ferrisii includes V. sp. 
Sagami [11]. C Bright-field images of species/strains in Volvocales used in this study. Note the difference in scale bars. For species other than Volvox, 
only generic names are shown. For Volvox, abbreviated generic names and specific names are shown. See Table 1 for details
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strains (Table  1, Fig.  1B and C) and found that the pat-
terns matched better with the Re of each species than 
with phylogenetic relationships.

Materials and methods
Strains and cultural conditions
The Volvocales strains used in this study are listed in 
Table  1. Chlamydomonas reinhardtii strain CC-125 
was grown in ~130  mL of tris-acetate-phosphate 
medium [30] in a 200-mL flask with aeration at 23ºC 

Fig. 2  Representative ciliary movements and photobehaviors in a unicellular and a multicellular species in Volvocales. A Ciliary and individual 
movement in Chlamydomonas and Volvox. Left: one stroke of an asymmetric waveform of cilia. Effective stroke (solid lines) and recovery 
stroke (broken lines) are shown. Modified by [6, 18]. Middle: Relationship between a cell and the direction of ciliary beating. Right: direction 
of the individual’s forward swimming and rotation. Black arrows: direction of ciliary beating in the asymmetric waveform. Dark gray arrows: 
individual’s swimming direction. Light gray arrows: direction of rotation. A, anterior pole; P, posterior pole. B Models of ciliary responses 
for photobehaviors in Chlamydomonas reinhardtii and Volvox ferrisii modified from [19]. The ciliary responses in magenta are focused on in this study
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under continuous white, fluorescent light at ~120 µmol 
photons m−2  s−1. Other strains were grown in Volvox 
thiamin acetate (VTAC) medium [31, 32], except for 
Tetrabaena socialis in artificial freshwater-6 (AF-6) 
medium [31], statically in a test tube with a volume of 
10 mL or in a 200-mL flask with a volume of ~130 mL at 
24 °C–28 °C on a 16 h/8 h light/dark cycle under white 
fluorescent light at ~120 µmol of photons m−2 s−1.

Observation of photo‑induced ciliary response
Photo-induced ciliary responses were observed under 
a phase-contrast microscope (Axioscope 2, ZEISS or 
Axioscope 5, ZEISS) under red illumination (> 665 nm). 
Then, algae were stimulated by a white flash illumina-
tion (Speedlite 300EZ, Canon). The ciliary beating was 
video recorded at 500 frames per second using a high-
speed CCD camera (HAS-U2, DITECT Corporation).

Character optimization
Parsimony was used for character optimization of pat-
terns 1–4 in the “cladogram” (tree topology without 
tree length), with the general and simple optimization 
algorithms ACC​TRA​N (accelerated transformation) 
and DELTRAN (delayed transformation) [33], using 
PastML [34]. The cladogram of the species examined in 
this study (Table 1, Fig. 1) was constructed based on the 
recent phylotranscriptomics/phylogenomics [8, 9] and 
the chloroplast multigene phylogeny [10] of homothal-
lic V. africanus and V. zeikusii. V. sp. Sagami (Table 1) 
was included in V. ferrisii [11].

Measurement of individual size and counting of cell 
number of individuals
Individuals of Volvox species were placed on a glass 
slide without a cover slip on top to avoid crushing or 
changing its size. They were photographed focusing on 
the periphery and surface of the spheroid using a stere-
omicroscope (Stemi508, ZEISS) equipped with a digital 
camera (WRA​YCA​M-NOA630B, Wraymer). The length 
in the anterior-posterior direction of the largest indi-
vidual in the largest developmental stage was measured 
focusing on the periphery, and the number of somatic 
cells per area was counted focusing on the spherical 
surface; then, the total cell count was calculated. Spe-
cies other than Volvox were photographed using a digi-
tal camera (Zeiss Axiocam 208 color) equipped with an 
optical microscope (Axioscope 5, ZEISS); the length in 
the anterior-posterior direction was measured, and the 
total cell number was counted in the largest individual.

