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Abstract

A spherical green alga, Volvox, achieves phototaxis via a simple on/off switch of flagellar beating in response to changes in light intensity,
without the need for complex signal transduction between cells. Moreover, the alga can change its susceptibility to light in order to adapt
to its environment. To identify the mechanisms of susceptibility regulation, experiments were conducted at three different levels:
population, individual, and cellular. The light intensity dependence of the average velocity at the population level and that of the
change in flow speed obtained at the individual level were consistent, indicating that susceptibility regulation occurred in each Volvox
colony. Furthermore, by measuring the probability of stopping flagellar beating when the light intensity was changed, susceptibility
regulation was found to result from the properties of somatic cells as differential and adaptive photosensors. These photosensing
properties deteriorated from the anterior to the posterior regions of the colony. Considering the mechanical motion of a Volvox colony,
the position-dependent ability of somatic cells indicates that the anterior cells play the role of a rudder, whereas the posterior cells
play the role of a rower. The position-dependent properties of somatic cells imply an early stage of cell differentiation that allows for

an efficient response to changes in the circumstances.
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Significance Statement

Microorganisms often achieve functional motions in a simple manner. A spherical green alga, Volvox, consisting of thousands of som-
atic cells, can detect differences in light intensity and swim toward bright areas. Furthermore, this alga can change its susceptibility to
light by adapting to the environmental light intensity. In this study, each cell was found to be equipped with an adaptive mechanism
whose function depended on the position of the somatic cells. Position-dependent properties are indicative of early stages of cell dif-
ferentiation. This simple but sophisticated regulation mechanism is a source of inspiration for the development of technologies such

as microrobots and automated regulation systems.

Introduction

Living organisms can sense their surroundings and adapt to envir-
onmental changes in their circumstances. Multicellular organ-
isms, which consist of many differentiated cells, often realize
the adaptation using complex signal transduction between cells.
However, relatively simple microorganisms also realize function-
al motion and adaptation through sophisticated strategies, with-
out the need for complex signal transduction or the nervous
system (1-5). The simple and functional mechanisms of microor-
ganisms have inspired the development of soft micromachines ()
and biohybrid machines (7-9).

The spherical green alga Volvox also shows functional motion
in phototaxis (10-12), with a flagellar photoresponse that depends
on the species (13, 14). Volvox has been studied as a model

organism for development, morphogenesis, and multicellularity
(15-19). Its spherical shape and flagellar motion have also at-
tracted the attention of researchers in the field of fluid dynamics
(20-24). An individual colony of Volvox consists of thousands of
somatic cells on its surface and a small number of germ cells in-
side the sphere. The germ cells grow into daughter colonies and
hatch from the mother colony over a 48-h period. As shown in
Fig. 1A, a Volvox colony has an anterior-posterior (a-p) axis, with
daughter colonies located at the rear, causing bottom-heaviness;
therefore, the colony turns upward against gravity. Each somatic
cell on the surface has an eyespot (Fig. 1B) and two flagella
(Fig. 1C). The eyespot acts as a directional light sensor, and the fla-
gellar beatings are controlled by Ca®* concentration (25-29). As
the direction of flagellar beating is slightly tilted longitudinally,
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Beat

Stop

Fig. 1. A) A Volvox colony. Small dots indicate somatic cells, while the large circles in the rear are daughter colonies. The a-p axis is denoted by a straight
arrow. The colony rotated counterclockwise around a-p axis. Scale bar = 100 um. B) Somatic cell with an eyespot. Scale bar = 10 ym. C) Two flagella
equipped on a somatic cell. Scale bar = 10 um. D) Beat and stop modes of the flagellar states.
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Fig.2. A)Schematics of experimental setup for the measurement at colony population level. Volvox colonies within a thickness of 1-2 mm of the line laser
were observed from the top. B) Vy(t) for Ig = +2,400 Ix and Isum= 2,400 Ix. Dotted line represents the rectangular light stimulus. C) V,, against Ig; for Igym =
1,200, 2,400, and 3,000 1x. Mean values and standard errors for five trials are plotted. Inset: Same data are plotted against Igis/Isym.

the colony swims forward and spins counterclockwise when
viewed from behind.

