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To optimize photosynthesis, algae such as Volvox carteri swim 
toward or away from sunlight. To execute this motion, known 
as phototaxis, these microorganism colonies must coordinate 
the beating of thousands of flagellated cells despite the organ-
ism’s lack of a central nervous system. Using analytical and 
empirical methods, Knut Drescher et al. (pp. 11171–11176) 
demonstrate that V. carteri spins about its swimming direction 
at a frequency that likely coevolved with the organism’s flagel-
lar kinetics to maximize photoreactivity. To characterize the 
flagellar beating of the organisms, the authors measured the 
fluid velocities produced by the flagella and modeled the mo-
tion with hydrodynamic equations. Using the model, the au-
thors identified a theoretical optimal spinning frequency and 
tested the finding experimentally by observing how well the 
algae swam in media with increased viscosities that inhibited 
the organism’s ability to spin. According to the authors, the ex-
periments demonstrated that with a decreased rotation rate the algae were unable to execute phototaxis as accurately 
as before, suggesting that in V. carteri, flagellar beating and spinning are linked adaptations. By better understanding 
how simple organisms coordinate multicellular processes, the findings may provide insight into key evolutionary steps 
that eventually led to higher organisms with central nervous systems. — T.J.

Modified probiotic may 
protect against cholera

 Moving to the light

Whereas low-density Vibrio cholerae 
bacterial accumulations in the hu-

man gut can cause harmful cholera 
symptoms, high-density V. cholerae 
colonies switch off virulence-ex-
pressing genes through extracellular 
signals such as cholera autoinducer 
1 (CAI-1). Faping Duan and John 
March (pp. 11260–11264) modified 

Multicellular colony Volvox carteri.

Infant mice given Nissle pretreatment 
(right) and no pretreatment (left).

a probiotic form of Escherichia coli, 
called Nissle, to express CAI-1, and 
tested the bacteria as a prophylactic 
against V. cholerae virulence in an 
infant mouse model. The research-
ers fed varying quantities of modi-
fied Nissle to 2- to 3-day–old mice 
at three different intervals prior 
to exposing the mice to V. cholerae 
bacteria. Of the mice fed the highest 
number of CAI-1–expressing Nissle 
cells 8 hours before V. cholerae inges-
tion, 92% survived. None of the mice 
that were fed V. cholerae survived 
without pretreatment or with non-
modified Nissle pretreatment. The 
authors note that the prophylactic 
protection was time- and dosage-
dependent. Though the presence of 
CAI-1 secreting bacteria in the hu-
man intestine could potentially trig-
ger a negative immune response, the 
authors suggest that the study may 
help researchers prevent and treat 
human diseases by using the body’s 
own bacterial symbiotes. — J.M.

Recent studies have argued that hy-
droxyl ions in lunar minerals indicate 
that the minerals crystallized from 
magmas that contained water, chal-
lenging the long-held theory that the 
moon does not have indigenous water. 
Francis McCubbin et al. (pp. 11223–
11228) analyzed lunar specimens of 
the mineral apatite for hydroxyl, and 
report that the moon’s interior may 
contain 100 times more water than 
previously estimated. Using a scanning 
electron microscope, the authors iden-
tified apatite grains in thin sections 
from two moon rocks obtained during 
Apollo missions and a lunar meteorite 
from Africa. The crystalline structure 
of apatite contains a bonding site that 
can be occupied by fluorine, chlorine, 
or hydroxyl, which allows researchers 
to analyze apatites and infer the rela-
tive amounts of fluorine, chlorine, and 
water in the parent magma. The au-
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Along the evolutionary path from single cells to multicellular or-
ganisms with a central nervous system are species of intermediate
complexity that move in ways suggesting high-level coordination,
yet have none. Instead, organisms of this type possessmany auton-
omous cells endowed with programs that have evolved to achieve
concerted responses to environmental stimuli. Here experiment
and theory are used to develop a quantitative understanding of
how cells of such organisms coordinate to achieve phototaxis,
by using the colonial alga Volvox carteri as a model. It is shown
that the surface somatic cells act as individuals but are orchestrated
by their relative position in the spherical extracellular matrix and
their common photoresponse function to achieve colony-level co-
ordination. Analysis of models that range from the minimal to the
biologically faithful shows that, because the flagellar beating dis-
plays an adaptive down-regulation in response to light, the colony
needs to spin around its swimming direction and that the response
kinetics and natural spinning frequency of the colony appear to be
mutually tuned to give the maximum photoresponse. These
models further predict that the phototactic ability decreases dra-
matically when the colony does not spin at its natural frequency,
a result confirmed by phototaxis assays in which colony rotation
was slowed by increasing the fluid viscosity.

adaptation ∣ evolution ∣ flagella ∣ fluid dynamics ∣ multicellularity

The most primitive “eyes” evolved long before brains and even
before the simplest forms of nervous system organization ap-

peared on Earth (1, 2). Many organisms are able to sense and
respond to light stimuli, an ability essential to the optimization
of photosynthesis, the avoidance of photodamage, and the use
of light as a regulatory signal. One of the more striking responses
is phototaxis, in which motile photosynthetic microorganisms ad-
just their swimming path with respect to incident light in a finely
tuned manner (3, 4). This steering relies on sensory inputs from
one or more eyespots (2), primitive photosensors that are among
the simplest and most common “eyes” in nature. They consist of
photoreceptor proteins and an optical system of varying complex-
ity, which provide information about the intensity and direction-
ality of the incident light (2, 3, 5). This information is then
translated into an organism-specific swimming control mecha-
nism that allows orientation to the light with high fidelity.

In most unicellular phototactic organisms, such as the arche-
typal green algaChlamydomonas, the presence of a single eyespot
implies both a limited vision of the three-dimensional world in
which the cell navigates and the impossibility of detecting light
directions by measuring light intensity at two different positions
in the cell body. To overcome these restrictions, such organisms
must compare light intensity measurements from their single eye-
spot at different moments in time (6). Many species do this by
swimming on helical paths along which their eyespot acts as a
light antenna continuously searching space for bright spots (3).
Higher eukaryotes have a nervous system to integrate visual
information from different sources and orchestrate coordinated
responses (7, 8).

Multicellular organisms of intermediate complexity, such as
the colonial alga Volvox and its relatives (9), have evolved a
means of high-fidelity phototaxis without a central nervous sys-
tem and, in many cases, even in the absence of intercellular
communication through cytoplasmic connections (10). Volvox

carteri consists of thousands of biflagellated Chlamydomonas-
like somatic cells sparsely distributed at the surface of a passive
spherical extracellular matrix, and a small number of germ cells
inside the sphere (Fig. 1A). During development the flagella ori-
ent such that Volvox rotates about its swimming direction, the
trait that gave Volvox its name (11). Coordination of the somatic
cells resembles orchestrating a rowboat with thousands of inde-
pendent rowers but without a coxswain (9). Nature’s solution is a
response program at the single-cell level that produces an accu-
rate steering mechanism, an emergent property at the colonial
level. Yet it remains to be understood what form the response
program must take to coordinate the cells and to yield high-
fidelity phototaxis in the presence of the steering constraints of
a viscous environment.

More than a century ago, Holmes (12) proposed that the so-
matic cells facing a source of light down-regulate their flagellar
activity, a hypothesis later confirmed by several investigators
(13–16). Although this control principle will initially turn the col-
ony towards the light, the colony might adapt (14, 15) to the light
before good alignment with the light direction has been reached.
Surprisingly, this observation has not been synthesized into a pre-
dictive, quantitative model consistent with the principles of fluid
dynamics, nor are there data on Volvox phototaxis that can be
compared with such a theory. Here we use a combination of ex-
periment and theory to show that adaptation and colony rotation
play key roles in the phototaxis mechanism of V. carteri. By quan-
tifying the flagellar photoresponse of V. carteri in detail, we show
that it acts as a band pass filter that allows adaptation to different
light environments, minimizes the influence of fast light fluctua-
tions, and maximizes the response to stimuli at frequencies that
correspond to the rotation rate of the organism. These measure-
ments suggest that the response kinetics and colony rotation have
evolved to be mutually tuned and optimized for phototaxis.
Furthermore, we develop a mathematical theory that predicts
the phototactic fidelity of Volvox as the rotation rate and other
parameters change and confirm experimentally that colony rota-
tion is essential for accurate phototaxis.

Results and Discussion
Temporal Dynamics of the Adaptive Response. The most elementary
photoresponse is the change in flagellar beating accompanying a
step up or down in illumination intensity. This response is probed
with the experimental setup shown in Fig. 1B. Cyan light from an
LED that is coupled to a fiber-optic light guide held in a micro-
pipette is directed toward the anterior of a V. carteri colony held
by a second micropipette. Details are given in Materials and
Methods and SI Text. High-speed imaging of flagella revealed,
in accord with proposals by several investigators (13–15), that
the somatic cells change their beating frequency rather than their
beating direction (17). Instead of quantifying the average photo-
response by recording the beating frequency of each flagellum of
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Fig. S6 B and C. Rotation rates were measured manually with the
aid of a commercial image processing software (MetaMorph;
Molecular Devices) by counting frames. For each viscosity and
population, we measured ωr for 20 colonies.

Details of the Mathematical Model. The mathematical model for
phototaxis of Volvox relies only on measured parameters and
is able to give detailed predictions of the swimming characteris-
tics and the ability to turn toward the light. It is based on a knowl-
edge of the fluid velocity at the edge of the flagellar layer of
Volvox and how this fluid velocity changes when parts of the sur-
face are exposed to a light stimulus.

The coupled equations that make up the model are given in the
main text. To determine the time evolution of the system of
coupled equations, we solved the coupled partial differential
equations for pðθ;ϕ;tÞ and hðθ;ϕ;tÞ numerically with a built-in sol-
ver in Mathematica (Wolfram Research) between times t and
tþ δt. Due to the integral in the equation for Ω, we used an Euler
method to then solve the equation for ÎðtÞ at every time step. We
ensured convergence of the results by choosing a small enough
step size δt.

In addition to finding the angle of the Volvox axis with the light
direction, the model can also be used to determine the organism
swimming velocity U, via another result from Stone and
Samuel (18)

UðtÞ ¼ 1

4πR2

Z
uðθ;ϕ;tÞdS; [S1]

which allows trajectories of the organism to be reconstructed.
A solution of the photoresponse pðθ;ϕ;tÞ is plotted in Fig. 6 of

the main text, using the “reduced model” defined in the main
text. A decomposition of this photoresponse into spherical har-
monics Ym

l ðθ;ϕÞ is given in Fig. S7. The photoresponse p com-
puted by the “full model” during a phototactic turn is shown
in Fig. S8, neglecting bottom-heaviness.

The initial conditions of the model were a horizontal light di-
rection, an upward-pointing posterior-anterior axis, and

p ¼ h ¼ 0. The input parameters for the model are the following
measurable quantities:

• R, the Volvox radius. For the simulations we used
R ¼ 140 μm, the mean of the populations we investigated ex-
perimentally.

• U, the translational swimming speed, which fixes the amplitude
of v0. For the simulations we used U ¼ 390 μm∕s, the mean of
the populations we investigated experimentally.

• ωr , the rotation rate without a light stimulus, which fixes the
amplitude of w0. For the simulations we used ωr ¼ 2.3 rad∕s,
as shown in Fig. 7 of the main text.

• The θ dependence of the surface velocity. For the simulations
we approximated v0ðθÞ by a superposition of two associated
Legendre functions, −P1

1ðcos θÞ þ 0.25P1
2ðcos θÞ, as shown by

the dashed magenta line in Fig. 5 of the main text. Using a
simple sin θ dependence for v0ðθÞ gives qualitatively similar re-
sults. We assume that w0 has the same θ dependence as v0.

• βðθÞ, the responsivity of the fluid flow to light stimulation. For
the full model, we used a close approximation to the βðθÞ
shown in the inset in Fig. 5A of the main text. For the reduced
model, we used βðθÞ ¼ 0.3, the mean of the βðθÞ used for the
full model.

• τr and τa, the response and adaptation time scales, respectively.
For the simulations, we used the values measured for a light
intensity of 16 μmol PAR photonsm−2 s−1, as displayed in
Fig. 2B of the main text.

• τbh, the bottom-heaviness time scale, is defined by considering
a flagellaless Volvox that is tilted at an angle ζ from the vertical.
The axis of this Volvox would relax back to the vertical at a rate
_ζ ¼ − sinðζÞ∕τbh. For the simulations, we used τbh ¼ 14 s, as
measured in ref. 19.

In order to compare the results from this mathematical model
with the measurements of the phototactic ability as a function of
viscosity, we implemented a viscosity dependence in the model.
For this we defined u ¼ ½u&wηw∕η and τbh ¼ ½τbh&wη∕ηw, where η is
the viscosity and the subscript w denotes values in water.
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Along the evolutionary path from single cells to multicellular or-
ganisms with a central nervous system are species of intermediate
complexity that move in ways suggesting high-level coordination,
yet have none. Instead, organisms of this type possessmany auton-
omous cells endowed with programs that have evolved to achieve
concerted responses to environmental stimuli. Here experiment
and theory are used to develop a quantitative understanding of
how cells of such organisms coordinate to achieve phototaxis,
by using the colonial alga Volvox carteri as a model. It is shown
that the surface somatic cells act as individuals but are orchestrated
by their relative position in the spherical extracellular matrix and
their common photoresponse function to achieve colony-level co-
ordination. Analysis of models that range from the minimal to the
biologically faithful shows that, because the flagellar beating dis-
plays an adaptive down-regulation in response to light, the colony
needs to spin around its swimming direction and that the response
kinetics and natural spinning frequency of the colony appear to be
mutually tuned to give the maximum photoresponse. These
models further predict that the phototactic ability decreases dra-
matically when the colony does not spin at its natural frequency,
a result confirmed by phototaxis assays in which colony rotation
was slowed by increasing the fluid viscosity.

adaptation ∣ evolution ∣ flagella ∣ fluid dynamics ∣ multicellularity

The most primitive “eyes” evolved long before brains and even
before the simplest forms of nervous system organization ap-

peared on Earth (1, 2). Many organisms are able to sense and
respond to light stimuli, an ability essential to the optimization
of photosynthesis, the avoidance of photodamage, and the use
of light as a regulatory signal. One of the more striking responses
is phototaxis, in which motile photosynthetic microorganisms ad-
just their swimming path with respect to incident light in a finely
tuned manner (3, 4). This steering relies on sensory inputs from
one or more eyespots (2), primitive photosensors that are among
the simplest and most common “eyes” in nature. They consist of
photoreceptor proteins and an optical system of varying complex-
ity, which provide information about the intensity and direction-
ality of the incident light (2, 3, 5). This information is then
translated into an organism-specific swimming control mecha-
nism that allows orientation to the light with high fidelity.

In most unicellular phototactic organisms, such as the arche-
typal green algaChlamydomonas, the presence of a single eyespot
implies both a limited vision of the three-dimensional world in
which the cell navigates and the impossibility of detecting light
directions by measuring light intensity at two different positions
in the cell body. To overcome these restrictions, such organisms
must compare light intensity measurements from their single eye-
spot at different moments in time (6). Many species do this by
swimming on helical paths along which their eyespot acts as a
light antenna continuously searching space for bright spots (3).
Higher eukaryotes have a nervous system to integrate visual
information from different sources and orchestrate coordinated
responses (7, 8).

Multicellular organisms of intermediate complexity, such as
the colonial alga Volvox and its relatives (9), have evolved a
means of high-fidelity phototaxis without a central nervous sys-
tem and, in many cases, even in the absence of intercellular
communication through cytoplasmic connections (10). Volvox

carteri consists of thousands of biflagellated Chlamydomonas-
like somatic cells sparsely distributed at the surface of a passive
spherical extracellular matrix, and a small number of germ cells
inside the sphere (Fig. 1A). During development the flagella ori-
ent such that Volvox rotates about its swimming direction, the
trait that gave Volvox its name (11). Coordination of the somatic
cells resembles orchestrating a rowboat with thousands of inde-
pendent rowers but without a coxswain (9). Nature’s solution is a
response program at the single-cell level that produces an accu-
rate steering mechanism, an emergent property at the colonial
level. Yet it remains to be understood what form the response
program must take to coordinate the cells and to yield high-
fidelity phototaxis in the presence of the steering constraints of
a viscous environment.