Measurement of diameter and swimming speed 
and Reynolds‑number calculation
About 8  mL of culture was placed into a 3.5  cm plas-
tic petri dish (Iwaki) placed on the stage of a ster-
eomicroscope (Stemi508, ZEISS) and video-recorded 
for around 1  min using an Axiocam 208 color camera 
(ZEISS). The distances that individuals traveled for 
3–10 s were measured using the plugin “Manual Track-
ing” of FIJI (ImageJ) software version 2.1.0. Velocities 
were determined based on the time and distance trave-
led. The diameters of the individuals were measured in 
the direction perpendicular to the anterior-posterior 
axis using FIJI (ImageJ) software version 2.1.0, and 
approximated as the characteristic length for Re. The Re 
for each individual was calculated according to the fol-
lowing formula: diameter (µm) × velocity (µm/s) / kin-
ematic viscosity coefficient for water 106 (µm2/s).

Table 1  Volvocales strains used in this study

a Strains indicated as “NIES-XXXX” were provided by the NIES through the NBRP 
of the MEXT, Japan
b Reidentified [10]
c See [11]

Strain Strain No.a

Chlamydomonas reinhardtii CC-125

Vitreochlamys ordinata NIES-882

Tetrabaena socialis NIES-571

Gonium pectorale Kaneko4 (=NIES-1711)

Astrephomene perforata NIES-564

Platydorina caudata NIES-728

Pandorina morum NIES-574

Volvulina steinii NIES-545

Eudorina elegans UTEX 1193 (=NIES-717)

Pleodorina japonica NIES-576

Volvox carteri EVE10 (=UTEX1885)

Volvox obversus UTEX 1865 (=NIES-868)

Volvox africanus 2013-0703-VO4 (=NIES-3780)

Volvox reticuliferus VO123-F1-6 (=NIES-3785)

Volvox tertius NIES-544

Volvox ovalis UTEX RS12 (=NIES-2569)

Volvox dissipatrix NIES-4270

Volvox zeikusii NIES-731b

Volvox aureus NIES-891, 3-1 NU5

Volvox gigas NIES-867

Volvox powersii UTEX 1863 (=NIES-4127)

Volvox sp. Sagami (V. cf. ferrisiic) NIES-4662

Volvox globator SAG199.80 (=UTEX955)

Volvox rousseletii UTEX 1862 (=NIES-734)

Volvox ferrisii MI01 (=NIES-4029)

Volvox barberi NIES-730
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Results
Flash‑induced ciliary responses could be categorized 
into four patterns in Volvocales
To understand the diversity of ciliary responses to a 
sudden increase in light intensity in Volvocales, we 

observed ciliary movements after exposure to a white 
flash illumination in 27 strains (Table 1, Fig. 1B and C). 
The mode of flash-induced ciliary response was catego-
rized into the following four patterns (summarized in 
Fig.  3E). Hereinafter, for readability, non-abbreviated 
generic names are shown for species other than Volvox.

Fig. 3  Four patterns of flash-induced ciliary response. A–D Upper rows: sequential images at equal intervals covering > 1 stroke of the asymmetrical 
waveform before flash illumination. Bottom rows: sequential images after flashlight application in the same time interval as the upper rows. 
Time points from flash illumination are shown. White arrowheads indicate bends of asymmetric waveforms. A Temporal waveform conversion 
(Pattern 1) in Chlamydomonas reinhardtii. B No obvious response (Pattern 2) in Vitreochlamys ordinata. C A pause in ciliary beating (Pattern 3) 
in Eudorina elegans. D Temporal changes in ciliary beating directions (Pattern 4) in Volvox ferrisii. Scale bars: 10 µm. E Four patterns of flash-induced 
ciliary response. Volvocales species exhibiting each pattern are shown. An asterisk indicates species exhibiting both Patterns 3 and 4. Species 
with a citation ([#]) have already been reported on the pattern of ciliary responses similar to those observed in this study
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Pattern 1: temporal waveform conversion
In the unicellular species Chlamydomonas, cilia tran-
siently converted their waveform from asymmetric to 
symmetric immediately after the flash illumination 
(Fig.  3A and E and Movie S1). Only Chlamydomonas 
showed this pattern among the species examined.