The phototaxis of the Volvox is achieved in a simple and sophis-
ticated manner (30). When the eyespot of a somatic cell detects a
change in light intensity from dark to bright, the flagella of the
somatic cell stop beating for a few seconds before recovering
(Fig. 1D). When the colony is illuminated from one side, its rota-
tion creates an area on the bright side where flagellar beating
stops; this area becomes larger as the rotation speed increases
or the recovery time of the beating is prolonged. This flagellar
stopping area causes a torque that tilts the a-p axis toward the
light source, breaking the initial torque balance. The tilting con-
tinues until the torque from the flagellar stopping balances with
the torque caused by the bottom-heaviness. As a result, the
Volvox colony swims toward the bright side.

In our previous study (31), we illuminated Volvox colonies from
the right and left sides of a chamber with Iz and I; light intensities
and found that they responded to the light intensity difference,
Igif = Iz — I.. Furthermore, the velocity component along the light
stimulus axis was uniquely determined by the relative light inten-
sity difference, Iyir/Isum, Where Isum = Iz +I;. These results indicate
that, as a simple organism without signal transduction between
cells, Volvox can change its susceptibility to adapt to the light in-
tensity of the environment, similar to organisms with complex
signal transduction. Although the mechanism by which this sus-
ceptibility to light is regulated remains unclear, it may be
achieved by the integration of several 1,000 cells, or each cell
may be equipped with its regulatory mechanism. To identify the
factors that play a role in the mechanism responsible for the regu-
lation of susceptibility, experiments were conducted at three
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levels: population, individual, and cellular. The results showed
thateach somatic cell can act as a differential and adaptive sensor
to differences in light intensity and that this ability varies with the
position of the cell, with a higher ability near the front. These
position-dependent roles of somatic cells can lead to efficient re-
sponses to changes in environmental conditions such as varia-
tions in light intensity, flow direction, or other factors that
disturb their movement direction.

Results

Photoresponses of the Volvox colony population

First, we measured the photoresponses of Volvox at the population
level using our modified setup to confirm the previous results (31)
and evaluate responses to differences in light intensity. A sche-
matic of the experimental setup is shown in Fig. 2A. We observed
the motion of Volvox in the xy-plane under a rectangular light
stimulus along the x-axis. We changed Ig¢ =1z — I, for a given
Isum =Ir + I and obtained the average velocity on the x-axis,
Vi (t), for the colonies at time t. Figure 2B shows a typical V(t), in-
dicating the response to a rectangular stimulus. Using time-series
analysis, we calculated the mean value of V, over time for five
rectangular stimuli in a trial. Further details are provided in the
Materials and methods.

Figure 2C shows Vy vs. Igi for Isum = 1,200, 2,400, and 3,000 1x. Vy
increased with an increasing Ig¢. The small negative values of Vy at
Igs = 0 may result from slight differences between Iz and I; owing to
the illumination setup. A similar trend was observed for cos ¢, where
¢ is an angle from the x-axis, which indicates that the colonies
tended to be directed to the light source with an increasing Iy
(Fig. S1). Moreover, the data for different Iy, values collapsed into
a single curve when plotted against Ig¢/Isum, @s shown in Fig. 2C (in-
set). These results are consistent with our previous findings (31), sug-
gesting that Volvox adjusts its susceptibility to I, increasing it under
dark conditions and decreasing it under bright conditions.