More than a century ago, Holmes (12) proposed that the so-
matic cells facing a source of light down-regulate their flagellar
activity, a hypothesis later confirmed by several investigators
(13–16). Although this control principle will initially turn the col-
ony towards the light, the colony might adapt (14, 15) to the light
before good alignment with the light direction has been reached.
Surprisingly, this observation has not been synthesized into a pre-
dictive, quantitative model consistent with the principles of fluid
dynamics, nor are there data on Volvox phototaxis that can be
compared with such a theory. Here we use a combination of ex-
periment and theory to show that adaptation and colony rotation
play key roles in the phototaxis mechanism of V. carteri. By quan-
tifying the flagellar photoresponse of V. carteri in detail, we show
that it acts as a band pass filter that allows adaptation to different
light environments, minimizes the influence of fast light fluctua-
tions, and maximizes the response to stimuli at frequencies that
correspond to the rotation rate of the organism. These measure-
ments suggest that the response kinetics and colony rotation have
evolved to be mutually tuned and optimized for phototaxis.
Furthermore, we develop a mathematical theory that predicts
the phototactic fidelity of Volvox as the rotation rate and other
parameters change and confirm experimentally that colony rota-
tion is essential for accurate phototaxis.

Results and Discussion
Temporal Dynamics of the Adaptive Response. The most elementary
photoresponse is the change in flagellar beating accompanying a
step up or down in illumination intensity. This response is probed
with the experimental setup shown in Fig. 1B. Cyan light from an
LED that is coupled to a fiber-optic light guide held in a micro-
pipette is directed toward the anterior of a V. carteri colony held
by a second micropipette. Details are given in Materials and
Methods and SI Text. High-speed imaging of flagella revealed,
in accord with proposals by several investigators (13–15), that
the somatic cells change their beating frequency rather than their
beating direction (17). Instead of quantifying the average photo-
response by recording the beating frequency of each flagellum of
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To optimize photosynthesis, algae such as Volvox carteri swim 
toward or away from sunlight. To execute this motion, known 
as phototaxis, these microorganism colonies must coordinate 
the beating of thousands of flagellated cells despite the organ-
ism’s lack of a central nervous system. Using analytical and 
empirical methods, Knut Drescher et al. (pp. 11171–11176) 
demonstrate that V. carteri spins about its swimming direction 
at a frequency that likely coevolved with the organism’s flagel-
lar kinetics to maximize photoreactivity. To characterize the 
flagellar beating of the organisms, the authors measured the 
fluid velocities produced by the flagella and modeled the mo-
tion with hydrodynamic equations. Using the model, the au-
thors identified a theoretical optimal spinning frequency and 
tested the finding experimentally by observing how well the 
algae swam in media with increased viscosities that inhibited 
the organism’s ability to spin. According to the authors, the ex-
periments demonstrated that with a decreased rotation rate the algae were unable to execute phototaxis as accurately 
as before, suggesting that in V. carteri, flagellar beating and spinning are linked adaptations. By better understanding 
how simple organisms coordinate multicellular processes, the findings may provide insight into key evolutionary steps 
that eventually led to higher organisms with central nervous systems. — T.J.
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protect against cholera
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Whereas low-density Vibrio cholerae 
bacterial accumulations in the hu-

man gut can cause harmful cholera 
symptoms, high-density V. cholerae 
colonies switch off virulence-ex-
pressing genes through extracellular 
signals such as cholera autoinducer 
1 (CAI-1). Faping Duan and John 
March (pp. 11260–11264) modified 

Multicellular colony Volvox carteri.

Infant mice given Nissle pretreatment 
(right) and no pretreatment (left).

a probiotic form of Escherichia coli, 
called Nissle, to express CAI-1, and 
tested the bacteria as a prophylactic 
against V. cholerae virulence in an 
infant mouse model. The research-
ers fed varying quantities of modi-
fied Nissle to 2- to 3-day–old mice 
at three different intervals prior 
to exposing the mice to V. cholerae 
bacteria. Of the mice fed the highest 
number of CAI-1–expressing Nissle 
cells 8 hours before V. cholerae inges-
tion, 92% survived. None of the mice 
that were fed V. cholerae survived 
without pretreatment or with non-
modified Nissle pretreatment. The 
authors note that the prophylactic 
protection was time- and dosage-
dependent. Though the presence of 
CAI-1 secreting bacteria in the hu-
man intestine could potentially trig-
ger a negative immune response, the 
authors suggest that the study may 
help researchers prevent and treat 
human diseases by using the body’s 
own bacterial symbiotes. — J.M.

Recent studies have argued that hy-
droxyl ions in lunar minerals indicate 
that the minerals crystallized from 
magmas that contained water, chal-
lenging the long-held theory that the 
moon does not have indigenous water. 
Francis McCubbin et al. (pp. 11223–
11228) analyzed lunar specimens of 
the mineral apatite for hydroxyl, and 
report that the moon’s interior may 
contain 100 times more water than 
previously estimated. Using a scanning 
electron microscope, the authors iden-
tified apatite grains in thin sections 
from two moon rocks obtained during 
Apollo missions and a lunar meteorite 
from Africa. The crystalline structure 
of apatite contains a bonding site that 
can be occupied by fluorine, chlorine, 
or hydroxyl, which allows researchers 
to analyze apatites and infer the rela-
tive amounts of fluorine, chlorine, and 
water in the parent magma. The au-
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Why is Volvox interesting ?

• germ-soma differentiation	

• interesting asexual reproduction ‘technique’	

• metachronal waves	

• locomotion	

• phototaxis
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To optimize photosynthesis, algae such as Volvox carteri swim 
toward or away from sunlight. To execute this motion, known 
as phototaxis, these microorganism colonies must coordinate 
the beating of thousands of flagellated cells despite the organ-
ism’s lack of a central nervous system. Using analytical and 
empirical methods, Knut Drescher et al. (pp. 11171–11176) 
demonstrate that V. carteri spins about its swimming direction 
at a frequency that likely coevolved with the organism’s flagel-
lar kinetics to maximize photoreactivity. To characterize the 
flagellar beating of the organisms, the authors measured the 
fluid velocities produced by the flagella and modeled the mo-
tion with hydrodynamic equations. Using the model, the au-
thors identified a theoretical optimal spinning frequency and 
tested the finding experimentally by observing how well the 
algae swam in media with increased viscosities that inhibited 
the organism’s ability to spin. According to the authors, the ex-
periments demonstrated that with a decreased rotation rate the algae were unable to execute phototaxis as accurately 
as before, suggesting that in V. carteri, flagellar beating and spinning are linked adaptations. By better understanding 
how simple organisms coordinate multicellular processes, the findings may provide insight into key evolutionary steps 
that eventually led to higher organisms with central nervous systems. — T.J.

Modified probiotic may 
protect against cholera

 Moving to the light

Whereas low-density Vibrio cholerae 
bacterial accumulations in the hu-

man gut can cause harmful cholera 
symptoms, high-density V. cholerae 
colonies switch off virulence-ex-
pressing genes through extracellular 
signals such as cholera autoinducer 
1 (CAI-1). Faping Duan and John 
March (pp. 11260–11264) modified 

Multicellular colony Volvox carteri.

Infant mice given Nissle pretreatment 
(right) and no pretreatment (left).

a probiotic form of Escherichia coli, 
called Nissle, to express CAI-1, and 
tested the bacteria as a prophylactic 
against V. cholerae virulence in an 
infant mouse model. The research-
ers fed varying quantities of modi-
fied Nissle to 2- to 3-day–old mice 
at three different intervals prior 
to exposing the mice to V. cholerae 
bacteria. Of the mice fed the highest 
number of CAI-1–expressing Nissle 
cells 8 hours before V. cholerae inges-
tion, 92% survived. None of the mice 
that were fed V. cholerae survived 
without pretreatment or with non-
modified Nissle pretreatment. The 
authors note that the prophylactic 
protection was time- and dosage-
dependent. Though the presence of 
CAI-1 secreting bacteria in the hu-
man intestine could potentially trig-
ger a negative immune response, the 
authors suggest that the study may 
help researchers prevent and treat 
human diseases by using the body’s 
own bacterial symbiotes. — J.M.

Recent studies have argued that hy-
droxyl ions in lunar minerals indicate 
that the minerals crystallized from 
magmas that contained water, chal-
lenging the long-held theory that the 
moon does not have indigenous water. 
Francis McCubbin et al. (pp. 11223–
11228) analyzed lunar specimens of 
the mineral apatite for hydroxyl, and 
report that the moon’s interior may 
contain 100 times more water than 
previously estimated. Using a scanning 
electron microscope, the authors iden-
tified apatite grains in thin sections 
from two moon rocks obtained during 
Apollo missions and a lunar meteorite 
from Africa. The crystalline structure 
of apatite contains a bonding site that 
can be occupied by fluorine, chlorine, 
or hydroxyl, which allows researchers 
to analyze apatites and infer the rela-
tive amounts of fluorine, chlorine, and 
water in the parent magma. The au-

Water in early lunar 
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Evolution of multicellularity

Short et al, PNAS 2013

Flows driven by flagella of multicellular organisms
enhance long-range molecular transport
Martin B. Short*, Cristian A. Solari†, Sujoy Ganguly*, Thomas R. Powers‡, John O. Kessler*,
and Raymond E. Goldstein*§¶!

Departments of *Physics and †Ecology and Evolutionary Biology, §Program in Applied Mathematics, and ¶BIO5 Institute, University of Arizona,
Tucson, AZ 85721; and ‡Division of Engineering, Box D, Brown University, Providence, RI 02912

Edited by Robert H. Austin, Princeton University, Princeton, NJ, and approved April 18, 2006 (received for review January 22, 2006)

Evolution from unicellular organisms to larger multicellular ones
requires matching their needs to the rate of exchange of molecular
nutrients with the environment. This logistic problem poses a
severe constraint on development. For organisms whose body plan
is a spherical shell, such as the volvocine green algae, the current
(molecules per second) of needed nutrients grows quadratically
with radius, whereas the rate at which diffusion alone exchanges
molecules grows linearly, leading to a bottleneck radius beyond
which the diffusive current cannot meet metabolic demands. By
using Volvox carteri, we examine the role that advection of fluid
by the coordinated beating of surface-mounted flagella plays in
enhancing nutrient uptake and show that it generates a boundary
layer of concentration of the diffusing solute. That concentration
gradient produces an exchange rate that is quadratic in the radius,
as required, thus circumventing the bottleneck and facilitating
evolutionary transitions to multicellularity and germ–soma differ-
entiation in the volvocalean green algae.

advection " multicellularity " Volvox

The motility of microorganisms is primarily thought to enable
access to optimum environments. Yet some species of co-

lonial motile algae thrive in restrictive habitats such as shallow
evanescent puddles, all the while paddling energetically with
their f lagella. What is the significance, beyond locomotion, of
this collective coordinated beating of flagella? Algal metabolism
requires exchange, between organisms and water, of small
molecules and ions such as CO2, O2, and PO4

3!. Rapidly growing
organisms that are ‘‘large’’ in the sense explained below must
augment diffusion with effective modes of transport from re-
mote reaches of their environment (1). The volvocine green
algae (2–5) can serve as a model system for understanding how
exchange of nutrients and wastes varies with organism size, as in
the transition from unicellular to ever-larger multicellular col-
onies. The Volvocales range from the unicellular Chlamydomo-
nas to large colonies of cells, eventually leading to Volvox,
comprising 1,000–50,000 cells (Fig. 1). They include closely
related lineages with different degrees of cell specialization in
reproductive and vegetative function (germ–soma separation),
which seem to represent ‘‘alternative stable states’’ (6). Phylo-
genetic studies show that these transitions in cell specialization
have occurred multiple times, independently (7–9), to geomet-
rically and functionally similar configurations, suggesting that
there is a selective advantage to that morphology. The volvo-
calean range of sizes, "3 orders of magnitude, enables the study
of scaling laws; from a theoretical perspective, the spherical form
of the Volvocales simplifies mathematical analysis.

Volvox, the largest colonies in the lineage, are formed by sterile
bif lagellated Chlamydomonas-like somatic cells, with outwardly
oriented flagella, which are embedded at the surface of a
transparent extracellular matrix, which also contains the germ
cells that develop into flagellated daughter colonies. In some
species, germ cells start f lagellated, but after their first mitotic
division the flagella are absorbed (e.g., V. aureus), whereas in
others (e.g., V. carteri) the germ cells are never flagellated.

Directional swimming due to the coordinated beating of these
flagella also is accompanied by rotation; Volvox is from the Latin
‘‘volvere,’’ to roll (2). Bell (10) and Koufopanou (11) suggested
that the extracellular matrix is a storehouse (‘‘source’’) of
nutrients for the germ cells (‘‘sink’’). They interpret this source–
sink coupling as a mechanism that increases the uptake of
nutrients by the developing germ cells located within the colony.
Moreover, they showed (11) that germ cells from Volvox carteri,
when liberated from their mother colony and freely suspended
in the growth medium, grow more slowly than those embedded
in intact colonies. Those experimental studies did not consider
the external f low created by collective flagellar beating of the
mother colonies. Our studies (3, 4) were designed to investigate
the effects of such fluid flows and showed in fact that these flows
positively influence germ-cell growth rates. Indeed, externally
supplied flows can replace those due to flagella and return germ
cells to normal growth rates. Flagella obviously confer motility;
we infer that they also play a subtle but crucial role in metab-
olism. Niklas (1) suggested that as organisms increase in size,
stirring of boundary layers, yielding transport from remote
regions, can be fundamental in maintaining a sufficient rate of
metabolite turnover, one not attainable by diffusive transport
alone. Yet there has not been a clear quantitative analysis of this
putative connection between flagella-driven stirring and nutri-
ent uptake. Here we investigate the hypothesis that those flows
facilitate, even ‘‘encourage,’’ the transition to large multicellular
forms. We analyze the idealized problem of the scaling that
relates nutrient uptake to body size. Measurements of the actual

Conflict of interest statement: No conflicts declared.

This paper was submitted directly (Track II) to the PNAS office.
!To whom correspondence should be addressed. E-mail: gold@physics.arizona.edu.

© 2006 by The National Academy of Sciences of the USA

Fig. 1. Volvocine green algae arranged according to typical colony radius R.
The lineage ranges from the single-cell Chlamydomonas reinhardtii (A), to
undifferentiated Gonium pectorale (B), Eudorina elegans (C), to the soma-
differentiated Pleodorina californica (D), to the germ–soma differentiated V.
carteri (E), V. aureus (F), and even larger (e.g., V. gigas with a radius of 1 mm).
In species in which two cell types can be identified, the smaller are somatic cells
and the larger are reproductive cells. Note that the number of cells in Volvox
species ranges from 1,000 (e.g., V. carteri) to 50,000 (e.g., V. barberi).

www.pnas.org#cgi#doi#10.1073#pnas.0600566103 PNAS " May 30, 2006 " vol. 103 " no. 22 " 8315–8319
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Volvox carteri

somatic 	
cell

daughter colony	
from germ cell

200 ㎛
cilia

http://www.youtube.com/watch?v=fqEHbJbuMYA
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Asexual reproduction & inversion

2014 Goldstein lab
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Volvox carteri

Drescher et al (2010) PRL	

somatic 	
cell

200 ㎛
cilia

... and can dance 

daughter colony	
from germ cell
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Volvox carteri

Drescher et al (2010) PRL	
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200 ㎛

Chlamydomonas 
reinhardtii

10 ㎛

Volvox carteri
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Goldstein et al (2011) PRL

10 ㎛ 10 ㎛

~ 50 beats / sec                           speed ~100 μm/s

Chlamydomonas alga
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Chlamydomonas

Merchant et al (2007) Science 
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Model organism	
for studying	

meta-chronal waves

Brumley et al (2012) PRL
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Volvox carteri

Drescher et al  (2010) PRL 
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 swimming speed     ~ 100 ㎛/sec

100 ㎛ PIV
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How does Volvox achieve phototaxis ?

• light response of individual cells	

• effects of size & spinning frequency	

• mathematical modeling	

• check predictions of model

Approach:

mailto:dunkel@math.mit.edu


dunkel@math.mit.edu

Experimental setup

every somatic cell, we measured the fluid motion produced by the
flagellar beating by using particle image velocimetry (PIV). This
approach implicitly averages over several neighboring flagella,
and, by measuring the fluid velocity just above the flagellar tips,
we obtain a natural input for the hydrodynamic models of photo-
tactic turning described further below. Because of the low
Reynolds number associated with flows generated by V. carteri
(18–20), fluid inertia is negligible and the flagella-induced flow
is a direct measure of the flagellar activity. Fig. 2A shows a typical
time trace of the photoresponse, measured in terms of the
flagella-generated flow speed uðtÞ, normalized by the flow speed
under time-independent illumination u0, and averaged over #30°
from the anterior pole. We found that a step up in light intensity
elicits a decrease in flagellar activity on a response time scale τr ,
followed by a recovery to baseline activity on a time scale τa

associated with adaptation; there was no change in flagellar ac-
tivity upon a step down in light intensity. This response underlies
the ability of V. carteri to turn toward the light, as explained
further below. At very high light intensities and long stimulation,
the responses to step up and step down stimuli are reversed (see
SI Text), allowing Volvox to avoid photodamage by swimming
away from the light. Irrespective of the stimulus light intensity,
τr is always a fraction of a second, whereas τa is several seconds
(Fig. 2B), consistent with early observations (14, 15).