Pattern 2: no obvious response
No obvious light response has been reported for Tetra-
baena [19]. Here, three closely related species, unicellular 
Vitreochlamys, 8–16 cells Gonium, and 32–64 cells Astre-
phomene, did not obviously respond to the flash illumi-
nation (Fig.  3B and E and Movie S2). In Vitreochlamys, 
spontaneous conversion from asymmetric to symmetric 
waveforms was frequently observed independent of the 
flash illumination, as reported for Tetrabaena [19]. In 
addition, V. zeikusii, a lineage far apart from the small 
species above, did not respond to the flash illumination.

Pattern 3: pause in ciliary beating
Ten species (eleven strains) of Volvocales temporarily 
ceased ciliary movement in response to flash illumination 
(Fig. 3C and E and Movie S3). In addition, cells closer to 
the anterior pole of the individuals were more responsive 
(Movie S3). Pandorina and Volvulina showed relatively 
short cessations of around 0.05  s, while larger species, 
such as Pleodorina, showed rather long arrest durations 
(several seconds).

Pattern 4: temporal changes in ciliary beating directions
Relatively larger species exhibited temporal ciliary rever-
sal or change in the beating direction of an asymmetric 
waveform, all of which are Volvox (Fig.  3D and E and 
Movie S4). Similar to the organisms that exhibit Pattern 
3, the cells closer to the anterior pole were more respon-
sive. All species of the section Volvox used in this study 
(V. rousseletii, V. ferrisii, V. barberi, V. globator and Vol-
vox sp. Sagami; Fig. 1B) and V. dissipatrix which is sam-
pled in Thailand with a maximum diameter greater than 
2 mm [10] exhibited only this pattern. The response typi-
cally lasted for one to several seconds.

Even within the organisms classified to those exhibiting 
Pattern 4, the details of the responses were slightly differ-
ent depending on whether they are inside or outside of 
the section Volvox. In species in the section Volvox, the 
asymmetric waveforms in the changed direction during 
the response were smaller in amplitude and more three-
dimensional than the usual asymmetric waveforms, as 
previously reported [6]. The time lag between the flash 
application and the onset of the ciliary response was 
~0.2 s in the section Volvox. In contrast, V. dissipatrix, a 
species outside of the section Volvox, the shape and the 
amplitude of asymmetric waveform during the response 

were almost identical to those before flash illumination. 
The time lag between the flash application and the ciliary 
response was ~1.5 s, which is longer than that in species 
in the section Volvox.

In addition, several other species exhibited both Pat-
tern 3 and Pattern 4, and we termed this pattern Pattern 
4* (Fig.  3E). In V. powersii, V. reticuliferus, and V. afri-
canus, both patterns were observed in different areas of 
an individual. In V. gigas, the ciliary movement stopped 
immediately after flash illumination, followed by beat-
ing with an asymmetric waveform that changed direc-
tion by about 90º, then returning to the original beating 
direction.

Flash‑induced ciliary responses are not completely 
branch‑dependent
The family Volvocaceae is distinguished from the other 
three families by its spherical shape and inversion during 
development. All strains in Volvocaceae exhibited Pat-
tern 3 or 4, or both, except for V. zeikusii (Figs. 1B and 
3E). All other families showed Pattern 1 or 2. Pattern 1 
was observed only in the unicellular Chlamydomonas. 
Pattern 2 was observed in the unicellular Viotreochlamys 
and multicellular species in Tetrabaenaceae and Goni-
aceae. All species in section Volvox and V. dissipatrix, 
phylogenetically distant from section Volvox, showed 
only Pattern 4. V. gigas and V. powersii, and V. africanus 
and V. reticuliferus, which are closely related to each 
other, showed both Patterns 3 and 4 (Fig. 3E).