Flow around an individual Volvox colony

Next, to determine whether the regulation of susceptibility to light
was driven by an individual Volvox colony, we measured the flow
speed around the colony under light stimuli, with reference to the
literature (30). Figure 3A shows a schematic of the experimental
setup. A Volvox colony was immobilized by aspiration using a glass
micropipette, and particle-tracking velocimetry (PTV) was con-
ducted on the tracer particles in a rectangular area in front of
the colony, as shown in Fig. 3B. In this experiment, the light inten-
sity was changed from Ilpefore tO Lifrey, Where we regarded Iype, —
Inefore @S lair, and Lugier + Inefore @S Isum. Further details are provided
in the Materials and methods.

Figure 3C shows a typical time series of the flow speed, u(t). At
t=10s, the light intensity changed from Ipefore tO Laster- The flow
speed rapidly decreased owing to the stoppage of flagellar beating
and gradually recovered to a steady-state speed, as reported pre-
viously (30). We calculated the mean speed for t=85-110 sas a
steady speed uo, and the time series of the recovery process was
fitted by the curve %) =1-Re /%, where t' is a time after the re-
covery process started, as shown in Fig. 3C (inset). R and z, are fit-
ting parameters and indicate the decreasing rate of the flow speed
and the characteristic time for the recovery, respectively.
Figure 4A and B shows the Igir dependence of R and 74, respectively.
Rincreased with increasing I, and the data collapsed into a sin-
gle curve when plotted against Igis/Isum (inset). These results indi-
cate that the susceptibility regulatory mechanism is equipped on

an individual Volvox colony, rather than on a population. This
trend was also observed for 7,; however, the data did not collapse
against Iy /lsum compared with that for R. Although R and ¢, exhib-
ited similar dependence on Isum, careful discussion is needed to re-
veal the underlying mechanisms. An increase in R and t, is
indicative of an increase in the stop rate of flagellar beatings,
which induce torque to change the direction of the colony toward
the source of light. Thus, the alignment between the I4¢/Isum de-
pendencies shown in Figs. 2C and 4 is reasonable.

Measuring the stop probability
of flagellar beatings

As reported in a previous study (30), the size of the eye spot de-
creases as the angle ¢ from the anterior pole increases, whereas
the flagellar response decreases with an increase in 6; the flagel-
lum at > 90° shows no response to the light stimulus. Thus, we
investigated the dependence of the stop probability of flagellar
beatings on Igi, Isum, and 6. The experimental setup was similar
to that used for the flow measurements; further details are pro-
vided in the Materials and methods section. The angle  was deter-
mined from the superimposed images (Fig. 5A). To determine the
probability of stopping flagellar beating, we measured the mean
illuminance of the 3 x 3 pixel grayscale (0-255) image near the fla-
gellum (Fig. 5B). The illuminance showed large deviations when
the flagellum was beating, and small deviations when it was
stopped (Fig. 5C). To discriminate between the beating and stop-
ping actions, we calculated the moving standard deviation of
the illuminance over a window of 100 frames (Fig. 5D), which cor-
responded to 100 ms. As a result, flagellar motion was binarized
into two states: beat (0) or stop (1) (Fig. SE). The threshold value
for the standard deviation of each plot was determined visually
by careful observation of the graphs. Next, the moving average
of the binarized results was calculated over 1,000 frames (1 s) to
determine P, which represented the stop probability with a
time resolution of 1 s. Figure 5F shows the time series of P1s. The
stimulus light was changed from dark to bright at t=10s.
Notably, flagellar beating stopped as a result of the changes in
light intensity but resumed after a few seconds. In most cases,
Pys reached a maximum within 3 s after a change in the light in-
tensity and then decayed (Fig. S2). The increase in Py resulted
from the stopping of flagella, whereas the decrease resulted
from recovery. Consequently, we defined the stop probability
Pstop as the mean value of Pis from 10 to 13 s.