Although the kinetics and biochemistry of photoreceptor cur-
rents have been studied in Chlamydomonas (2, 21) and Volvox
(22), their connection to the flagellar photoresponse is unclear.
In Volvox, a step stimulus elicits a Ca2þ current whose time scale
of 1 ms (22) is too short to account for the measured τr . But the
time for Ca2þ to diffuse the length of the flagellum L is τD ¼
L2∕D ∼ 0.2 s (for L ∼ 15 μm, D ∼ 10−5 cm2∕s), which is similar
to τr , suggesting that the photocurrent triggers an influx of
Ca2þ at the base of the flagella, consistent with previous hypoth-
eses (22, 23). Although the dependence of τa on light intensity is
like that of the Hþ current in Volvox, the decay constant of the
latter is only ∼75 ms (22); the biochemical origin of τa remains
unknown.

The measured adaptive response of the flagella-generated
fluid speed just above the colony surface (Fig. 2A) can be de-
scribed by uðtÞ∕u0 ¼ 1 − βpðtÞ, where pðtÞ is a dimensionless
photoresponse variable that is large when there is a large
light-induced decrease in flagellar activity and vanishes when
there is no such change in flagellar activity. The empirically de-
termined constant β > 0 quantifies the amplitude of the decrease
in uðtÞ∕u0. For a model of pðtÞ that captures the two time scales τa
and τr , we require a second variable hðtÞ, which we define as a
dimensionless representation of the hidden internal biochemistry
responsible for adaptation (24, 25). A system of coupled equa-
tions that is consistent with the measured uðtÞ∕u0 is

τr _p ¼ ðs − hÞHðs − hÞ − p; [1]

τa _h ¼ s − h; [2]

where the light stimulus sðtÞ is a dimensionless measure of the
photoreceptor input that incorporates the eyespot directionality.
The Heaviside step functionHðs − hÞ is used to ensure that a step
down in light stimulus cannot increase u above u0, because it
keeps p ≥ 0. In these equations, the values p& ¼ 0 and h& ¼ s1
are stable and global attractors in the sense that, after a suffi-
ciently long time under constant light stimulus s1, the pair
(p, h) relaxes to (p&, h&). However, if s increases from s1 for t <
0 to s2 for t ≥ 0, then for t > 0 the solution is

hðtÞ ¼ s1e−t∕τa þ s2ð1 − e−t∕τaÞ; [3]

pðtÞ ¼ ðs2 − s1Þ
1 − τr∕τa

ðe−t∕τa − e−t∕τr Þ: [4]

When τr ≪ τa, as for Volvox, there is a sharp transient increase in
pðtÞ [and decrease in uðtÞ], peaking at a time t† ∼ τr lnðτa∕τrÞ,
followed by a slow relaxation back to zero, as in the measured
flagellar photoresponse shown in Fig. 2A.

The rotation of Volvox about its axis and the resulting periodic
illumination of the photoreceptors suggest an investigation of the
dependence of the photoresponse on the frequency of sinusoidal
stimulation. For the above model this frequency dependence of
the photoresponse is R ¼ j~p∕~sj, where ~p and ~s are the Fourier
transforms of p and s, respectively. R is well-approximated by
neglecting the Heaviside function in Eq. 1 (see SI Text) to give

RðωsÞ ¼
ωsτaffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð1þ ω2
s τ2r Þð1þ ω2

s τ2aÞ
p : [5]

Fig. 1. Geometry of V. carteri and experimental setup. (A) The beating fla-
gella, two per somatic cell (Inset), create a fluid flow from the anterior to the
posterior, with a slight azimuthal component that rotates Volvox about its
posterior-anterior axis at angular frequency ωr. (Scale bar: 100 μm.) (B)
Studies of the flagellar photoresponse utilize light sent down an optical fiber.

Fig. 2. Characteristics of the adaptive photoresponse. (A) The local flagella-
generated fluid speed uðtÞ (Blue), measured with PIV just above the flagella
during a step up in light intensity, serves as a measure of flagellar activity. The
baseline flow speed in the dark is u0 ¼ 81 μm∕s for this dataset. Two time
scales are evident: a short response time τr and a longer adaptation time
τa. The fitted theoretical curve (Red) is from Eq. 4. (B) The times τr (Squares)
and τa (Circles) vary smoothly with the stimulus light intensity, measured in
terms of PAR. Error bars are standard deviations.
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Fig. S1. Spectra of growth and stimulus light sources.

Fig. S2. (A) Schematic diagram of the sample chamber. (B) Photograph of a micropipette holding a V. carteri colony and the optical fiber. The colony axis is in
the focal plane and pointing toward the fiber. (Scale bar: 200 μm.)

Fig. S3. Photoresponse of V. carteri as a function of stimulus frequency. Measurements with a sinusoidal stimulus are displayed as blue circles, measurements
with a half-sine stimulus are displayed as magenta circles. The red line is a plot of Eq. 5 in the main text and therefore neglects the Heaviside function in the
simple model (Eqs. 1 and 2 in the main text). The black dashed line indicates a numerical evaluation of the simple model for a sinusoidal stimulus, including the
Heaviside function. The green dashed line indicates a numerical evaluation of the simple model for a half-sine stimulus, also including the Heaviside function.
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Photo-response at different intensities

Fig. S4. The amplitude of the photoresponse for top-hat stimuli of frequency 0.25 Hz, at different stimulus light intensities.

Fig. S5. (A) The V. carteri somatic cells at the anterior pole have their orange eyespots facing away from the fluid-mechanical anterior pole. (B) The somatic
cells and eyespots at polar angle θ ¼ 50° from the anterior. (Scale bars: 20 μm.) (C) Illustration of the eyespot placement in the somatic cells and the relation to
the posterior-anterior axis k. In contrast to this schematic drawing, V. carteri colonies consist of thousands of somatic cells, as shown in Fig. 1A of the main text
and as measured in ref. 20.

Fig. S6. (A) Schematic diagram of the apparatus used for the population assay. B and C show distributions of the swimming angle with the light direction σ as
measured for a population at the viscosity of water (B) and at 40 times the viscosity of water (C).
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Adaptive photo-response

every somatic cell, we measured the fluid motion produced by the
flagellar beating by using particle image velocimetry (PIV). This
approach implicitly averages over several neighboring flagella,
and, by measuring the fluid velocity just above the flagellar tips,
we obtain a natural input for the hydrodynamic models of photo-
tactic turning described further below. Because of the low
Reynolds number associated with flows generated by V. carteri
(18–20), fluid inertia is negligible and the flagella-induced flow
is a direct measure of the flagellar activity. Fig. 2A shows a typical
time trace of the photoresponse, measured in terms of the
flagella-generated flow speed uðtÞ, normalized by the flow speed
under time-independent illumination u0, and averaged over #30°
from the anterior pole. We found that a step up in light intensity
elicits a decrease in flagellar activity on a response time scale τr ,
followed by a recovery to baseline activity on a time scale τa

associated with adaptation; there was no change in flagellar ac-
tivity upon a step down in light intensity. This response underlies
the ability of V. carteri to turn toward the light, as explained
further below. At very high light intensities and long stimulation,
the responses to step up and step down stimuli are reversed (see
SI Text), allowing Volvox to avoid photodamage by swimming
away from the light. Irrespective of the stimulus light intensity,
τr is always a fraction of a second, whereas τa is several seconds
(Fig. 2B), consistent with early observations (14, 15).

Although the kinetics and biochemistry of photoreceptor cur-
rents have been studied in Chlamydomonas (2, 21) and Volvox
(22), their connection to the flagellar photoresponse is unclear.
In Volvox, a step stimulus elicits a Ca2þ current whose time scale
of 1 ms (22) is too short to account for the measured τr . But the
time for Ca2þ to diffuse the length of the flagellum L is τD ¼
L2∕D ∼ 0.2 s (for L ∼ 15 μm, D ∼ 10−5 cm2∕s), which is similar
to τr , suggesting that the photocurrent triggers an influx of
Ca2þ at the base of the flagella, consistent with previous hypoth-
eses (22, 23). Although the dependence of τa on light intensity is
like that of the Hþ current in Volvox, the decay constant of the
latter is only ∼75 ms (22); the biochemical origin of τa remains
unknown.

The measured adaptive response of the flagella-generated
fluid speed just above the colony surface (Fig. 2A) can be de-
scribed by uðtÞ∕u0 ¼ 1 − βpðtÞ, where pðtÞ is a dimensionless
photoresponse variable that is large when there is a large
light-induced decrease in flagellar activity and vanishes when
there is no such change in flagellar activity. The empirically de-
termined constant β > 0 quantifies the amplitude of the decrease
in uðtÞ∕u0. For a model of pðtÞ that captures the two time scales τa
and τr , we require a second variable hðtÞ, which we define as a
dimensionless representation of the hidden internal biochemistry
responsible for adaptation (24, 25). A system of coupled equa-
tions that is consistent with the measured uðtÞ∕u0 is

τr _p ¼ ðs − hÞHðs − hÞ − p; [1]

τa _h ¼ s − h; [2]

where the light stimulus sðtÞ is a dimensionless measure of the
photoreceptor input that incorporates the eyespot directionality.
The Heaviside step functionHðs − hÞ is used to ensure that a step
down in light stimulus cannot increase u above u0, because it
keeps p ≥ 0. In these equations, the values p& ¼ 0 and h& ¼ s1
are stable and global attractors in the sense that, after a suffi-
ciently long time under constant light stimulus s1, the pair
(p, h) relaxes to (p&, h&). However, if s increases from s1 for t <
0 to s2 for t ≥ 0, then for t > 0 the solution is

hðtÞ ¼ s1e−t∕τa þ s2ð1 − e−t∕τaÞ; [3]

pðtÞ ¼ ðs2 − s1Þ
1 − τr∕τa

ðe−t∕τa − e−t∕τr Þ: [4]

When τr ≪ τa, as for Volvox, there is a sharp transient increase in
pðtÞ [and decrease in uðtÞ], peaking at a time t† ∼ τr lnðτa∕τrÞ,
followed by a slow relaxation back to zero, as in the measured
flagellar photoresponse shown in Fig. 2A.

The rotation of Volvox about its axis and the resulting periodic
illumination of the photoreceptors suggest an investigation of the
dependence of the photoresponse on the frequency of sinusoidal
stimulation. For the above model this frequency dependence of
the photoresponse is R ¼ j~p∕~sj, where ~p and ~s are the Fourier
transforms of p and s, respectively. R is well-approximated by
neglecting the Heaviside function in Eq. 1 (see SI Text) to give

RðωsÞ ¼
ωsτaffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð1þ ω2
s τ2r Þð1þ ω2

s τ2aÞ
p : [5]

Fig. 1. Geometry of V. carteri and experimental setup. (A) The beating fla-
gella, two per somatic cell (Inset), create a fluid flow from the anterior to the
posterior, with a slight azimuthal component that rotates Volvox about its
posterior-anterior axis at angular frequency ωr. (Scale bar: 100 μm.) (B)
Studies of the flagellar photoresponse utilize light sent down an optical fiber.

Fig. 2. Characteristics of the adaptive photoresponse. (A) The local flagella-
generated fluid speed uðtÞ (Blue), measured with PIV just above the flagella
during a step up in light intensity, serves as a measure of flagellar activity. The
baseline flow speed in the dark is u0 ¼ 81 μm∕s for this dataset. Two time
scales are evident: a short response time τr and a longer adaptation time
τa. The fitted theoretical curve (Red) is from Eq. 4. (B) The times τr (Squares)
and τa (Circles) vary smoothly with the stimulus light intensity, measured in
terms of PAR. Error bars are standard deviations.
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every somatic cell, we measured the fluid motion produced by the
flagellar beating by using particle image velocimetry (PIV). This
approach implicitly averages over several neighboring flagella,
and, by measuring the fluid velocity just above the flagellar tips,
we obtain a natural input for the hydrodynamic models of photo-
tactic turning described further below. Because of the low
Reynolds number associated with flows generated by V. carteri
(18–20), fluid inertia is negligible and the flagella-induced flow
is a direct measure of the flagellar activity. Fig. 2A shows a typical
time trace of the photoresponse, measured in terms of the
flagella-generated flow speed uðtÞ, normalized by the flow speed
under time-independent illumination u0, and averaged over #30°
from the anterior pole. We found that a step up in light intensity
elicits a decrease in flagellar activity on a response time scale τr ,
followed by a recovery to baseline activity on a time scale τa

associated with adaptation; there was no change in flagellar ac-
tivity upon a step down in light intensity. This response underlies
the ability of V. carteri to turn toward the light, as explained
further below. At very high light intensities and long stimulation,
the responses to step up and step down stimuli are reversed (see
SI Text), allowing Volvox to avoid photodamage by swimming
away from the light. Irrespective of the stimulus light intensity,
τr is always a fraction of a second, whereas τa is several seconds
(Fig. 2B), consistent with early observations (14, 15).

Although the kinetics and biochemistry of photoreceptor cur-
rents have been studied in Chlamydomonas (2, 21) and Volvox
(22), their connection to the flagellar photoresponse is unclear.
In Volvox, a step stimulus elicits a Ca2þ current whose time scale
of 1 ms (22) is too short to account for the measured τr . But the
time for Ca2þ to diffuse the length of the flagellum L is τD ¼
L2∕D ∼ 0.2 s (for L ∼ 15 μm, D ∼ 10−5 cm2∕s), which is similar
to τr , suggesting that the photocurrent triggers an influx of
Ca2þ at the base of the flagella, consistent with previous hypoth-
eses (22, 23). Although the dependence of τa on light intensity is
like that of the Hþ current in Volvox, the decay constant of the
latter is only ∼75 ms (22); the biochemical origin of τa remains
unknown.

The measured adaptive response of the flagella-generated
fluid speed just above the colony surface (Fig. 2A) can be de-
scribed by uðtÞ∕u0 ¼ 1 − βpðtÞ, where pðtÞ is a dimensionless
photoresponse variable that is large when there is a large
light-induced decrease in flagellar activity and vanishes when
there is no such change in flagellar activity. The empirically de-
termined constant β > 0 quantifies the amplitude of the decrease
in uðtÞ∕u0. For a model of pðtÞ that captures the two time scales τa
and τr , we require a second variable hðtÞ, which we define as a
dimensionless representation of the hidden internal biochemistry
responsible for adaptation (24, 25). A system of coupled equa-
tions that is consistent with the measured uðtÞ∕u0 is

τr _p ¼ ðs − hÞHðs − hÞ − p; [1]

τa _h ¼ s − h; [2]

where the light stimulus sðtÞ is a dimensionless measure of the
photoreceptor input that incorporates the eyespot directionality.
The Heaviside step functionHðs − hÞ is used to ensure that a step
down in light stimulus cannot increase u above u0, because it
keeps p ≥ 0. In these equations, the values p& ¼ 0 and h& ¼ s1
are stable and global attractors in the sense that, after a suffi-
ciently long time under constant light stimulus s1, the pair
(p, h) relaxes to (p&, h&). However, if s increases from s1 for t <
0 to s2 for t ≥ 0, then for t > 0 the solution is

hðtÞ ¼ s1e−t∕τa þ s2ð1 − e−t∕τaÞ; [3]

pðtÞ ¼ ðs2 − s1Þ
1 − τr∕τa

ðe−t∕τa − e−t∕τr Þ: [4]

When τr ≪ τa, as for Volvox, there is a sharp transient increase in
pðtÞ [and decrease in uðtÞ], peaking at a time t† ∼ τr lnðτa∕τrÞ,
followed by a slow relaxation back to zero, as in the measured
flagellar photoresponse shown in Fig. 2A.

The rotation of Volvox about its axis and the resulting periodic
illumination of the photoreceptors suggest an investigation of the
dependence of the photoresponse on the frequency of sinusoidal
stimulation. For the above model this frequency dependence of
the photoresponse is R ¼ j~p∕~sj, where ~p and ~s are the Fourier
transforms of p and s, respectively. R is well-approximated by
neglecting the Heaviside function in Eq. 1 (see SI Text) to give

RðωsÞ ¼
ωsτaffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð1þ ω2
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Fig. 1. Geometry of V. carteri and experimental setup. (A) The beating fla-
gella, two per somatic cell (Inset), create a fluid flow from the anterior to the
posterior, with a slight azimuthal component that rotates Volvox about its
posterior-anterior axis at angular frequency ωr. (Scale bar: 100 μm.) (B)
Studies of the flagellar photoresponse utilize light sent down an optical fiber.