To deduce the character change of the four patterns 
during the evolution of the Volvocales, character optimi-
zation was performed. The species examined in this study 
included three species (Volvox sp. Sagami, homothal-
lic V. africanus and V. zeikusii) that were not examined 
in the recent phylotranscriptomics/phylogenomics and 
ancestral state reconstructions in Volvocales [8, 9]. Thus, 
we can only show the tree topology of species examined 
in the present study by the “cladogram” without tree 
lengths. As already known from general textbooks (e.g. 
[33]), character optimization (ancestral state reconstruc-
tion) based on only tree topology is possible by parsi-
mony and it is used for many studies of fossils [35, 36]. 
Therefore, we used parsimony for character optimization 
of patterns 1–4 in the “cladogram” (tree topology without 
tree length) (Fig. S1). Pattern 4 may have evolved at least 
three times independently within the Volvocaceae.

Relationship between cell number and size and patterns 
of photo‑induced ciliary responses
The above data suggest that the patterns of photo-
induced ciliary response are not solely dependent on line-
age. We surmised that the number of cells in an individual 
and the size of the individual may be factors determining 
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the pattern. To examine this possibility, we measured 
the number of cells and anterior-posterior length of 
the largest single individual in each strain’s culture and 
plotted (Fig. 4). The four patterns of photo-induced cili-
ary response are distinguished by symbols. Pattern 1 is 
exhibited by only unicellular Chlamydomonas, Pattern 2 
was found in individuals with 1–64 cells and 10,362 cells 
for V. zeikusii, Pattern 3 in those with 16–3,037 cells, Pat-
tern 4* in individuals with 1,057–2,813 cells, and Pat-
tern 4 in those with 3,788–23,422 cells. With respect to 
anterior-posterior length, Pattern 1 was associated with 
a length of 11 µm, Pattern 2 to one between 30–130 µm 
and 1,000  µm for V. zeikusii, Pattern 3 with lengths of 
42–1,780  µm, and Pattern 4 for sizes of 500–2,230  µm. 
Despite overlaps, we identified a rough transition from 
Pattern 1 to 4 according to cell number and size.

Relationship between Reynolds number and patterns 
of photo‑induced ciliary response
How and why cell number and size relate to the patterns 
of photo-induced ciliary response were examined in 
terms of the surrounding physical environment, i.e., fluid. 
Fluids are characterized by the ratio of viscous and iner-
tial forces, the Reynolds number (Re), which can be cal-
culated using the diameter of the organism in swimming 

direction and swimming velocity. In other words, the 
fluid environment is determined by the individual size 
and the driving force, which depends on the number of 
cells with two cilia each.

We calculated the Re for these organisms and found 
that this value can be roughly associated with their pat-
terns of photo-induced ciliary response: around 10−3 in 
Pattern 1, mainly 10−3 to 10−2 in Pattern 2, mainly 10−2 
to 10−1 in Pattern 3, and mainly 10−2 to 100 in Pattern 4 
(Fig. 5).

Discussion
In this study, we observed four distinct patterns of flash-
induced ciliary response among 27 Volvocales strains. 
They were roughly dependent on cell size, cell number, 
and Re.

A possible unique strategy of early‑branched species 
in Volvocales that exhibited “no obvious response” 
to a flash
Pattern 2, no obvious response to a flash, was shared 
by Vitreochlamys, Tetrabaena, Gonium, and Astrepho-
mene (Figs.  1B and 3E and Fig. S1). Tetrabaena has an 
eyespot that does not function as a photoreceptor appa-
ratus despite an intact eyespot structure like that of 

Fig. 4  Relationships among maximum cell number of individuals, maximum length along the anterior-posterior axis of an individual, 
and the patterns of photo-induced ciliary response in each species. A black triangle indicates Pattern 1, crosses indicate Pattern 2, white circles 
indicate Pattern 3, and gray and black circles indicate Pattern 4. Gray circles indicate species that exhibit Patterns 3 and 4. Data on Tetrabaena 
is derived from [19]. Species are denoted by the first letter of the genus name and the first 1 or 2 letters of the specific name. Vsp: Volvox sp. Sagami; 
Vau1: V. aureus NIES-891; Vau2: V. aureus 3-1 NU5. See also Table 1
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Chlamydomonas and has a chloroplast with high photo-
protection ability [19, 37]. Having chloroplasts with high 
photoprotection ability is considered to be Tetrabaena’s 
strategy to avoid high-light stress, which contrasts with 
that of Chlamydomonas, which quickly escapes from 
light. The same strategy could be shared by species exhib-
iting Pattern 2.