The Is¢ dependence of Pgp for somatic cells located at
0=0-130, 30 - 60, and 60 — 90° is shown in Fig. 6A, C, and E, re-
spectively, and the same data are plotted against Ig/lsum IR
Fig. 6B, D, and F. In the case of §=0-30°, for all Isum, Pstop in-
creased as Iy increased (Fig. 6A). Moreover, the slope decreased
as Isum increased. When the same data were plotted against
Iair/Isum, they approximately collapsed into a single line, except
Isum =9, 000 1x, as shown in Fig. 6B. These results indicate that
the Pgop of anterior somatic cells at #=0—30° is determined by
Iaif /Isum. The anterior somatic cells showed an adaptive response
to light stimuli up to Isum =5, 100 Ix. Next, in the case of
0=130-60°, similar to the case of #=0-30°, the Py, increased
as lyir increased, as shown in Fig. 6C; however, the data collapsed
in the plot against Igf/Isum Was observed only for Igym=
1,200, 2,400, and 3,600 Ix. Third, in the case of §=60-90°,
the values of Pgiop were <0.05 for Iy <2, 000 1x for all Igym, as
shown in Fig. 6E. For Iy > 2, 000 1x, the Psp, increased as Igir in-
creased; however, it is worth noting that the Ps;p, was determined
by Iy rather than Ig¢/Isum, comparing between Fig. 6E and F. To
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Fig. 3. A) Experimental setup for measurement at the individual level. B) Snapshot of the PTV image. The rectangular is the area for PTV analysis. C) Time
series of flow speed u(t). Light stimulus was applied at t =10 s. Inset: Time series of u(t')/uo. The solid curve is a fitting curve.
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Fig. 4. Isir and lgi¢/Isum (inset) dependence of R (A) and 7, (B) for Isum=1,200, 5,100, and 9,000 1x, obtained from flow measurements around a Volvox colony
under light stimuli. The mean values and standard errors of the six colonies were plotted.

summarize, (i) Psiop increased as Igir increased when the somatic
cell responded to the light stimulus; (ii) somatic cells at =0 —
30° showed an adaptive response to the Iyym for Isum <5, 100 1x;
(iil) somatic cells at =30 — 60° showed an adaptive response to
the Igum for Igum < 3,600 1x; (iv) somatic cells at §=60—-90°
showed approximately no response to the Iz <2, 000 Ix and no
adaptive response to the Iyum. To identify the photosensing prop-
erties of somatic cells, the same data in Fig. 6 were compared be-
tween @ for a given Igum (Fig. S3), and for a given Ig¢/Isum (Fig. S4).

These results suggest that the somatic cells of Volvox exhibit
the following photosensing properties: (i) differential sensor in re-
sponse to Igy; (ii) adaptive sensor to adapt to the magnitude of Iy;
(iii) a decreasing ability of (i) and (ii) with an increasing 6. This sug-
gests that somatic cells adapt to the Iy rather than Ium because
they respond to changes in light intensity. Property (iii) implies
that somatic cells have a range of responses and adaptations to
the Iy¢. In this experiment, the light intensity was changed from
Ipefore tO Iafrer- From the definition of Igum, the light intensity was
varied, satisfying the relation Iiper = —Ipefore + Isum fOr a given
Isum. The findings suggest that somatic cells had a lower limit
I for their response and an upper limit I%2* for their adaptation
in I, depending on 6, as shown in Table 1. Somatic cells have the
ability to act as a differential sensor in the range
Lafter > Ibefore + Ig%“, and as an adaptive sensor in the range
Taster < Ipefore + IT*. These ranges were wide for anterior somatic
cells, and the cells at =60 -90° could not respond or adapt to

small differences in light intensity (<2, 000 1x). The position-
dependent ability correlated with the size of the eye spot, which be-
came smaller with increased ¢ (30). In our measurements, Volvox
colonies with an a-p axis in the xy-plane were selected, and the
stimulus light was applied from above. Because the outermost som-
atic cells were observed, the orientations of eye spots relative to the
stimulus light were consistent regardless of 6. Therefore, any
position-dependent effect is likely attributable to the eyespot size.

How is the direction of motion of Volvox
determined?