Fig. 2. Characteristics of the adaptive photoresponse. (A) The local flagella-
generated fluid speed uðtÞ (Blue), measured with PIV just above the flagella
during a step up in light intensity, serves as a measure of flagellar activity. The
baseline flow speed in the dark is u0 ¼ 81 μm∕s for this dataset. Two time
scales are evident: a short response time τr and a longer adaptation time
τa. The fitted theoretical curve (Red) is from Eq. 4. (B) The times τr (Squares)
and τa (Circles) vary smoothly with the stimulus light intensity, measured in
terms of PAR. Error bars are standard deviations.
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every somatic cell, we measured the fluid motion produced by the
flagellar beating by using particle image velocimetry (PIV). This
approach implicitly averages over several neighboring flagella,
and, by measuring the fluid velocity just above the flagellar tips,
we obtain a natural input for the hydrodynamic models of photo-
tactic turning described further below. Because of the low
Reynolds number associated with flows generated by V. carteri
(18–20), fluid inertia is negligible and the flagella-induced flow
is a direct measure of the flagellar activity. Fig. 2A shows a typical
time trace of the photoresponse, measured in terms of the
flagella-generated flow speed uðtÞ, normalized by the flow speed
under time-independent illumination u0, and averaged over #30°
from the anterior pole. We found that a step up in light intensity
elicits a decrease in flagellar activity on a response time scale τr ,
followed by a recovery to baseline activity on a time scale τa

associated with adaptation; there was no change in flagellar ac-
tivity upon a step down in light intensity. This response underlies
the ability of V. carteri to turn toward the light, as explained
further below. At very high light intensities and long stimulation,
the responses to step up and step down stimuli are reversed (see
SI Text), allowing Volvox to avoid photodamage by swimming
away from the light. Irrespective of the stimulus light intensity,
τr is always a fraction of a second, whereas τa is several seconds
(Fig. 2B), consistent with early observations (14, 15).

Although the kinetics and biochemistry of photoreceptor cur-
rents have been studied in Chlamydomonas (2, 21) and Volvox
(22), their connection to the flagellar photoresponse is unclear.
In Volvox, a step stimulus elicits a Ca2þ current whose time scale
of 1 ms (22) is too short to account for the measured τr . But the
time for Ca2þ to diffuse the length of the flagellum L is τD ¼
L2∕D ∼ 0.2 s (for L ∼ 15 μm, D ∼ 10−5 cm2∕s), which is similar
to τr , suggesting that the photocurrent triggers an influx of
Ca2þ at the base of the flagella, consistent with previous hypoth-
eses (22, 23). Although the dependence of τa on light intensity is
like that of the Hþ current in Volvox, the decay constant of the
latter is only ∼75 ms (22); the biochemical origin of τa remains
unknown.

The measured adaptive response of the flagella-generated
fluid speed just above the colony surface (Fig. 2A) can be de-
scribed by uðtÞ∕u0 ¼ 1 − βpðtÞ, where pðtÞ is a dimensionless
photoresponse variable that is large when there is a large
light-induced decrease in flagellar activity and vanishes when
there is no such change in flagellar activity. The empirically de-
termined constant β > 0 quantifies the amplitude of the decrease
in uðtÞ∕u0. For a model of pðtÞ that captures the two time scales τa
and τr , we require a second variable hðtÞ, which we define as a
dimensionless representation of the hidden internal biochemistry
responsible for adaptation (24, 25). A system of coupled equa-
tions that is consistent with the measured uðtÞ∕u0 is

τr _p ¼ ðs − hÞHðs − hÞ − p; [1]

τa _h ¼ s − h; [2]

where the light stimulus sðtÞ is a dimensionless measure of the
photoreceptor input that incorporates the eyespot directionality.
The Heaviside step functionHðs − hÞ is used to ensure that a step
down in light stimulus cannot increase u above u0, because it
keeps p ≥ 0. In these equations, the values p& ¼ 0 and h& ¼ s1
are stable and global attractors in the sense that, after a suffi-
ciently long time under constant light stimulus s1, the pair
(p, h) relaxes to (p&, h&). However, if s increases from s1 for t <
0 to s2 for t ≥ 0, then for t > 0 the solution is

hðtÞ ¼ s1e−t∕τa þ s2ð1 − e−t∕τaÞ; [3]

pðtÞ ¼ ðs2 − s1Þ
1 − τr∕τa

ðe−t∕τa − e−t∕τr Þ: [4]

When τr ≪ τa, as for Volvox, there is a sharp transient increase in
pðtÞ [and decrease in uðtÞ], peaking at a time t† ∼ τr lnðτa∕τrÞ,
followed by a slow relaxation back to zero, as in the measured
flagellar photoresponse shown in Fig. 2A.

The rotation of Volvox about its axis and the resulting periodic
illumination of the photoreceptors suggest an investigation of the
dependence of the photoresponse on the frequency of sinusoidal
stimulation. For the above model this frequency dependence of
the photoresponse is R ¼ j~p∕~sj, where ~p and ~s are the Fourier
transforms of p and s, respectively. R is well-approximated by
neglecting the Heaviside function in Eq. 1 (see SI Text) to give

RðωsÞ ¼
ωsτaffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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Fig. 1. Geometry of V. carteri and experimental setup. (A) The beating fla-
gella, two per somatic cell (Inset), create a fluid flow from the anterior to the
posterior, with a slight azimuthal component that rotates Volvox about its
posterior-anterior axis at angular frequency ωr. (Scale bar: 100 μm.) (B)
Studies of the flagellar photoresponse utilize light sent down an optical fiber.

Fig. 2. Characteristics of the adaptive photoresponse. (A) The local flagella-
generated fluid speed uðtÞ (Blue), measured with PIV just above the flagella
during a step up in light intensity, serves as a measure of flagellar activity. The
baseline flow speed in the dark is u0 ¼ 81 μm∕s for this dataset. Two time
scales are evident: a short response time τr and a longer adaptation time
τa. The fitted theoretical curve (Red) is from Eq. 4. (B) The times τr (Squares)
and τa (Circles) vary smoothly with the stimulus light intensity, measured in
terms of PAR. Error bars are standard deviations.
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every somatic cell, we measured the fluid motion produced by the
flagellar beating by using particle image velocimetry (PIV). This
approach implicitly averages over several neighboring flagella,
and, by measuring the fluid velocity just above the flagellar tips,
we obtain a natural input for the hydrodynamic models of photo-
tactic turning described further below. Because of the low
Reynolds number associated with flows generated by V. carteri
(18–20), fluid inertia is negligible and the flagella-induced flow
is a direct measure of the flagellar activity. Fig. 2A shows a typical
time trace of the photoresponse, measured in terms of the
flagella-generated flow speed uðtÞ, normalized by the flow speed
under time-independent illumination u0, and averaged over #30°
from the anterior pole. We found that a step up in light intensity
elicits a decrease in flagellar activity on a response time scale τr ,
followed by a recovery to baseline activity on a time scale τa

associated with adaptation; there was no change in flagellar ac-
tivity upon a step down in light intensity. This response underlies
the ability of V. carteri to turn toward the light, as explained
further below. At very high light intensities and long stimulation,
the responses to step up and step down stimuli are reversed (see
SI Text), allowing Volvox to avoid photodamage by swimming
away from the light. Irrespective of the stimulus light intensity,
τr is always a fraction of a second, whereas τa is several seconds
(Fig. 2B), consistent with early observations (14, 15).

Although the kinetics and biochemistry of photoreceptor cur-
rents have been studied in Chlamydomonas (2, 21) and Volvox
(22), their connection to the flagellar photoresponse is unclear.
In Volvox, a step stimulus elicits a Ca2þ current whose time scale
of 1 ms (22) is too short to account for the measured τr . But the
time for Ca2þ to diffuse the length of the flagellum L is τD ¼
L2∕D ∼ 0.2 s (for L ∼ 15 μm, D ∼ 10−5 cm2∕s), which is similar
to τr , suggesting that the photocurrent triggers an influx of
Ca2þ at the base of the flagella, consistent with previous hypoth-
eses (22, 23). Although the dependence of τa on light intensity is
like that of the Hþ current in Volvox, the decay constant of the
latter is only ∼75 ms (22); the biochemical origin of τa remains
unknown.

The measured adaptive response of the flagella-generated
fluid speed just above the colony surface (Fig. 2A) can be de-
scribed by uðtÞ∕u0 ¼ 1 − βpðtÞ, where pðtÞ is a dimensionless
photoresponse variable that is large when there is a large
light-induced decrease in flagellar activity and vanishes when
there is no such change in flagellar activity. The empirically de-
termined constant β > 0 quantifies the amplitude of the decrease
in uðtÞ∕u0. For a model of pðtÞ that captures the two time scales τa
and τr , we require a second variable hðtÞ, which we define as a
dimensionless representation of the hidden internal biochemistry
responsible for adaptation (24, 25). A system of coupled equa-
tions that is consistent with the measured uðtÞ∕u0 is

τr _p ¼ ðs − hÞHðs − hÞ − p; [1]

τa _h ¼ s − h; [2]

where the light stimulus sðtÞ is a dimensionless measure of the
photoreceptor input that incorporates the eyespot directionality.
The Heaviside step functionHðs − hÞ is used to ensure that a step
down in light stimulus cannot increase u above u0, because it
keeps p ≥ 0. In these equations, the values p& ¼ 0 and h& ¼ s1
are stable and global attractors in the sense that, after a suffi-
ciently long time under constant light stimulus s1, the pair
(p, h) relaxes to (p&, h&). However, if s increases from s1 for t <
0 to s2 for t ≥ 0, then for t > 0 the solution is

hðtÞ ¼ s1e−t∕τa þ s2ð1 − e−t∕τaÞ; [3]

pðtÞ ¼ ðs2 − s1Þ
1 − τr∕τa

ðe−t∕τa − e−t∕τr Þ: [4]

When τr ≪ τa, as for Volvox, there is a sharp transient increase in
pðtÞ [and decrease in uðtÞ], peaking at a time t† ∼ τr lnðτa∕τrÞ,
followed by a slow relaxation back to zero, as in the measured
flagellar photoresponse shown in Fig. 2A.

The rotation of Volvox about its axis and the resulting periodic
illumination of the photoreceptors suggest an investigation of the
dependence of the photoresponse on the frequency of sinusoidal
stimulation. For the above model this frequency dependence of
the photoresponse is R ¼ j~p∕~sj, where ~p and ~s are the Fourier
transforms of p and s, respectively. R is well-approximated by
neglecting the Heaviside function in Eq. 1 (see SI Text) to give

RðωsÞ ¼
ωsτaffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð1þ ω2
s τ2r Þð1þ ω2
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Fig. 1. Geometry of V. carteri and experimental setup. (A) The beating fla-
gella, two per somatic cell (Inset), create a fluid flow from the anterior to the
posterior, with a slight azimuthal component that rotates Volvox about its
posterior-anterior axis at angular frequency ωr. (Scale bar: 100 μm.) (B)
Studies of the flagellar photoresponse utilize light sent down an optical fiber.

Fig. 2. Characteristics of the adaptive photoresponse. (A) The local flagella-
generated fluid speed uðtÞ (Blue), measured with PIV just above the flagella
during a step up in light intensity, serves as a measure of flagellar activity. The
baseline flow speed in the dark is u0 ¼ 81 μm∕s for this dataset. Two time
scales are evident: a short response time τr and a longer adaptation time
τa. The fitted theoretical curve (Red) is from Eq. 4. (B) The times τr (Squares)
and τa (Circles) vary smoothly with the stimulus light intensity, measured in
terms of PAR. Error bars are standard deviations.
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every somatic cell, we measured the fluid motion produced by the
flagellar beating by using particle image velocimetry (PIV). This
approach implicitly averages over several neighboring flagella,
and, by measuring the fluid velocity just above the flagellar tips,
we obtain a natural input for the hydrodynamic models of photo-
tactic turning described further below. Because of the low
Reynolds number associated with flows generated by V. carteri
(18–20), fluid inertia is negligible and the flagella-induced flow
is a direct measure of the flagellar activity. Fig. 2A shows a typical
time trace of the photoresponse, measured in terms of the
flagella-generated flow speed uðtÞ, normalized by the flow speed
under time-independent illumination u0, and averaged over #30°
from the anterior pole. We found that a step up in light intensity
elicits a decrease in flagellar activity on a response time scale τr ,
followed by a recovery to baseline activity on a time scale τa

associated with adaptation; there was no change in flagellar ac-
tivity upon a step down in light intensity. This response underlies
the ability of V. carteri to turn toward the light, as explained
further below. At very high light intensities and long stimulation,
the responses to step up and step down stimuli are reversed (see
SI Text), allowing Volvox to avoid photodamage by swimming
away from the light. Irrespective of the stimulus light intensity,
τr is always a fraction of a second, whereas τa is several seconds
(Fig. 2B), consistent with early observations (14, 15).

Although the kinetics and biochemistry of photoreceptor cur-
rents have been studied in Chlamydomonas (2, 21) and Volvox
(22), their connection to the flagellar photoresponse is unclear.
In Volvox, a step stimulus elicits a Ca2þ current whose time scale
of 1 ms (22) is too short to account for the measured τr . But the
time for Ca2þ to diffuse the length of the flagellum L is τD ¼
L2∕D ∼ 0.2 s (for L ∼ 15 μm, D ∼ 10−5 cm2∕s), which is similar
to τr , suggesting that the photocurrent triggers an influx of
Ca2þ at the base of the flagella, consistent with previous hypoth-
eses (22, 23). Although the dependence of τa on light intensity is
like that of the Hþ current in Volvox, the decay constant of the
latter is only ∼75 ms (22); the biochemical origin of τa remains
unknown.

The measured adaptive response of the flagella-generated
fluid speed just above the colony surface (Fig. 2A) can be de-
scribed by uðtÞ∕u0 ¼ 1 − βpðtÞ, where pðtÞ is a dimensionless
photoresponse variable that is large when there is a large
light-induced decrease in flagellar activity and vanishes when
there is no such change in flagellar activity. The empirically de-
termined constant β > 0 quantifies the amplitude of the decrease
in uðtÞ∕u0. For a model of pðtÞ that captures the two time scales τa
and τr , we require a second variable hðtÞ, which we define as a
dimensionless representation of the hidden internal biochemistry
responsible for adaptation (24, 25). A system of coupled equa-
tions that is consistent with the measured uðtÞ∕u0 is

τr _p ¼ ðs − hÞHðs − hÞ − p; [1]

τa _h ¼ s − h; [2]

where the light stimulus sðtÞ is a dimensionless measure of the
photoreceptor input that incorporates the eyespot directionality.
The Heaviside step functionHðs − hÞ is used to ensure that a step
down in light stimulus cannot increase u above u0, because it
keeps p ≥ 0. In these equations, the values p& ¼ 0 and h& ¼ s1
are stable and global attractors in the sense that, after a suffi-
ciently long time under constant light stimulus s1, the pair
(p, h) relaxes to (p&, h&). However, if s increases from s1 for t <
0 to s2 for t ≥ 0, then for t > 0 the solution is

hðtÞ ¼ s1e−t∕τa þ s2ð1 − e−t∕τaÞ; [3]

pðtÞ ¼ ðs2 − s1Þ
1 − τr∕τa

ðe−t∕τa − e−t∕τr Þ: [4]

When τr ≪ τa, as for Volvox, there is a sharp transient increase in
pðtÞ [and decrease in uðtÞ], peaking at a time t† ∼ τr lnðτa∕τrÞ,
followed by a slow relaxation back to zero, as in the measured
flagellar photoresponse shown in Fig. 2A.

The rotation of Volvox about its axis and the resulting periodic
illumination of the photoreceptors suggest an investigation of the
dependence of the photoresponse on the frequency of sinusoidal
stimulation. For the above model this frequency dependence of
the photoresponse is R ¼ j~p∕~sj, where ~p and ~s are the Fourier
transforms of p and s, respectively. R is well-approximated by
neglecting the Heaviside function in Eq. 1 (see SI Text) to give

RðωsÞ ¼
ωsτaffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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Fig. 1. Geometry of V. carteri and experimental setup. (A) The beating fla-
gella, two per somatic cell (Inset), create a fluid flow from the anterior to the
posterior, with a slight azimuthal component that rotates Volvox about its
posterior-anterior axis at angular frequency ωr. (Scale bar: 100 μm.) (B)
Studies of the flagellar photoresponse utilize light sent down an optical fiber.