Another possibility in species exhibiting Pattern 2 is 
that the threshold light intensity at which ciliary response 
occurs is significantly higher than the species exhibiting 
the other patterns. Stronger light stimuli than the camera 
strobe we used in this study should be tested.

After flash illumination, although both are unicellular, 
Chlamydomonas exhibited Pattern 1, waveform conver-
sion, as previously reported [24], while Vitreochlamys 
did not respond obviously. Vitreochlamys may have dif-
ferent survival strategies from that of Chlamydomonas, 
e.g., gaining photoprotection ability like Tetrabaena. This 
idea should be confirmed by analyses of photosynthetic 
parameters in Vitreochlamys.

What we observed in this study is the flash-induced 
ciliary response, and Pattern 1 does not contribute to 
phototaxis; it induces a photoshock response in Chla-
mydomonas (Fig. 2B). Therefore, if an organism exhibits 
Pattern 2, it does not necessarily mean that the organ-
ism does not exhibit any photobehavior. In fact, among 
the species exhibiting Pattern 2, the ability of photo-
tactic behavior varies; Tetrabaena has been reported to 
exhibit no phototaxis [19], and Gonium does [38]. It is 
possible that the abrupt change in light intensity used in 
this study does not trigger modification of ciliary move-
ment in Gonium, but a smaller change in light intensity 
does induce phototaxis. Alternatively, changes in water 
flow around the colony of Gonium to induce phototaxis 
[38] may have occurred in response to flash illumination 
in our experiment, but the ciliary response for it was so 
slight that it could not be detected in our observation 
method.

Among large species with relatively high Re, only V. zei-
kusii exhibited Pattern 2 (Fig. 5). The circumstance that 

Fig. 5  Reynolds numbers of 27 strains in Volvocales for each pattern. Strains exhibiting Patterns 1 to 4 are listed from the top in order of decreasing 
Re within each pattern. Each dot derives from an individual
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V. zeikusii exhibits Pattern 2 and that for smaller species 
may be different. Curiously, V. zeikusii has been reported 
to have an exceptionally small eyespot [10]. It is possible 
that V. zeikusii exhibits Pattern 2 simply due to its low 
light sensitivity due to the small eyespot.

Cilia motility changed significantly with the evolution 
to Volvocaceae
Volvocaceae’s Patterns 3 and 4, pause and direction 
change, are distinctly different from those shown by 
early-branched species in Volvocales. The following 
four-step changes might have occurred during the evolu-
tion to Volvocaceae. (1) The trait of cilia beating in sym-
metrical waveforms has been lost, because the trait was 
observed in the Pattern-1 species (in a flash-dependent 
manner), in the Pattern-2 species (independently from 
the light stimulus) (Tetrabaena [19] and Vitreochlamys 
(this study)), but not observed in species with Patterns 3 
and 4. (2) Instead, new Patterns 3 and/or 4 are acquired. 
High intraciliary Ca2+ concentration is a plausible factor 
that induces a transient pause or direction change instead 
of the symmetric waveform [20, 39]. (3) The photopro-
tection ability at the same level as Pattern-2 species can 
be maintained. (4) The flash-induced ciliary response 
observed in this study was used as a factor to execute 
both photobehaviors, photoshock and phototactic behav-
ior, inferring from the use of Pattern 4 demonstrated in V. 
ferrisii (Fig. 2B) [6].

Pleodorina exhibited a longer duration to recover 
from the response than Pandorina and Volvulina (see 
Results), suggesting that larger species have longer dura-
tions among the Pattern-3 species. However, because 
we focused on the patterns of flash-induced ciliary 
responses, the present experiment did not provide suf-
ficient data on the duration times. Further analyses are 
needed to determine if this trend is general among the 
Pattern-3 species.