From experiments conducted at three different levels, each som-
atic cell was found to act as a differential and adaptive sensor for
differences in light intensity. This ability was found to be highest
in anterior cells. In this section, we discuss the direction of the a-p
axis and colony motion with reference to a previous study (30).
Because the Reynolds number for a swimming Volvox colony is
<0.01, the inertial contribution can be neglected in the equation of
motion. Thus, the translational velocity of a colony is expressed as

1
v=

(F+Fy), (1

Vtrans
where y,..,s is the viscosity coefficient, Fis the net force due to fla-
gella, and F, is the force due to gravity. Assuming F is the force at
which all somatic cells show no response to light, the colony
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moves in the direction of Fy + F,. For the rotational motion, ne-
glecting the contribution of inertia, the angular velocity around
the a-p axis is expressed as follows:

w=_1N, 2)
Vrot

where y,; is the viscosity coefficient in rotation, and N is the net
torque. When all somatic cells show no response to light, the lon-
gitudinal forces due to the flagella are balanced on the left and
right sides of the a-p axis. The latitudinal forces add up in one dir-
ection, resulting in torque Ny around the a-p axis of the colony,
which causes spinning motion. In contrast, when somatic cells re-
spond to light and stop flagellar beating, the net force and torque
become:

F=FO—/£de, (3)

N=No—/£(rxf)ds, (4)

where f = (fy, f,) is the force per unit area, A is the area in which
the somatic cells can response to light and stop flagellar beatings,
and r is the position vector of the somatic cell. The integrals are
surface integrals on the colony surface. Furthermore, considering
each component of the force, the integral in Eq. (4) is divided into

Ny and N,,. Here, Ny = [ (r x fyny)dS results in a directional change
A

of the a-p axis, and N, = [ (r x f,n,)dS leads to a decrease in the
A

spinning motion around the a-p axis, where n, and n, are unit vec-
tors in each direction. In the case of Ny # 0, the a-p axis is tilted
from the vertical direction, resulting in a torque Npy due to
bottom-heaviness. That is, when a Volvox colony is showing
phototaxis in a steady state, the a—p axis tilts from the z-axis until
Nzu = Ny, and the colony moves in the direction of F + F4. In this
steady state, the angle between the a-p axis and z-axis is 6,, while
that between the projection of the a-p axis on the xy-plane and
x-axis is ¢, as shown in Fig. 7A.

With regards to how ¢ is determined, we denoted the direction
vector of the a—p axis as ng,. A schematic of the projection of a
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Table 1. I range for response and adaptation.

0(°) lyir range for response I4i range for adaptation (Ix) Imin (1x) I5x (1x)
(Ix)

0-30 Iyt < 9, 000 Iyt <5, 100 — 9, 000 0-300 5,100 — 9, 000

30 - 60 Igit < 9, 000 Iy < 3, 600 — 5, 100 0-300 3,600 -5, 100

60 - 90 2,000 < Igt <9, 000 None ~2, 000 None

300 and 9,000 Ix represent the lower and upper limits of our experimental setup, respectively.

Volvox colony onto the xy-plane is shown in Fig. 7B. This figure as-
sumes that the ngy, isinitially parallel to the z-axis and that the col-
onyisilluminated from the positive to the negative direction along
the x-axis. As the colony is spinning, somatic cells stop flagellar
beating at the border between the dark and bright sides of the col-
ony surface. Area A, in which somatic cells stop flagellar beating,
increases with time; however, the increase in A is limited by the
recovery of flagellar beating. Assuming that z, is the duration for
the flagellar stop and w; is the angular velocity in the steady state,
A x wgt,. Therefore, if 7, is shorter than half the period of the col-
ony's spinning, Ny will be directed at an angle of z — 2 from the
x-axis. Then, ny, tilts to the direction of the angle g =2 -2k as

2
shown in Fig. 7B. The value of ¢ decreases as r, increases; however,

¢ > 0Oaslongasflagellar beating recovers when the somatic cell de-
tects a change in light intensity from bright to dark. As shown in
Fig. S1A, cos¢ = 0.5 at Iif/Isum = 0.33, which indicates wstq ~ /3.
Assuming ws 1s z/3 rad/s as a typical angular velocity of the col-
ony’s spinning, z, was estimated to be 1s. This estimated value
was slightly shorter than that shown in Fig. 4B, which might result
from the stochastic behavior of the flagella stopping in each som-
atic cell.