Fig. 2. Characteristics of the adaptive photoresponse. (A) The local flagella-
generated fluid speed uðtÞ (Blue), measured with PIV just above the flagella
during a step up in light intensity, serves as a measure of flagellar activity. The
baseline flow speed in the dark is u0 ¼ 81 μm∕s for this dataset. Two time
scales are evident: a short response time τr and a longer adaptation time
τa. The fitted theoretical curve (Red) is from Eq. 4. (B) The times τr (Squares)
and τa (Circles) vary smoothly with the stimulus light intensity, measured in
terms of PAR. Error bars are standard deviations.
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every somatic cell, we measured the fluid motion produced by the
flagellar beating by using particle image velocimetry (PIV). This
approach implicitly averages over several neighboring flagella,
and, by measuring the fluid velocity just above the flagellar tips,
we obtain a natural input for the hydrodynamic models of photo-
tactic turning described further below. Because of the low
Reynolds number associated with flows generated by V. carteri
(18–20), fluid inertia is negligible and the flagella-induced flow
is a direct measure of the flagellar activity. Fig. 2A shows a typical
time trace of the photoresponse, measured in terms of the
flagella-generated flow speed uðtÞ, normalized by the flow speed
under time-independent illumination u0, and averaged over #30°
from the anterior pole. We found that a step up in light intensity
elicits a decrease in flagellar activity on a response time scale τr ,
followed by a recovery to baseline activity on a time scale τa

associated with adaptation; there was no change in flagellar ac-
tivity upon a step down in light intensity. This response underlies
the ability of V. carteri to turn toward the light, as explained
further below. At very high light intensities and long stimulation,
the responses to step up and step down stimuli are reversed (see
SI Text), allowing Volvox to avoid photodamage by swimming
away from the light. Irrespective of the stimulus light intensity,
τr is always a fraction of a second, whereas τa is several seconds
(Fig. 2B), consistent with early observations (14, 15).

Although the kinetics and biochemistry of photoreceptor cur-
rents have been studied in Chlamydomonas (2, 21) and Volvox
(22), their connection to the flagellar photoresponse is unclear.
In Volvox, a step stimulus elicits a Ca2þ current whose time scale
of 1 ms (22) is too short to account for the measured τr . But the
time for Ca2þ to diffuse the length of the flagellum L is τD ¼
L2∕D ∼ 0.2 s (for L ∼ 15 μm, D ∼ 10−5 cm2∕s), which is similar
to τr , suggesting that the photocurrent triggers an influx of
Ca2þ at the base of the flagella, consistent with previous hypoth-
eses (22, 23). Although the dependence of τa on light intensity is
like that of the Hþ current in Volvox, the decay constant of the
latter is only ∼75 ms (22); the biochemical origin of τa remains
unknown.

The measured adaptive response of the flagella-generated
fluid speed just above the colony surface (Fig. 2A) can be de-
scribed by uðtÞ∕u0 ¼ 1 − βpðtÞ, where pðtÞ is a dimensionless
photoresponse variable that is large when there is a large
light-induced decrease in flagellar activity and vanishes when
there is no such change in flagellar activity. The empirically de-
termined constant β > 0 quantifies the amplitude of the decrease
in uðtÞ∕u0. For a model of pðtÞ that captures the two time scales τa
and τr , we require a second variable hðtÞ, which we define as a
dimensionless representation of the hidden internal biochemistry
responsible for adaptation (24, 25). A system of coupled equa-
tions that is consistent with the measured uðtÞ∕u0 is

τr _p ¼ ðs − hÞHðs − hÞ − p; [1]

τa _h ¼ s − h; [2]

where the light stimulus sðtÞ is a dimensionless measure of the
photoreceptor input that incorporates the eyespot directionality.
The Heaviside step functionHðs − hÞ is used to ensure that a step
down in light stimulus cannot increase u above u0, because it
keeps p ≥ 0. In these equations, the values p& ¼ 0 and h& ¼ s1
are stable and global attractors in the sense that, after a suffi-
ciently long time under constant light stimulus s1, the pair
(p, h) relaxes to (p&, h&). However, if s increases from s1 for t <
0 to s2 for t ≥ 0, then for t > 0 the solution is

hðtÞ ¼ s1e−t∕τa þ s2ð1 − e−t∕τaÞ; [3]

pðtÞ ¼ ðs2 − s1Þ
1 − τr∕τa

ðe−t∕τa − e−t∕τr Þ: [4]

When τr ≪ τa, as for Volvox, there is a sharp transient increase in
pðtÞ [and decrease in uðtÞ], peaking at a time t† ∼ τr lnðτa∕τrÞ,
followed by a slow relaxation back to zero, as in the measured
flagellar photoresponse shown in Fig. 2A.

The rotation of Volvox about its axis and the resulting periodic
illumination of the photoreceptors suggest an investigation of the
dependence of the photoresponse on the frequency of sinusoidal
stimulation. For the above model this frequency dependence of
the photoresponse is R ¼ j~p∕~sj, where ~p and ~s are the Fourier
transforms of p and s, respectively. R is well-approximated by
neglecting the Heaviside function in Eq. 1 (see SI Text) to give

RðωsÞ ¼
ωsτaffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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Fig. 1. Geometry of V. carteri and experimental setup. (A) The beating fla-
gella, two per somatic cell (Inset), create a fluid flow from the anterior to the
posterior, with a slight azimuthal component that rotates Volvox about its
posterior-anterior axis at angular frequency ωr. (Scale bar: 100 μm.) (B)
Studies of the flagellar photoresponse utilize light sent down an optical fiber.

Fig. 2. Characteristics of the adaptive photoresponse. (A) The local flagella-
generated fluid speed uðtÞ (Blue), measured with PIV just above the flagella
during a step up in light intensity, serves as a measure of flagellar activity. The
baseline flow speed in the dark is u0 ¼ 81 μm∕s for this dataset. Two time
scales are evident: a short response time τr and a longer adaptation time
τa. The fitted theoretical curve (Red) is from Eq. 4. (B) The times τr (Squares)
and τa (Circles) vary smoothly with the stimulus light intensity, measured in
terms of PAR. Error bars are standard deviations.
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every somatic cell, we measured the fluid motion produced by the
flagellar beating by using particle image velocimetry (PIV). This
approach implicitly averages over several neighboring flagella,
and, by measuring the fluid velocity just above the flagellar tips,
we obtain a natural input for the hydrodynamic models of photo-
tactic turning described further below. Because of the low
Reynolds number associated with flows generated by V. carteri
(18–20), fluid inertia is negligible and the flagella-induced flow
is a direct measure of the flagellar activity. Fig. 2A shows a typical
time trace of the photoresponse, measured in terms of the
flagella-generated flow speed uðtÞ, normalized by the flow speed
under time-independent illumination u0, and averaged over #30°
from the anterior pole. We found that a step up in light intensity
elicits a decrease in flagellar activity on a response time scale τr ,
followed by a recovery to baseline activity on a time scale τa

associated with adaptation; there was no change in flagellar ac-
tivity upon a step down in light intensity. This response underlies
the ability of V. carteri to turn toward the light, as explained
further below. At very high light intensities and long stimulation,
the responses to step up and step down stimuli are reversed (see
SI Text), allowing Volvox to avoid photodamage by swimming
away from the light. Irrespective of the stimulus light intensity,
τr is always a fraction of a second, whereas τa is several seconds
(Fig. 2B), consistent with early observations (14, 15).

Although the kinetics and biochemistry of photoreceptor cur-
rents have been studied in Chlamydomonas (2, 21) and Volvox
(22), their connection to the flagellar photoresponse is unclear.
In Volvox, a step stimulus elicits a Ca2þ current whose time scale
of 1 ms (22) is too short to account for the measured τr . But the
time for Ca2þ to diffuse the length of the flagellum L is τD ¼
L2∕D ∼ 0.2 s (for L ∼ 15 μm, D ∼ 10−5 cm2∕s), which is similar
to τr , suggesting that the photocurrent triggers an influx of
Ca2þ at the base of the flagella, consistent with previous hypoth-
eses (22, 23). Although the dependence of τa on light intensity is
like that of the Hþ current in Volvox, the decay constant of the
latter is only ∼75 ms (22); the biochemical origin of τa remains
unknown.

The measured adaptive response of the flagella-generated
fluid speed just above the colony surface (Fig. 2A) can be de-
scribed by uðtÞ∕u0 ¼ 1 − βpðtÞ, where pðtÞ is a dimensionless
photoresponse variable that is large when there is a large
light-induced decrease in flagellar activity and vanishes when
there is no such change in flagellar activity. The empirically de-
termined constant β > 0 quantifies the amplitude of the decrease
in uðtÞ∕u0. For a model of pðtÞ that captures the two time scales τa
and τr , we require a second variable hðtÞ, which we define as a
dimensionless representation of the hidden internal biochemistry
responsible for adaptation (24, 25). A system of coupled equa-
tions that is consistent with the measured uðtÞ∕u0 is

τr _p ¼ ðs − hÞHðs − hÞ − p; [1]

τa _h ¼ s − h; [2]

where the light stimulus sðtÞ is a dimensionless measure of the
photoreceptor input that incorporates the eyespot directionality.
The Heaviside step functionHðs − hÞ is used to ensure that a step
down in light stimulus cannot increase u above u0, because it
keeps p ≥ 0. In these equations, the values p& ¼ 0 and h& ¼ s1
are stable and global attractors in the sense that, after a suffi-
ciently long time under constant light stimulus s1, the pair
(p, h) relaxes to (p&, h&). However, if s increases from s1 for t <
0 to s2 for t ≥ 0, then for t > 0 the solution is

hðtÞ ¼ s1e−t∕τa þ s2ð1 − e−t∕τaÞ; [3]

pðtÞ ¼ ðs2 − s1Þ
1 − τr∕τa

ðe−t∕τa − e−t∕τr Þ: [4]

When τr ≪ τa, as for Volvox, there is a sharp transient increase in
pðtÞ [and decrease in uðtÞ], peaking at a time t† ∼ τr lnðτa∕τrÞ,
followed by a slow relaxation back to zero, as in the measured
flagellar photoresponse shown in Fig. 2A.

The rotation of Volvox about its axis and the resulting periodic
illumination of the photoreceptors suggest an investigation of the
dependence of the photoresponse on the frequency of sinusoidal
stimulation. For the above model this frequency dependence of
the photoresponse is R ¼ j~p∕~sj, where ~p and ~s are the Fourier
transforms of p and s, respectively. R is well-approximated by
neglecting the Heaviside function in Eq. 1 (see SI Text) to give

RðωsÞ ¼
ωsτaffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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Fig. 1. Geometry of V. carteri and experimental setup. (A) The beating fla-
gella, two per somatic cell (Inset), create a fluid flow from the anterior to the
posterior, with a slight azimuthal component that rotates Volvox about its
posterior-anterior axis at angular frequency ωr. (Scale bar: 100 μm.) (B)
Studies of the flagellar photoresponse utilize light sent down an optical fiber.

Fig. 2. Characteristics of the adaptive photoresponse. (A) The local flagella-
generated fluid speed uðtÞ (Blue), measured with PIV just above the flagella
during a step up in light intensity, serves as a measure of flagellar activity. The
baseline flow speed in the dark is u0 ¼ 81 μm∕s for this dataset. Two time
scales are evident: a short response time τr and a longer adaptation time
τa. The fitted theoretical curve (Red) is from Eq. 4. (B) The times τr (Squares)
and τa (Circles) vary smoothly with the stimulus light intensity, measured in
terms of PAR. Error bars are standard deviations.
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every somatic cell, we measured the fluid motion produced by the
flagellar beating by using particle image velocimetry (PIV). This
approach implicitly averages over several neighboring flagella,
and, by measuring the fluid velocity just above the flagellar tips,
we obtain a natural input for the hydrodynamic models of photo-
tactic turning described further below. Because of the low
Reynolds number associated with flows generated by V. carteri
(18–20), fluid inertia is negligible and the flagella-induced flow
is a direct measure of the flagellar activity. Fig. 2A shows a typical
time trace of the photoresponse, measured in terms of the
flagella-generated flow speed uðtÞ, normalized by the flow speed
under time-independent illumination u0, and averaged over #30°
from the anterior pole. We found that a step up in light intensity
elicits a decrease in flagellar activity on a response time scale τr ,
followed by a recovery to baseline activity on a time scale τa

associated with adaptation; there was no change in flagellar ac-
tivity upon a step down in light intensity. This response underlies
the ability of V. carteri to turn toward the light, as explained
further below. At very high light intensities and long stimulation,
the responses to step up and step down stimuli are reversed (see
SI Text), allowing Volvox to avoid photodamage by swimming
away from the light. Irrespective of the stimulus light intensity,
τr is always a fraction of a second, whereas τa is several seconds
(Fig. 2B), consistent with early observations (14, 15).

Although the kinetics and biochemistry of photoreceptor cur-
rents have been studied in Chlamydomonas (2, 21) and Volvox
(22), their connection to the flagellar photoresponse is unclear.
In Volvox, a step stimulus elicits a Ca2þ current whose time scale
of 1 ms (22) is too short to account for the measured τr . But the
time for Ca2þ to diffuse the length of the flagellum L is τD ¼
L2∕D ∼ 0.2 s (for L ∼ 15 μm, D ∼ 10−5 cm2∕s), which is similar
to τr , suggesting that the photocurrent triggers an influx of
Ca2þ at the base of the flagella, consistent with previous hypoth-
eses (22, 23). Although the dependence of τa on light intensity is
like that of the Hþ current in Volvox, the decay constant of the
latter is only ∼75 ms (22); the biochemical origin of τa remains
unknown.

The measured adaptive response of the flagella-generated
fluid speed just above the colony surface (Fig. 2A) can be de-
scribed by uðtÞ∕u0 ¼ 1 − βpðtÞ, where pðtÞ is a dimensionless
photoresponse variable that is large when there is a large
light-induced decrease in flagellar activity and vanishes when
there is no such change in flagellar activity. The empirically de-
termined constant β > 0 quantifies the amplitude of the decrease
in uðtÞ∕u0. For a model of pðtÞ that captures the two time scales τa
and τr , we require a second variable hðtÞ, which we define as a
dimensionless representation of the hidden internal biochemistry
responsible for adaptation (24, 25). A system of coupled equa-
tions that is consistent with the measured uðtÞ∕u0 is

τr _p ¼ ðs − hÞHðs − hÞ − p; [1]

τa _h ¼ s − h; [2]

where the light stimulus sðtÞ is a dimensionless measure of the
photoreceptor input that incorporates the eyespot directionality.
The Heaviside step functionHðs − hÞ is used to ensure that a step
down in light stimulus cannot increase u above u0, because it
keeps p ≥ 0. In these equations, the values p& ¼ 0 and h& ¼ s1
are stable and global attractors in the sense that, after a suffi-
ciently long time under constant light stimulus s1, the pair
(p, h) relaxes to (p&, h&). However, if s increases from s1 for t <
0 to s2 for t ≥ 0, then for t > 0 the solution is

hðtÞ ¼ s1e−t∕τa þ s2ð1 − e−t∕τaÞ; [3]

pðtÞ ¼ ðs2 − s1Þ
1 − τr∕τa

ðe−t∕τa − e−t∕τr Þ: [4]

When τr ≪ τa, as for Volvox, there is a sharp transient increase in
pðtÞ [and decrease in uðtÞ], peaking at a time t† ∼ τr lnðτa∕τrÞ,
followed by a slow relaxation back to zero, as in the measured
flagellar photoresponse shown in Fig. 2A.

The rotation of Volvox about its axis and the resulting periodic
illumination of the photoreceptors suggest an investigation of the
dependence of the photoresponse on the frequency of sinusoidal
stimulation. For the above model this frequency dependence of
the photoresponse is R ¼ j~p∕~sj, where ~p and ~s are the Fourier
transforms of p and s, respectively. R is well-approximated by
neglecting the Heaviside function in Eq. 1 (see SI Text) to give

RðωsÞ ¼
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Fig. 1. Geometry of V. carteri and experimental setup. (A) The beating fla-
gella, two per somatic cell (Inset), create a fluid flow from the anterior to the
posterior, with a slight azimuthal component that rotates Volvox about its
posterior-anterior axis at angular frequency ωr. (Scale bar: 100 μm.) (B)
Studies of the flagellar photoresponse utilize light sent down an optical fiber.