The direction‑change pattern is related to an increase 
in Reynolds number associated with multicellularity
Volvocaceae species exhibited Pattern 3 and/or 4. It was 
indicated that Pattern 3 was an ancestral trait and Pat-
tern 4 was a derived trait within Volvocaceae (Fig. S1). 
The transition from Pattern 3 to Pattern 4 seems to 
occur when the maximum cell number exceeds several 
thousand, and the maximum anterior-posterior length 
of individuals exceeds about 600  µm (Fig.  4). Pattern 4 
species, which have a higher cell number and size also 
tended to have higher Re (Fig. 5). All species that exhibit 
only Pattern 4 showed a maximum Re > 0.1, reaching 1 in 
V. dissipatrix. At those Re, it is likely that the individual’s 
movement could no longer be controlled by the ciliary 
pause of Pattern 3, due to increased inertia. Instead, it 

appears that the movement is controlled by the direction 
change of Pattern 4, creating a water flow in the opposite 
direction.

The structure and mechanism in cilia that enable the 
alteration in the ciliary beating patterns remain unclear. 
Studies using detergent-extracted cell models or iso-
lated cilia showed Pattern 1 in Chlamydomonas and Pat-
tern 4 in V. ferrisii in demembranated ciliary axonemes 
by the addition of ATP and Ca2+ in  vitro [20, 39]. This 
suggests the molecular mechanism that enables photo-
induced ciliary responses exists in a detergent-insoluble 
fraction, such as ciliary axonemes. Microstructure in the 
axonemes, which would include proteins that regulate 
the activity of the motor protein dynein, may differ in the 
cilia of the four groups of organisms.

Prospects for the relationship between the ciliary response 
pattern and Re
In this study, we found a curious correlation between 
flash-induced ciliary response patterns and Re in organ-
isms in Volvocales. However, we must admit that there 
are some limitations in interpreting the data obtained or 
the kind of the data.

First, we cannot distinguish between increases in the 
cell number and those in Re. Since all species with a large 
number of cells in Volvocales are spherical, and since the 
propulsive force per cell is considered almost the same, 
an increase in the number of cells almost directly implies 
an increase in Re. It is unclear if the pattern change 
occurred due to the increase in the cell number, those in 
Re, or even some other factors.

This issue would be resolved by analyzing the ciliary 
response of phylogenetically distant organisms from Vol-
vocales. Changes in ciliary beating patterns in response 
to stimuli are observed in organisms with ciliary move-
ments in general [40]. For example, a ciliate Paramecium 
exhibits Pattern 4 upon mechanical stimuli [41]. Inter-
estingly, Re of Paramecium is estimated to be ~0.1 [14], 
which is the value of the transition from Pattern 3 to 
Pattern 4 (Fig. 5). Comparison with the ciliary responses 
occurring in organisms other than Volvocales, e.g., cili-
ates and mollusk larvae, will provide a detailed picture of 
the relationship between ciliary response and Re.

Second, our analysis focused on Re, but other hydrody-
namic factors may also need to be discussed. For exam-
ple, Peclet number (Pe), a ratio of the advective transport 
rate to the diffusive transport rate, has been discussed on 
nutrient uptake of Volvox during forward swimming [42, 
43]. Attempts to classify flash-induced ciliary responses 
by Pe may also possibly provide interesting data.

Third, the data we have obtained in this study are 
based on quantified observations and not on experi-
mental modification of the fluid environment. In the 
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previous study that discussed Re and phototaxis ability 
in Volvox, the authors discuss the relationship between 
the rotation frequency of Volvox and its phototaxis 
ability by experimentally increasing the solution viscos-
ity [28]. We have also considered modifying the solu-
tion viscosity, but in the case of our experiments, this 
is technically difficult, as not only does the solution vis-
cosity need to be increased but also decreased to ver-
ify whether the flash-induced ciliary response changes 
immediately with Re. Further research would be needed 
on experiments, at least to increase viscosity.

Conclusions
In conclusion, we found diverse regulatory mecha-
nisms of cilia in closely related organisms in Volvo-
cales, and this diversity could be explained by Re, which 
increased during the evolution of multicellularity. This 
study suggests the importance of fluid dynamics as a 
selection pressure and also provides useful informa-
tion for the design of propulsion systems in biomimetic 
micromachines.
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