Tilting the n,, produces a midnight sun area around the anter-
ior pole, where somatic cells detect no difference in light intensity
during spinning (Fig. 7C). Thus, to balance between Ngy and Ny, 6,
is < Z, and area A needs to be in steady-state for phototaxis. It is
worth noting that the direction of motion is F+Fg, different
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Fig. 7. A) Volvox colony showing phototaxis in steady state. B) Relationship between A, ws, q, Nap, Ny, and ¢. ny, is the projection of ng, onto the xy-plane in
the steady state. C) Schematic view in the xz-plane in steady state in phototaxis. Somatic cells in the filled area on bright side generate N, that balances
with Npu. F due to flagellar beatings and F, due to gravity determine the direction of motion of the colony. D) Motion of Volvox on the xz-plane, showing
phototaxis. Curved arrow indicates the direction of spinning. The colony moves in approximately horizontal direction, notin the direction of the a-p axis.

Scale bar=1 mm.

from the direction of n.p. Figure 7D clearly shows the difference in
direction between the a-p axis and motion.

Relationship between the photosensing
properties of somatic cells and phototaxis
of the colony

These results shed light on the position-dependent role of Volvox
somatic cells in phototaxis. Assuming that the stop probability
of flagella just after the change in the light intensity is P, and the
duration for the stop is 74, |Ny| is proportional to Pwr, because
the area A is proportional to wz,. On the other hand, Psop defined
in our measurements corresponds to Pz, because Psp is the aver-
age valued during 3 s. The R in the flow measurements was as-
sumed to correspond to P. The increase in Pstop With an increase
in I contributes to an increase in Ny, which causes an increase
in 0, and a decrease in ¢.

For the Volvox colony shown in Fig. 7D, several interesting ob-
servations were made. Because 6, is approximately 45°, somatic
cells at @ > 30° are not able to detect a difference in light intensity.
Thus, somatic cells at 30 < (°) < 90 produce N, and realize the
steady motion in phototaxis because somatic cells at > 60°
show no adaptive response to Ig¢. These results suggest that the
somatic cells of Volvox play different roles depending on their po-
sitions. Somatic cells in the anterior part (6 < 30 °) contribute to
rapid changes in the direction of the a-p axis after detecting Iy,
those in the middle (30<6 (") <60) contribute to maintaining
the steady motion in phototaxis, and those in posterior part
(0> 90 °) produce the driving force for movement, independent
of light intensity. In fact, the number density of cells increases
from the anterior to the posterior, which suggests that a small
number of cells are sufficient for the first rapid change in direction
and that a large number of cells are needed to maintain transla-
tional motion. The direction of the a-p axis in nature is usually

vertical because of the bottom-heaviness. However, when exter-
nal flow or interaction with other objects perturbs the direction,
the above position-dependent roles could be helpful in recovering
the direction and rapidly moving to the most favorable areas.
Although Volvox consists of two types of cells, somatic cells and
germ cells, its position-dependent roles may be the first step in
cell differentiation to achieve a higher-order function. Because
we disregarded the effect of eyespot orientation with respect to in-
coming light in the present study, the actual role division among
somatic cells is likely more gradual than that discussed above.
For further consideration, a quantitative analysis of the contribu-
tions of somatic cells to colony motion is needed, which should in-
clude the effects of eyespot orientation and cell number density.
Such quantitative analysis could explain the functional forms of
Vy in Fig. 2C.