Fig. 2. Characteristics of the adaptive photoresponse. (A) The local flagella-
generated fluid speed uðtÞ (Blue), measured with PIV just above the flagella
during a step up in light intensity, serves as a measure of flagellar activity. The
baseline flow speed in the dark is u0 ¼ 81 μm∕s for this dataset. Two time
scales are evident: a short response time τr and a longer adaptation time
τa. The fitted theoretical curve (Red) is from Eq. 4. (B) The times τr (Squares)
and τa (Circles) vary smoothly with the stimulus light intensity, measured in
terms of PAR. Error bars are standard deviations.
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every somatic cell, we measured the fluid motion produced by the
flagellar beating by using particle image velocimetry (PIV). This
approach implicitly averages over several neighboring flagella,
and, by measuring the fluid velocity just above the flagellar tips,
we obtain a natural input for the hydrodynamic models of photo-
tactic turning described further below. Because of the low
Reynolds number associated with flows generated by V. carteri
(18–20), fluid inertia is negligible and the flagella-induced flow
is a direct measure of the flagellar activity. Fig. 2A shows a typical
time trace of the photoresponse, measured in terms of the
flagella-generated flow speed uðtÞ, normalized by the flow speed
under time-independent illumination u0, and averaged over #30°
from the anterior pole. We found that a step up in light intensity
elicits a decrease in flagellar activity on a response time scale τr ,
followed by a recovery to baseline activity on a time scale τa

associated with adaptation; there was no change in flagellar ac-
tivity upon a step down in light intensity. This response underlies
the ability of V. carteri to turn toward the light, as explained
further below. At very high light intensities and long stimulation,
the responses to step up and step down stimuli are reversed (see
SI Text), allowing Volvox to avoid photodamage by swimming
away from the light. Irrespective of the stimulus light intensity,
τr is always a fraction of a second, whereas τa is several seconds
(Fig. 2B), consistent with early observations (14, 15).

Although the kinetics and biochemistry of photoreceptor cur-
rents have been studied in Chlamydomonas (2, 21) and Volvox
(22), their connection to the flagellar photoresponse is unclear.
In Volvox, a step stimulus elicits a Ca2þ current whose time scale
of 1 ms (22) is too short to account for the measured τr . But the
time for Ca2þ to diffuse the length of the flagellum L is τD ¼
L2∕D ∼ 0.2 s (for L ∼ 15 μm, D ∼ 10−5 cm2∕s), which is similar
to τr , suggesting that the photocurrent triggers an influx of
Ca2þ at the base of the flagella, consistent with previous hypoth-
eses (22, 23). Although the dependence of τa on light intensity is
like that of the Hþ current in Volvox, the decay constant of the
latter is only ∼75 ms (22); the biochemical origin of τa remains
unknown.

The measured adaptive response of the flagella-generated
fluid speed just above the colony surface (Fig. 2A) can be de-
scribed by uðtÞ∕u0 ¼ 1 − βpðtÞ, where pðtÞ is a dimensionless
photoresponse variable that is large when there is a large
light-induced decrease in flagellar activity and vanishes when
there is no such change in flagellar activity. The empirically de-
termined constant β > 0 quantifies the amplitude of the decrease
in uðtÞ∕u0. For a model of pðtÞ that captures the two time scales τa
and τr , we require a second variable hðtÞ, which we define as a
dimensionless representation of the hidden internal biochemistry
responsible for adaptation (24, 25). A system of coupled equa-
tions that is consistent with the measured uðtÞ∕u0 is

τr _p ¼ ðs − hÞHðs − hÞ − p; [1]

τa _h ¼ s − h; [2]

where the light stimulus sðtÞ is a dimensionless measure of the
photoreceptor input that incorporates the eyespot directionality.
The Heaviside step functionHðs − hÞ is used to ensure that a step
down in light stimulus cannot increase u above u0, because it
keeps p ≥ 0. In these equations, the values p& ¼ 0 and h& ¼ s1
are stable and global attractors in the sense that, after a suffi-
ciently long time under constant light stimulus s1, the pair
(p, h) relaxes to (p&, h&). However, if s increases from s1 for t <
0 to s2 for t ≥ 0, then for t > 0 the solution is

hðtÞ ¼ s1e−t∕τa þ s2ð1 − e−t∕τaÞ; [3]

pðtÞ ¼ ðs2 − s1Þ
1 − τr∕τa

ðe−t∕τa − e−t∕τr Þ: [4]

When τr ≪ τa, as for Volvox, there is a sharp transient increase in
pðtÞ [and decrease in uðtÞ], peaking at a time t† ∼ τr lnðτa∕τrÞ,
followed by a slow relaxation back to zero, as in the measured
flagellar photoresponse shown in Fig. 2A.

The rotation of Volvox about its axis and the resulting periodic
illumination of the photoreceptors suggest an investigation of the
dependence of the photoresponse on the frequency of sinusoidal
stimulation. For the above model this frequency dependence of
the photoresponse is R ¼ j~p∕~sj, where ~p and ~s are the Fourier
transforms of p and s, respectively. R is well-approximated by
neglecting the Heaviside function in Eq. 1 (see SI Text) to give

RðωsÞ ¼
ωsτaffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð1þ ω2
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Fig. 1. Geometry of V. carteri and experimental setup. (A) The beating fla-
gella, two per somatic cell (Inset), create a fluid flow from the anterior to the
posterior, with a slight azimuthal component that rotates Volvox about its
posterior-anterior axis at angular frequency ωr. (Scale bar: 100 μm.) (B)
Studies of the flagellar photoresponse utilize light sent down an optical fiber.

Fig. 2. Characteristics of the adaptive photoresponse. (A) The local flagella-
generated fluid speed uðtÞ (Blue), measured with PIV just above the flagella
during a step up in light intensity, serves as a measure of flagellar activity. The
baseline flow speed in the dark is u0 ¼ 81 μm∕s for this dataset. Two time
scales are evident: a short response time τr and a longer adaptation time
τa. The fitted theoretical curve (Red) is from Eq. 4. (B) The times τr (Squares)
and τa (Circles) vary smoothly with the stimulus light intensity, measured in
terms of PAR. Error bars are standard deviations.
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every somatic cell, we measured the fluid motion produced by the
flagellar beating by using particle image velocimetry (PIV). This
approach implicitly averages over several neighboring flagella,
and, by measuring the fluid velocity just above the flagellar tips,
we obtain a natural input for the hydrodynamic models of photo-
tactic turning described further below. Because of the low
Reynolds number associated with flows generated by V. carteri
(18–20), fluid inertia is negligible and the flagella-induced flow
is a direct measure of the flagellar activity. Fig. 2A shows a typical
time trace of the photoresponse, measured in terms of the
flagella-generated flow speed uðtÞ, normalized by the flow speed
under time-independent illumination u0, and averaged over #30°
from the anterior pole. We found that a step up in light intensity
elicits a decrease in flagellar activity on a response time scale τr ,
followed by a recovery to baseline activity on a time scale τa

associated with adaptation; there was no change in flagellar ac-
tivity upon a step down in light intensity. This response underlies
the ability of V. carteri to turn toward the light, as explained
further below. At very high light intensities and long stimulation,
the responses to step up and step down stimuli are reversed (see
SI Text), allowing Volvox to avoid photodamage by swimming
away from the light. Irrespective of the stimulus light intensity,
τr is always a fraction of a second, whereas τa is several seconds
(Fig. 2B), consistent with early observations (14, 15).

Although the kinetics and biochemistry of photoreceptor cur-
rents have been studied in Chlamydomonas (2, 21) and Volvox
(22), their connection to the flagellar photoresponse is unclear.
In Volvox, a step stimulus elicits a Ca2þ current whose time scale
of 1 ms (22) is too short to account for the measured τr . But the
time for Ca2þ to diffuse the length of the flagellum L is τD ¼
L2∕D ∼ 0.2 s (for L ∼ 15 μm, D ∼ 10−5 cm2∕s), which is similar
to τr , suggesting that the photocurrent triggers an influx of
Ca2þ at the base of the flagella, consistent with previous hypoth-
eses (22, 23). Although the dependence of τa on light intensity is
like that of the Hþ current in Volvox, the decay constant of the
latter is only ∼75 ms (22); the biochemical origin of τa remains
unknown.

The measured adaptive response of the flagella-generated
fluid speed just above the colony surface (Fig. 2A) can be de-
scribed by uðtÞ∕u0 ¼ 1 − βpðtÞ, where pðtÞ is a dimensionless
photoresponse variable that is large when there is a large
light-induced decrease in flagellar activity and vanishes when
there is no such change in flagellar activity. The empirically de-
termined constant β > 0 quantifies the amplitude of the decrease
in uðtÞ∕u0. For a model of pðtÞ that captures the two time scales τa
and τr , we require a second variable hðtÞ, which we define as a
dimensionless representation of the hidden internal biochemistry
responsible for adaptation (24, 25). A system of coupled equa-
tions that is consistent with the measured uðtÞ∕u0 is

τr _p ¼ ðs − hÞHðs − hÞ − p; [1]

τa _h ¼ s − h; [2]

where the light stimulus sðtÞ is a dimensionless measure of the
photoreceptor input that incorporates the eyespot directionality.
The Heaviside step functionHðs − hÞ is used to ensure that a step
down in light stimulus cannot increase u above u0, because it
keeps p ≥ 0. In these equations, the values p& ¼ 0 and h& ¼ s1
are stable and global attractors in the sense that, after a suffi-
ciently long time under constant light stimulus s1, the pair
(p, h) relaxes to (p&, h&). However, if s increases from s1 for t <
0 to s2 for t ≥ 0, then for t > 0 the solution is

hðtÞ ¼ s1e−t∕τa þ s2ð1 − e−t∕τaÞ; [3]

pðtÞ ¼ ðs2 − s1Þ
1 − τr∕τa

ðe−t∕τa − e−t∕τr Þ: [4]

When τr ≪ τa, as for Volvox, there is a sharp transient increase in
pðtÞ [and decrease in uðtÞ], peaking at a time t† ∼ τr lnðτa∕τrÞ,
followed by a slow relaxation back to zero, as in the measured
flagellar photoresponse shown in Fig. 2A.

The rotation of Volvox about its axis and the resulting periodic
illumination of the photoreceptors suggest an investigation of the
dependence of the photoresponse on the frequency of sinusoidal
stimulation. For the above model this frequency dependence of
the photoresponse is R ¼ j~p∕~sj, where ~p and ~s are the Fourier
transforms of p and s, respectively. R is well-approximated by
neglecting the Heaviside function in Eq. 1 (see SI Text) to give

RðωsÞ ¼
ωsτaffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð1þ ω2
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Fig. 1. Geometry of V. carteri and experimental setup. (A) The beating fla-
gella, two per somatic cell (Inset), create a fluid flow from the anterior to the
posterior, with a slight azimuthal component that rotates Volvox about its
posterior-anterior axis at angular frequency ωr. (Scale bar: 100 μm.) (B)
Studies of the flagellar photoresponse utilize light sent down an optical fiber.

Fig. 2. Characteristics of the adaptive photoresponse. (A) The local flagella-
generated fluid speed uðtÞ (Blue), measured with PIV just above the flagella
during a step up in light intensity, serves as a measure of flagellar activity. The
baseline flow speed in the dark is u0 ¼ 81 μm∕s for this dataset. Two time
scales are evident: a short response time τr and a longer adaptation time
τa. The fitted theoretical curve (Red) is from Eq. 4. (B) The times τr (Squares)
and τa (Circles) vary smoothly with the stimulus light intensity, measured in
terms of PAR. Error bars are standard deviations.
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every somatic cell, we measured the fluid motion produced by the
flagellar beating by using particle image velocimetry (PIV). This
approach implicitly averages over several neighboring flagella,
and, by measuring the fluid velocity just above the flagellar tips,
we obtain a natural input for the hydrodynamic models of photo-
tactic turning described further below. Because of the low
Reynolds number associated with flows generated by V. carteri
(18–20), fluid inertia is negligible and the flagella-induced flow
is a direct measure of the flagellar activity. Fig. 2A shows a typical
time trace of the photoresponse, measured in terms of the
flagella-generated flow speed uðtÞ, normalized by the flow speed
under time-independent illumination u0, and averaged over #30°
from the anterior pole. We found that a step up in light intensity
elicits a decrease in flagellar activity on a response time scale τr ,
followed by a recovery to baseline activity on a time scale τa

associated with adaptation; there was no change in flagellar ac-
tivity upon a step down in light intensity. This response underlies
the ability of V. carteri to turn toward the light, as explained
further below. At very high light intensities and long stimulation,
the responses to step up and step down stimuli are reversed (see
SI Text), allowing Volvox to avoid photodamage by swimming
away from the light. Irrespective of the stimulus light intensity,
τr is always a fraction of a second, whereas τa is several seconds
(Fig. 2B), consistent with early observations (14, 15).

Although the kinetics and biochemistry of photoreceptor cur-
rents have been studied in Chlamydomonas (2, 21) and Volvox
(22), their connection to the flagellar photoresponse is unclear.
In Volvox, a step stimulus elicits a Ca2þ current whose time scale
of 1 ms (22) is too short to account for the measured τr . But the
time for Ca2þ to diffuse the length of the flagellum L is τD ¼
L2∕D ∼ 0.2 s (for L ∼ 15 μm, D ∼ 10−5 cm2∕s), which is similar
to τr , suggesting that the photocurrent triggers an influx of
Ca2þ at the base of the flagella, consistent with previous hypoth-
eses (22, 23). Although the dependence of τa on light intensity is
like that of the Hþ current in Volvox, the decay constant of the
latter is only ∼75 ms (22); the biochemical origin of τa remains
unknown.

The measured adaptive response of the flagella-generated
fluid speed just above the colony surface (Fig. 2A) can be de-
scribed by uðtÞ∕u0 ¼ 1 − βpðtÞ, where pðtÞ is a dimensionless
photoresponse variable that is large when there is a large
light-induced decrease in flagellar activity and vanishes when
there is no such change in flagellar activity. The empirically de-
termined constant β > 0 quantifies the amplitude of the decrease
in uðtÞ∕u0. For a model of pðtÞ that captures the two time scales τa
and τr , we require a second variable hðtÞ, which we define as a
dimensionless representation of the hidden internal biochemistry
responsible for adaptation (24, 25). A system of coupled equa-
tions that is consistent with the measured uðtÞ∕u0 is

τr _p ¼ ðs − hÞHðs − hÞ − p; [1]

τa _h ¼ s − h; [2]

where the light stimulus sðtÞ is a dimensionless measure of the
photoreceptor input that incorporates the eyespot directionality.
The Heaviside step functionHðs − hÞ is used to ensure that a step
down in light stimulus cannot increase u above u0, because it
keeps p ≥ 0. In these equations, the values p& ¼ 0 and h& ¼ s1
are stable and global attractors in the sense that, after a suffi-
ciently long time under constant light stimulus s1, the pair
(p, h) relaxes to (p&, h&). However, if s increases from s1 for t <
0 to s2 for t ≥ 0, then for t > 0 the solution is

hðtÞ ¼ s1e−t∕τa þ s2ð1 − e−t∕τaÞ; [3]

pðtÞ ¼ ðs2 − s1Þ
1 − τr∕τa

ðe−t∕τa − e−t∕τr Þ: [4]

When τr ≪ τa, as for Volvox, there is a sharp transient increase in
pðtÞ [and decrease in uðtÞ], peaking at a time t† ∼ τr lnðτa∕τrÞ,
followed by a slow relaxation back to zero, as in the measured
flagellar photoresponse shown in Fig. 2A.

The rotation of Volvox about its axis and the resulting periodic
illumination of the photoreceptors suggest an investigation of the
dependence of the photoresponse on the frequency of sinusoidal
stimulation. For the above model this frequency dependence of
the photoresponse is R ¼ j~p∕~sj, where ~p and ~s are the Fourier
transforms of p and s, respectively. R is well-approximated by
neglecting the Heaviside function in Eq. 1 (see SI Text) to give

RðωsÞ ¼
ωsτaffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð1þ ω2
s τ2r Þð1þ ω2
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Fig. 1. Geometry of V. carteri and experimental setup. (A) The beating fla-
gella, two per somatic cell (Inset), create a fluid flow from the anterior to the
posterior, with a slight azimuthal component that rotates Volvox about its
posterior-anterior axis at angular frequency ωr. (Scale bar: 100 μm.) (B)
Studies of the flagellar photoresponse utilize light sent down an optical fiber.

Fig. 2. Characteristics of the adaptive photoresponse. (A) The local flagella-
generated fluid speed uðtÞ (Blue), measured with PIV just above the flagella
during a step up in light intensity, serves as a measure of flagellar activity. The
baseline flow speed in the dark is u0 ¼ 81 μm∕s for this dataset. Two time
scales are evident: a short response time τr and a longer adaptation time
τa. The fitted theoretical curve (Red) is from Eq. 4. (B) The times τr (Squares)
and τa (Circles) vary smoothly with the stimulus light intensity, measured in
terms of PAR. Error bars are standard deviations.
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every somatic cell, we measured the fluid motion produced by the
flagellar beating by using particle image velocimetry (PIV). This
approach implicitly averages over several neighboring flagella,
and, by measuring the fluid velocity just above the flagellar tips,
we obtain a natural input for the hydrodynamic models of photo-
tactic turning described further below. Because of the low
Reynolds number associated with flows generated by V. carteri
(18–20), fluid inertia is negligible and the flagella-induced flow
is a direct measure of the flagellar activity. Fig. 2A shows a typical
time trace of the photoresponse, measured in terms of the
flagella-generated flow speed uðtÞ, normalized by the flow speed
under time-independent illumination u0, and averaged over #30°
from the anterior pole. We found that a step up in light intensity
elicits a decrease in flagellar activity on a response time scale τr ,
followed by a recovery to baseline activity on a time scale τa

associated with adaptation; there was no change in flagellar ac-
tivity upon a step down in light intensity. This response underlies
the ability of V. carteri to turn toward the light, as explained
further below. At very high light intensities and long stimulation,
the responses to step up and step down stimuli are reversed (see
SI Text), allowing Volvox to avoid photodamage by swimming
away from the light. Irrespective of the stimulus light intensity,
τr is always a fraction of a second, whereas τa is several seconds
(Fig. 2B), consistent with early observations (14, 15).

Although the kinetics and biochemistry of photoreceptor cur-
rents have been studied in Chlamydomonas (2, 21) and Volvox
(22), their connection to the flagellar photoresponse is unclear.
In Volvox, a step stimulus elicits a Ca2þ current whose time scale
of 1 ms (22) is too short to account for the measured τr . But the
time for Ca2þ to diffuse the length of the flagellum L is τD ¼
L2∕D ∼ 0.2 s (for L ∼ 15 μm, D ∼ 10−5 cm2∕s), which is similar
to τr , suggesting that the photocurrent triggers an influx of
Ca2þ at the base of the flagella, consistent with previous hypoth-
eses (22, 23). Although the dependence of τa on light intensity is
like that of the Hþ current in Volvox, the decay constant of the
latter is only ∼75 ms (22); the biochemical origin of τa remains
unknown.

The measured adaptive response of the flagella-generated
fluid speed just above the colony surface (Fig. 2A) can be de-
scribed by uðtÞ∕u0 ¼ 1 − βpðtÞ, where pðtÞ is a dimensionless
photoresponse variable that is large when there is a large
light-induced decrease in flagellar activity and vanishes when
there is no such change in flagellar activity. The empirically de-
termined constant β > 0 quantifies the amplitude of the decrease
in uðtÞ∕u0. For a model of pðtÞ that captures the two time scales τa
and τr , we require a second variable hðtÞ, which we define as a
dimensionless representation of the hidden internal biochemistry
responsible for adaptation (24, 25). A system of coupled equa-
tions that is consistent with the measured uðtÞ∕u0 is

τr _p ¼ ðs − hÞHðs − hÞ − p; [1]

τa _h ¼ s − h; [2]

where the light stimulus sðtÞ is a dimensionless measure of the
photoreceptor input that incorporates the eyespot directionality.
The Heaviside step functionHðs − hÞ is used to ensure that a step
down in light stimulus cannot increase u above u0, because it
keeps p ≥ 0. In these equations, the values p& ¼ 0 and h& ¼ s1
are stable and global attractors in the sense that, after a suffi-
ciently long time under constant light stimulus s1, the pair
(p, h) relaxes to (p&, h&). However, if s increases from s1 for t <
0 to s2 for t ≥ 0, then for t > 0 the solution is

hðtÞ ¼ s1e−t∕τa þ s2ð1 − e−t∕τaÞ; [3]

pðtÞ ¼ ðs2 − s1Þ
1 − τr∕τa

ðe−t∕τa − e−t∕τr Þ: [4]

When τr ≪ τa, as for Volvox, there is a sharp transient increase in
pðtÞ [and decrease in uðtÞ], peaking at a time t† ∼ τr lnðτa∕τrÞ,
followed by a slow relaxation back to zero, as in the measured
flagellar photoresponse shown in Fig. 2A.

The rotation of Volvox about its axis and the resulting periodic
illumination of the photoreceptors suggest an investigation of the
dependence of the photoresponse on the frequency of sinusoidal
stimulation. For the above model this frequency dependence of
the photoresponse is R ¼ j~p∕~sj, where ~p and ~s are the Fourier
transforms of p and s, respectively. R is well-approximated by
neglecting the Heaviside function in Eq. 1 (see SI Text) to give

RðωsÞ ¼
ωsτaffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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Fig. 1. Geometry of V. carteri and experimental setup. (A) The beating fla-
gella, two per somatic cell (Inset), create a fluid flow from the anterior to the
posterior, with a slight azimuthal component that rotates Volvox about its
posterior-anterior axis at angular frequency ωr. (Scale bar: 100 μm.) (B)
Studies of the flagellar photoresponse utilize light sent down an optical fiber.

Fig. 2. Characteristics of the adaptive photoresponse. (A) The local flagella-
generated fluid speed uðtÞ (Blue), measured with PIV just above the flagella
during a step up in light intensity, serves as a measure of flagellar activity. The
baseline flow speed in the dark is u0 ¼ 81 μm∕s for this dataset. Two time
scales are evident: a short response time τr and a longer adaptation time
τa. The fitted theoretical curve (Red) is from Eq. 4. (B) The times τr (Squares)
and τa (Circles) vary smoothly with the stimulus light intensity, measured in
terms of PAR. Error bars are standard deviations.
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every somatic cell, we measured the fluid motion produced by the
flagellar beating by using particle image velocimetry (PIV). This
approach implicitly averages over several neighboring flagella,
and, by measuring the fluid velocity just above the flagellar tips,
we obtain a natural input for the hydrodynamic models of photo-
tactic turning described further below. Because of the low
Reynolds number associated with flows generated by V. carteri
(18–20), fluid inertia is negligible and the flagella-induced flow
is a direct measure of the flagellar activity. Fig. 2A shows a typical
time trace of the photoresponse, measured in terms of the
flagella-generated flow speed uðtÞ, normalized by the flow speed
under time-independent illumination u0, and averaged over #30°
from the anterior pole. We found that a step up in light intensity
elicits a decrease in flagellar activity on a response time scale τr ,
followed by a recovery to baseline activity on a time scale τa

associated with adaptation; there was no change in flagellar ac-
tivity upon a step down in light intensity. This response underlies
the ability of V. carteri to turn toward the light, as explained
further below. At very high light intensities and long stimulation,
the responses to step up and step down stimuli are reversed (see
SI Text), allowing Volvox to avoid photodamage by swimming
away from the light. Irrespective of the stimulus light intensity,
τr is always a fraction of a second, whereas τa is several seconds
(Fig. 2B), consistent with early observations (14, 15).

Although the kinetics and biochemistry of photoreceptor cur-
rents have been studied in Chlamydomonas (2, 21) and Volvox
(22), their connection to the flagellar photoresponse is unclear.
In Volvox, a step stimulus elicits a Ca2þ current whose time scale
of 1 ms (22) is too short to account for the measured τr . But the
time for Ca2þ to diffuse the length of the flagellum L is τD ¼
L2∕D ∼ 0.2 s (for L ∼ 15 μm, D ∼ 10−5 cm2∕s), which is similar
to τr , suggesting that the photocurrent triggers an influx of
Ca2þ at the base of the flagella, consistent with previous hypoth-
eses (22, 23). Although the dependence of τa on light intensity is
like that of the Hþ current in Volvox, the decay constant of the
latter is only ∼75 ms (22); the biochemical origin of τa remains
unknown.

The measured adaptive response of the flagella-generated
fluid speed just above the colony surface (Fig. 2A) can be de-
scribed by uðtÞ∕u0 ¼ 1 − βpðtÞ, where pðtÞ is a dimensionless
photoresponse variable that is large when there is a large
light-induced decrease in flagellar activity and vanishes when
there is no such change in flagellar activity. The empirically de-
termined constant β > 0 quantifies the amplitude of the decrease
in uðtÞ∕u0. For a model of pðtÞ that captures the two time scales τa
and τr , we require a second variable hðtÞ, which we define as a
dimensionless representation of the hidden internal biochemistry
responsible for adaptation (24, 25). A system of coupled equa-
tions that is consistent with the measured uðtÞ∕u0 is

τr _p ¼ ðs − hÞHðs − hÞ − p; [1]

τa _h ¼ s − h; [2]

where the light stimulus sðtÞ is a dimensionless measure of the
photoreceptor input that incorporates the eyespot directionality.
The Heaviside step functionHðs − hÞ is used to ensure that a step
down in light stimulus cannot increase u above u0, because it
keeps p ≥ 0. In these equations, the values p& ¼ 0 and h& ¼ s1
are stable and global attractors in the sense that, after a suffi-
ciently long time under constant light stimulus s1, the pair
(p, h) relaxes to (p&, h&). However, if s increases from s1 for t <
0 to s2 for t ≥ 0, then for t > 0 the solution is

hðtÞ ¼ s1e−t∕τa þ s2ð1 − e−t∕τaÞ; [3]

pðtÞ ¼ ðs2 − s1Þ
1 − τr∕τa

ðe−t∕τa − e−t∕τr Þ: [4]

When τr ≪ τa, as for Volvox, there is a sharp transient increase in
pðtÞ [and decrease in uðtÞ], peaking at a time t† ∼ τr lnðτa∕τrÞ,
followed by a slow relaxation back to zero, as in the measured
flagellar photoresponse shown in Fig. 2A.

The rotation of Volvox about its axis and the resulting periodic
illumination of the photoreceptors suggest an investigation of the
dependence of the photoresponse on the frequency of sinusoidal
stimulation. For the above model this frequency dependence of
the photoresponse is R ¼ j~p∕~sj, where ~p and ~s are the Fourier
transforms of p and s, respectively. R is well-approximated by
neglecting the Heaviside function in Eq. 1 (see SI Text) to give

RðωsÞ ¼
ωsτaffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð1þ ω2
s τ2r Þð1þ ω2

s τ2aÞ
p : [5]

Fig. 1. Geometry of V. carteri and experimental setup. (A) The beating fla-
gella, two per somatic cell (Inset), create a fluid flow from the anterior to the
posterior, with a slight azimuthal component that rotates Volvox about its
posterior-anterior axis at angular frequency ωr. (Scale bar: 100 μm.) (B)
Studies of the flagellar photoresponse utilize light sent down an optical fiber.

Fig. 2. Characteristics of the adaptive photoresponse. (A) The local flagella-
generated fluid speed uðtÞ (Blue), measured with PIV just above the flagella
during a step up in light intensity, serves as a measure of flagellar activity. The
baseline flow speed in the dark is u0 ¼ 81 μm∕s for this dataset. Two time
scales are evident: a short response time τr and a longer adaptation time
τa. The fitted theoretical curve (Red) is from Eq. 4. (B) The times τr (Squares)
and τa (Circles) vary smoothly with the stimulus light intensity, measured in
terms of PAR. Error bars are standard deviations.
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Heuristic response model

If the stimulus angular frequency ωs is very low (ωs ≪ 2π∕τa), the
adaptive process has sufficient time to keep up with the changing
light levels and the amplitude of the response vanishes. At very
high frequencies, ωs ≫ 2π∕τr , the response is limited to short-
time behavior and also vanishes.

Using the setup in Fig. 1B, we measured the flagellar photo-
response to sinusoidal light stimuli of various temporal frequen-
cies. In Fig. 3A, these measurements are compared with the
theoretical RðωsÞ, showing excellent agreement. The maximum
response is obtained at stimulus frequencies that correspond to
the natural angular rotation frequencies of Volvox about its swim-
ming direction. The frequency dependence of the photoresponse
is like a band pass filter that removes high frequency noise, e.g.,
light fluctuations from ripples on the water surface (26), but
retains the key feature of adaptation.

Heuristic Mechanism of Phototaxis.We proceed to a qualitative dis-
cussion of how an adaptive response translates into phototactic
turning and the ingredients required for a simple yet realistic
mathematical model with predictive power.

In general, phototactic orientation is due to an asymmetry of
the flagellar behavior between the illuminated and shaded sides
of the organism. The mechanism that achieves this asymmetry is
species-dependent, but it is instructive to consider a hierarchy of
ingredients. First, consider a nonspinning spherical organism that

can display a nonadaptive photoresponse on its entire surface but
will do so only on the illuminated side, as in Fig. 4A. This organ-
ism will achieve perfect antialignment of its posterior-anterior
axis k with the light direction unit vector Î (i.e., face the light)
on a turning time scale τt, which is determined by the balance
between the torques due to asymmetric flagellar activity and ro-
tational viscous drag. Adaptation to light is a desirable property
for such an organism, because it allows a response to light inten-
sities over several orders of magnitude and because it allows the
organism to swim at full speed once a good orientation has been
reached. If the photoresponse of the above model organism now
has the desirable property of being adaptive, it will initially turn
towards the light as in Fig. 4A, but adaptation may cause the re-
sponse to decay before k reaches antialignment with Î (Fig. 4B),
depending on the relative magnitude of τa and τt. If, however, the
adaptive organism would spin about k, new surface area would
continuously be exposed, thus maintaining an asymmetric photo-
response until perfect antialignment of k with Î has been reached.
For Volvox, which generally have τa ∼ τt, the spinning about the
posterior-anterior axis is therefore not just optimized for the
photoresponse kinetics, as shown in the previous section, but also
essential for high-fidelity phototactic orientation in the presence
of adaptation. Spinning may also mitigate the deleterious effects
of unsymmetrical colony development and injury (27), and for
organisms with a restricted field of view due to a small number
of eyespots, such as Chlamydomonas and Platynereis, spinning is
also required for detecting the light direction (3, 7).

In Volvox colonies, the flagellar photoresponse is localized
near the anterior pole (Fig. 5), yet the importance of spinning
outlined above remains. However, having only a small photore-
sponsive region complicates the heuristic picture: If the eyespots
could only direct an all-or-nothing response as they move from
the shaded to the illuminated side of the sphere, the best possible
phototactic orientation is drawn in Fig. 4C. Such a mechanism

Fig. 3. Photoresponse frequency dependence and colony rotation. (A) The
normalized flagellar photoresponse for different frequencies of sinusoidal
stimulation, with minimal and maximal light intensities of 1 and 20 μmol
PAR photonsm−2 s−1 (Blue Circles). The theoretical response function (Eq. 5,
Red Line) shows quantitative agreement, using τr and τa from Fig. 2B for
16 μmol PAR photonsm−2 s−1. (B) The rotation frequency ωr of V. carteri
as a function of colony radius R. The highly phototactic organisms for which
photoresponses were measured fall within the range of R indicated by the
purple box, and the distribution of R can be transformed into an approxi-
mate probability distribution function (PDF) of ωr (Inset), by using the noisy
curve of ωrðRÞ. The purple box in A marks the range of ωr in this PDF (green
line indicates the mean), showing that the response time scales and colony
rotation frequency are mutually optimized to maximize the photoresponse.

Fig. 4. Heuristic analysis of the phototactic fidelity. A–C illustrate simplified
phototaxis models. Photoresponsive regions are colored green, the region
that actually displays a photoresponse is in shades of red, and shaded regions
are gray. (A) If τa ¼ ∞, ωr ¼ 0, and the responsive region is as drawn, the
posterior-anterior axis k will achieve perfect antialignment with the light di-
rection I. The time scale for turning τt ∼ 3.3 s can be estimated by assuming
that the fluid velocity on the illuminated side is reduced to 0.7 of its baseline
value and using Eq. 8without bottom-heaviness. (B) If τa < τt , and ωr ¼ 0, the
photoresponse may decay before the optimal orientation has been reached.
After the initial transient in A has decayed, the largest photoresponse (i.e.,
flagellar down-regulation) is in the region that just turned into the light. As
an illustration, the configuration drawn in this panel surprisingly implies that
the organism would turn away from the light, indicating that before this or-
ientation is reached the steering is stopped at a suboptimal orientation of k
with I. A remedy against this orientational limitation would be ωr ≠ 0. (C) The
best attainable orientation towards the light is drawn, if the photoresponse
is localized in a small anterior region, and the eyespots display an all-
or-nothing response as they move from the shaded to the illuminated side.
(D) Measurements of the eyespot (Orange) placement yield κ ¼ 57°$ 7° (see
SI Text). (E) Volvox is bottom-heavy, because the center of mass (Pink) is offset
from the geometric center of the colony as indicated.
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Frequency dependence of 
photo-response

If the stimulus angular frequency ωs is very low (ωs ≪ 2π∕τa), the
adaptive process has sufficient time to keep up with the changing
light levels and the amplitude of the response vanishes. At very
high frequencies, ωs ≫ 2π∕τr , the response is limited to short-
time behavior and also vanishes.

Using the setup in Fig. 1B, we measured the flagellar photo-
response to sinusoidal light stimuli of various temporal frequen-
cies. In Fig. 3A, these measurements are compared with the
theoretical RðωsÞ, showing excellent agreement. The maximum
response is obtained at stimulus frequencies that correspond to
the natural angular rotation frequencies of Volvox about its swim-
ming direction. The frequency dependence of the photoresponse
is like a band pass filter that removes high frequency noise, e.g.,
light fluctuations from ripples on the water surface (26), but
retains the key feature of adaptation.