Conclusion

We found that the mechanism regulating the susceptibility of
Volvox in phototaxis resulted from the properties of somatic
cells as differential and adaptive photosensors. These results
were consistent at the population, individual, and cellular
levels. These photosensing properties deteriorated from the
anterior to the posterior regions, suggesting that anterior
cells act as rudders, whereas posterior cells act as rowers.
Position-dependent cellular properties are considered signs of
cell differentiation. Further studies are needed to investigate
the relationships between role division and cell number using
related green algae with a small number of cells, such as
Gonium (8, 16 cells), Eudorina (16, 32 cells), and Pleodorina (64,
128 cells). The simple and sophisticated regulatory mechanism
of Volvox highlighted in this study could be a source of inspir-
ation for the development of technologies such as microrobots
and automated regulation systems.
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Materials and methods
Culture conditions

Volvox carteri Eve10 was grown in a natural medium consisting of
0.25 g of calcium carbonate, 0.25 mL of HYPONeX (commercial
nutrient for plants, containing nitrogen, phosphorus, and potas-
sium), and red soil in 350 mL of natural mineral water in a conical
flask, in a daily cycle of 16 h in white light-emitting diode (LED)
light (2,500-3,000 Ix) and 8 h in the dark at 28 °C. After the culture
was allowed to grow for 1-2 weeks, 25 mL of the Volvox solution
was inoculated into the natural medium.

Measuring the photoresponses of a Volvox colony
population

The experimental setup was approximately the same as that pre-
viously reported (31), comprising an 40 x 40 x 180 mm? acrylic
chamber that was illuminated by a line laser (2 mW/mm?,
Edmund Optics) at a wavelength of 660 + 10 nm for observation.
Voluox colonies showed negligible response to red light. Colonies
within a thickness of 1-2 mm of the laser line were observed using
a camera (ICL-B1410M; IMPERX). Briefly, 960 x 720 pixels images
with a spatial resolution of 0.02 mm/pix were recorded at 5 frames
per second. The centroid of each colony was obtained using the
LabVIEW and Vision software (National Instruments), and the vel-
ocity of each colony was calculated from the displacement in 3
frames (0.6 s), leading to a lower limit of 0.033 mm/s for detecting
the velocity.

For the light stimuli, the left and right sides of the chamber
were illuminated using two halogen lamps. The optical axis coin-
cided with the x-axis. The light was passed through dichroic filters
such that light with a wavelength of 500-575 nm was used as the
stimulus. The entire chamber was illuminated to reduce vertical
movement of the colony. The light intensities Iz and I; from the
right and left sides were measured at the center of the chamber
along the optical axis. In each trial, the colonies were stimulated
using a rectangular wave with an amplitude of |Igf (=Iz —I)| and
a period of 200 s for five periods. The velocity of the colony be-
tween 50 and 100 s after the sign of Iy changed was calculated.
To observe the photoresponse to the difference in relative light in-
tensity, we varied Igr for a given Isum(=Ir +1I.). When Igr =0 1x,
small colonies at a high speed tended to move along the optical
axis, whereas large colonies tended to move in random directions,
and the photoresponses to Iy were also different. Therefore, we
analyzed the colonies with a speed < 250 um/s. All experiments
were conducted in a dark room at 28 +2 °C. For initialization,
Volvox colonies in the chamber were illuminated for 2.5 h at Igf
=0 1x (Ir = I =Isum/2) for a given Isum. Because each somatic cell
can detect the surrounding light during the colony’s rotation,
Isum =Ir + I can be considered as the light intensity of the sur-
rounding environment for each somatic cell. Therefore, the ini-
tialization was performed under this condition, and subsequent
experiments were conducted using the same Isym.

Measuring the flow around an individual Volvox
colony

A 1 mm-thick silicone rubber with an 18-mm diameter hole in the
center was glued onto a glass slide. Next, 270 uL of Volvox solution
with 2-um diameter carboxylated polystyrene beads as tracer par-
ticles for PTV was placed into the sample cell. The height of the
water layer is approximately 1 mm. Volvox colonies were captured
by gently aspirating the posterior portion of each colony using a
glass micropipette. The micropipettes were prepared by pulling

them from the glass capillaries and inserting them into a holder.
The colonies were held approximately 0.5-mm from the glass slide
surface. Colonies with a diameter of 0.20-0.24 mm were selected
as the typical size of mature colonies. The aspiration and move-
ment of the micropipette holder were performed using a micro-
manipulator (NARISHIGE). Beads and colonies were observed
using an inverted microscope (IX-73; Olympus) with a 10x object-
ive lens under dark-field illumination consisting of red LEDs ar-
ranged in a circular pattern above the sample cell. The central
wavelength was 630 nm, and Volvox showed a negligible response
tored light. Green LEDs with a central wavelength of 525 nm were
used as stimulus light. Four LEDs were installed near the conden-
ser lens above the sample cell. The stimulus light was removed for
observation by using a dichroic filter.

Images with a spatial resolution of 1.15 pm/pix were captured
using a camera (IPX-VGA210-L; IMPERX) at 50 fps. In the PTV,
beads in a rectangular area of 156 pm x 287 um in front of the col-
ony were analyzed because anterior somatic cells showed a great-
er response to light stimuli (30). Beads were traced from a series of
images every 0.02 s, and their velocities were calculated from the
0.1 s displacements. These measurements were used to calculate
the average speed of the beads in the rectangle.

During the first 10 s of each measurement, the intensity of the
stimulating light was Ipefore, and then the intensity was changed to
Lifter- In free-swimming colonies, differences in light intensity
were detected by rotation around the a-p axis. Thus, we regarded
Lotter — Ibefore @S lair and Lasrer + Ipefore @S Isum for the immobilized col-
onies, corresponding to the phototaxis experiments for the colony
population. We varied Iy for a given Igum. All experiments were
conducted in a dark room at 28 +2 °C. For initialization, the
Volvox colony in the sample cell was illuminated for 2.5h at
Isum/2 for a given Igum. To observe the response to different relative
light intensities, Igf/lsum, lgir Were varied for each Igym.
Measurements were conducted for Igum=1,200, 5, 100,
and 9, 000 Ix. Changes in light intensity, captured images, and
PTV analysis were performed using the LabVIEW and Vision soft-
ware (National Instruments).

Measuring the stop probability
of flagellar beatings

A 0.13-mm-thick silicone sheet with a 5.5-mm diameter hole in
the center was glued to a glass coverslip. The sample cell was filled
with 4.5 pL of Volvox solution and covered with a glass coverslip.
Volvox colonies were sandwiched between two coverslips, and col-
onies with a diameter of 0.20-0.24 mm and with their a-p axis in
the xy-plane were selected for measurement. In a dark room at
28 +2 °C, all measurements were conducted within 90 min of
sample preparation to minimize damage to the colonies. Images
were acquired at different magnifications (4 x, 10x, and 20x)
to measure the angle 6 from the anterior pole, and the 6 was ob-
tained from superimposed images as shown in Fig. 5A. Flagellar
motion was observed using an inverted microscope with 20x ob-
jective lens and phase-contrast images were captured at 1,000
fps. The same microscope and camera were used for flow
measurements.

The definitions of Lyerore, lafter, lair, and Isym were the same as
those used for the flow measurement. Similar to the flow meas-
urements, the stimulus light intensity was set to [pefore and then
changed to [y, for the first 10 s of each measurement. The total
observation time per trial was 30 s and the sample solution was il-
luminated at Isym/2 for 80 s between trials. For the initialization,
the Volvox solution was illuminated for 2.5 h at Isym/2 for a given
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Isum before placing the solution in the sample cell. To observe the
response to different relative light intensities, Iji¢/Isum, lair Were
varied for each Igym. The measurements were conducted for Igym =
1,200, 2,400, 3,600, 5,100, and9, 000 Ix. Changes in light in-
tensity, captured images, and image analyses were performed us-
ing the LabVIEW, Vision, and Image] software (National Institutes
of Health).
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