Heuristic Mechanism of Phototaxis.We proceed to a qualitative dis-
cussion of how an adaptive response translates into phototactic
turning and the ingredients required for a simple yet realistic
mathematical model with predictive power.

In general, phototactic orientation is due to an asymmetry of
the flagellar behavior between the illuminated and shaded sides
of the organism. The mechanism that achieves this asymmetry is
species-dependent, but it is instructive to consider a hierarchy of
ingredients. First, consider a nonspinning spherical organism that

can display a nonadaptive photoresponse on its entire surface but
will do so only on the illuminated side, as in Fig. 4A. This organ-
ism will achieve perfect antialignment of its posterior-anterior
axis k with the light direction unit vector Î (i.e., face the light)
on a turning time scale τt, which is determined by the balance
between the torques due to asymmetric flagellar activity and ro-
tational viscous drag. Adaptation to light is a desirable property
for such an organism, because it allows a response to light inten-
sities over several orders of magnitude and because it allows the
organism to swim at full speed once a good orientation has been
reached. If the photoresponse of the above model organism now
has the desirable property of being adaptive, it will initially turn
towards the light as in Fig. 4A, but adaptation may cause the re-
sponse to decay before k reaches antialignment with Î (Fig. 4B),
depending on the relative magnitude of τa and τt. If, however, the
adaptive organism would spin about k, new surface area would
continuously be exposed, thus maintaining an asymmetric photo-
response until perfect antialignment of k with Î has been reached.
For Volvox, which generally have τa ∼ τt, the spinning about the
posterior-anterior axis is therefore not just optimized for the
photoresponse kinetics, as shown in the previous section, but also
essential for high-fidelity phototactic orientation in the presence
of adaptation. Spinning may also mitigate the deleterious effects
of unsymmetrical colony development and injury (27), and for
organisms with a restricted field of view due to a small number
of eyespots, such as Chlamydomonas and Platynereis, spinning is
also required for detecting the light direction (3, 7).

In Volvox colonies, the flagellar photoresponse is localized
near the anterior pole (Fig. 5), yet the importance of spinning
outlined above remains. However, having only a small photore-
sponsive region complicates the heuristic picture: If the eyespots
could only direct an all-or-nothing response as they move from
the shaded to the illuminated side of the sphere, the best possible
phototactic orientation is drawn in Fig. 4C. Such a mechanism

Fig. 3. Photoresponse frequency dependence and colony rotation. (A) The
normalized flagellar photoresponse for different frequencies of sinusoidal
stimulation, with minimal and maximal light intensities of 1 and 20 μmol
PAR photonsm−2 s−1 (Blue Circles). The theoretical response function (Eq. 5,
Red Line) shows quantitative agreement, using τr and τa from Fig. 2B for
16 μmol PAR photonsm−2 s−1. (B) The rotation frequency ωr of V. carteri
as a function of colony radius R. The highly phototactic organisms for which
photoresponses were measured fall within the range of R indicated by the
purple box, and the distribution of R can be transformed into an approxi-
mate probability distribution function (PDF) of ωr (Inset), by using the noisy
curve of ωrðRÞ. The purple box in A marks the range of ωr in this PDF (green
line indicates the mean), showing that the response time scales and colony
rotation frequency are mutually optimized to maximize the photoresponse.

Fig. 4. Heuristic analysis of the phototactic fidelity. A–C illustrate simplified
phototaxis models. Photoresponsive regions are colored green, the region
that actually displays a photoresponse is in shades of red, and shaded regions
are gray. (A) If τa ¼ ∞, ωr ¼ 0, and the responsive region is as drawn, the
posterior-anterior axis k will achieve perfect antialignment with the light di-
rection I. The time scale for turning τt ∼ 3.3 s can be estimated by assuming
that the fluid velocity on the illuminated side is reduced to 0.7 of its baseline
value and using Eq. 8without bottom-heaviness. (B) If τa < τt , and ωr ¼ 0, the
photoresponse may decay before the optimal orientation has been reached.
After the initial transient in A has decayed, the largest photoresponse (i.e.,
flagellar down-regulation) is in the region that just turned into the light. As
an illustration, the configuration drawn in this panel surprisingly implies that
the organism would turn away from the light, indicating that before this or-
ientation is reached the steering is stopped at a suboptimal orientation of k
with I. A remedy against this orientational limitation would be ωr ≠ 0. (C) The
best attainable orientation towards the light is drawn, if the photoresponse
is localized in a small anterior region, and the eyespots display an all-
or-nothing response as they move from the shaded to the illuminated side.
(D) Measurements of the eyespot (Orange) placement yield κ ¼ 57°$ 7° (see
SI Text). (E) Volvox is bottom-heavy, because the center of mass (Pink) is offset
from the geometric center of the colony as indicated.
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If the stimulus angular frequency ωs is very low (ωs ≪ 2π∕τa), the
adaptive process has sufficient time to keep up with the changing
light levels and the amplitude of the response vanishes. At very
high frequencies, ωs ≫ 2π∕τr , the response is limited to short-
time behavior and also vanishes.

Using the setup in Fig. 1B, we measured the flagellar photo-
response to sinusoidal light stimuli of various temporal frequen-
cies. In Fig. 3A, these measurements are compared with the
theoretical RðωsÞ, showing excellent agreement. The maximum
response is obtained at stimulus frequencies that correspond to
the natural angular rotation frequencies of Volvox about its swim-
ming direction. The frequency dependence of the photoresponse
is like a band pass filter that removes high frequency noise, e.g.,
light fluctuations from ripples on the water surface (26), but
retains the key feature of adaptation.

Heuristic Mechanism of Phototaxis.We proceed to a qualitative dis-
cussion of how an adaptive response translates into phototactic
turning and the ingredients required for a simple yet realistic
mathematical model with predictive power.

In general, phototactic orientation is due to an asymmetry of
the flagellar behavior between the illuminated and shaded sides
of the organism. The mechanism that achieves this asymmetry is
species-dependent, but it is instructive to consider a hierarchy of
ingredients. First, consider a nonspinning spherical organism that

can display a nonadaptive photoresponse on its entire surface but
will do so only on the illuminated side, as in Fig. 4A. This organ-
ism will achieve perfect antialignment of its posterior-anterior
axis k with the light direction unit vector Î (i.e., face the light)
on a turning time scale τt, which is determined by the balance
between the torques due to asymmetric flagellar activity and ro-
tational viscous drag. Adaptation to light is a desirable property
for such an organism, because it allows a response to light inten-
sities over several orders of magnitude and because it allows the
organism to swim at full speed once a good orientation has been
reached. If the photoresponse of the above model organism now
has the desirable property of being adaptive, it will initially turn
towards the light as in Fig. 4A, but adaptation may cause the re-
sponse to decay before k reaches antialignment with Î (Fig. 4B),
depending on the relative magnitude of τa and τt. If, however, the
adaptive organism would spin about k, new surface area would
continuously be exposed, thus maintaining an asymmetric photo-
response until perfect antialignment of k with Î has been reached.
For Volvox, which generally have τa ∼ τt, the spinning about the
posterior-anterior axis is therefore not just optimized for the
photoresponse kinetics, as shown in the previous section, but also
essential for high-fidelity phototactic orientation in the presence
of adaptation. Spinning may also mitigate the deleterious effects
of unsymmetrical colony development and injury (27), and for
organisms with a restricted field of view due to a small number
of eyespots, such as Chlamydomonas and Platynereis, spinning is
also required for detecting the light direction (3, 7).

In Volvox colonies, the flagellar photoresponse is localized
near the anterior pole (Fig. 5), yet the importance of spinning
outlined above remains. However, having only a small photore-
sponsive region complicates the heuristic picture: If the eyespots
could only direct an all-or-nothing response as they move from
the shaded to the illuminated side of the sphere, the best possible
phototactic orientation is drawn in Fig. 4C. Such a mechanism

Fig. 3. Photoresponse frequency dependence and colony rotation. (A) The
normalized flagellar photoresponse for different frequencies of sinusoidal
stimulation, with minimal and maximal light intensities of 1 and 20 μmol
PAR photonsm−2 s−1 (Blue Circles). The theoretical response function (Eq. 5,
Red Line) shows quantitative agreement, using τr and τa from Fig. 2B for
16 μmol PAR photonsm−2 s−1. (B) The rotation frequency ωr of V. carteri
as a function of colony radius R. The highly phototactic organisms for which
photoresponses were measured fall within the range of R indicated by the
purple box, and the distribution of R can be transformed into an approxi-
mate probability distribution function (PDF) of ωr (Inset), by using the noisy
curve of ωrðRÞ. The purple box in A marks the range of ωr in this PDF (green
line indicates the mean), showing that the response time scales and colony
rotation frequency are mutually optimized to maximize the photoresponse.

Fig. 4. Heuristic analysis of the phototactic fidelity. A–C illustrate simplified
phototaxis models. Photoresponsive regions are colored green, the region
that actually displays a photoresponse is in shades of red, and shaded regions
are gray. (A) If τa ¼ ∞, ωr ¼ 0, and the responsive region is as drawn, the
posterior-anterior axis k will achieve perfect antialignment with the light di-
rection I. The time scale for turning τt ∼ 3.3 s can be estimated by assuming
that the fluid velocity on the illuminated side is reduced to 0.7 of its baseline
value and using Eq. 8without bottom-heaviness. (B) If τa < τt , and ωr ¼ 0, the
photoresponse may decay before the optimal orientation has been reached.
After the initial transient in A has decayed, the largest photoresponse (i.e.,
flagellar down-regulation) is in the region that just turned into the light. As
an illustration, the configuration drawn in this panel surprisingly implies that
the organism would turn away from the light, indicating that before this or-
ientation is reached the steering is stopped at a suboptimal orientation of k
with I. A remedy against this orientational limitation would be ωr ≠ 0. (C) The
best attainable orientation towards the light is drawn, if the photoresponse
is localized in a small anterior region, and the eyespots display an all-
or-nothing response as they move from the shaded to the illuminated side.
(D) Measurements of the eyespot (Orange) placement yield κ ¼ 57°$ 7° (see
SI Text). (E) Volvox is bottom-heavy, because the center of mass (Pink) is offset
from the geometric center of the colony as indicated.
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Frequency dependence of 
photo-response

If the stimulus angular frequency ωs is very low (ωs ≪ 2π∕τa), the
adaptive process has sufficient time to keep up with the changing
light levels and the amplitude of the response vanishes. At very
high frequencies, ωs ≫ 2π∕τr , the response is limited to short-
time behavior and also vanishes.

Using the setup in Fig. 1B, we measured the flagellar photo-
response to sinusoidal light stimuli of various temporal frequen-
cies. In Fig. 3A, these measurements are compared with the
theoretical RðωsÞ, showing excellent agreement. The maximum
response is obtained at stimulus frequencies that correspond to
the natural angular rotation frequencies of Volvox about its swim-
ming direction. The frequency dependence of the photoresponse
is like a band pass filter that removes high frequency noise, e.g.,
light fluctuations from ripples on the water surface (26), but
retains the key feature of adaptation.

Heuristic Mechanism of Phototaxis.We proceed to a qualitative dis-
cussion of how an adaptive response translates into phototactic
turning and the ingredients required for a simple yet realistic
mathematical model with predictive power.

In general, phototactic orientation is due to an asymmetry of
the flagellar behavior between the illuminated and shaded sides
of the organism. The mechanism that achieves this asymmetry is
species-dependent, but it is instructive to consider a hierarchy of
ingredients. First, consider a nonspinning spherical organism that

can display a nonadaptive photoresponse on its entire surface but
will do so only on the illuminated side, as in Fig. 4A. This organ-
ism will achieve perfect antialignment of its posterior-anterior
axis k with the light direction unit vector Î (i.e., face the light)
on a turning time scale τt, which is determined by the balance
between the torques due to asymmetric flagellar activity and ro-
tational viscous drag. Adaptation to light is a desirable property
for such an organism, because it allows a response to light inten-
sities over several orders of magnitude and because it allows the
organism to swim at full speed once a good orientation has been
reached. If the photoresponse of the above model organism now
has the desirable property of being adaptive, it will initially turn
towards the light as in Fig. 4A, but adaptation may cause the re-
sponse to decay before k reaches antialignment with Î (Fig. 4B),
depending on the relative magnitude of τa and τt. If, however, the
adaptive organism would spin about k, new surface area would
continuously be exposed, thus maintaining an asymmetric photo-
response until perfect antialignment of k with Î has been reached.
For Volvox, which generally have τa ∼ τt, the spinning about the
posterior-anterior axis is therefore not just optimized for the
photoresponse kinetics, as shown in the previous section, but also
essential for high-fidelity phototactic orientation in the presence
of adaptation. Spinning may also mitigate the deleterious effects
of unsymmetrical colony development and injury (27), and for
organisms with a restricted field of view due to a small number
of eyespots, such as Chlamydomonas and Platynereis, spinning is
also required for detecting the light direction (3, 7).

In Volvox colonies, the flagellar photoresponse is localized
near the anterior pole (Fig. 5), yet the importance of spinning
outlined above remains. However, having only a small photore-
sponsive region complicates the heuristic picture: If the eyespots
could only direct an all-or-nothing response as they move from
the shaded to the illuminated side of the sphere, the best possible
phototactic orientation is drawn in Fig. 4C. Such a mechanism

Fig. 3. Photoresponse frequency dependence and colony rotation. (A) The
normalized flagellar photoresponse for different frequencies of sinusoidal
stimulation, with minimal and maximal light intensities of 1 and 20 μmol
PAR photonsm−2 s−1 (Blue Circles). The theoretical response function (Eq. 5,
Red Line) shows quantitative agreement, using τr and τa from Fig. 2B for
16 μmol PAR photonsm−2 s−1. (B) The rotation frequency ωr of V. carteri
as a function of colony radius R. The highly phototactic organisms for which
photoresponses were measured fall within the range of R indicated by the
purple box, and the distribution of R can be transformed into an approxi-
mate probability distribution function (PDF) of ωr (Inset), by using the noisy
curve of ωrðRÞ. The purple box in A marks the range of ωr in this PDF (green
line indicates the mean), showing that the response time scales and colony
rotation frequency are mutually optimized to maximize the photoresponse.

Fig. 4. Heuristic analysis of the phototactic fidelity. A–C illustrate simplified
phototaxis models. Photoresponsive regions are colored green, the region
that actually displays a photoresponse is in shades of red, and shaded regions
are gray. (A) If τa ¼ ∞, ωr ¼ 0, and the responsive region is as drawn, the
posterior-anterior axis k will achieve perfect antialignment with the light di-
rection I. The time scale for turning τt ∼ 3.3 s can be estimated by assuming
that the fluid velocity on the illuminated side is reduced to 0.7 of its baseline
value and using Eq. 8without bottom-heaviness. (B) If τa < τt , and ωr ¼ 0, the
photoresponse may decay before the optimal orientation has been reached.
After the initial transient in A has decayed, the largest photoresponse (i.e.,
flagellar down-regulation) is in the region that just turned into the light. As
an illustration, the configuration drawn in this panel surprisingly implies that
the organism would turn away from the light, indicating that before this or-
ientation is reached the steering is stopped at a suboptimal orientation of k
with I. A remedy against this orientational limitation would be ωr ≠ 0. (C) The
best attainable orientation towards the light is drawn, if the photoresponse
is localized in a small anterior region, and the eyespots display an all-
or-nothing response as they move from the shaded to the illuminated side.
(D) Measurements of the eyespot (Orange) placement yield κ ¼ 57°$ 7° (see
SI Text). (E) Volvox is bottom-heavy, because the center of mass (Pink) is offset
from the geometric center of the colony as indicated.
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every somatic cell, we measured the fluid motion produced by the
flagellar beating by using particle image velocimetry (PIV). This
approach implicitly averages over several neighboring flagella,
and, by measuring the fluid velocity just above the flagellar tips,
we obtain a natural input for the hydrodynamic models of photo-
tactic turning described further below. Because of the low
Reynolds number associated with flows generated by V. carteri
(18–20), fluid inertia is negligible and the flagella-induced flow
is a direct measure of the flagellar activity. Fig. 2A shows a typical
time trace of the photoresponse, measured in terms of the
flagella-generated flow speed uðtÞ, normalized by the flow speed
under time-independent illumination u0, and averaged over #30°
from the anterior pole. We found that a step up in light intensity
elicits a decrease in flagellar activity on a response time scale τr ,
followed by a recovery to baseline activity on a time scale τa

associated with adaptation; there was no change in flagellar ac-
tivity upon a step down in light intensity. This response underlies
the ability of V. carteri to turn toward the light, as explained
further below. At very high light intensities and long stimulation,
the responses to step up and step down stimuli are reversed (see
SI Text), allowing Volvox to avoid photodamage by swimming
away from the light. Irrespective of the stimulus light intensity,
τr is always a fraction of a second, whereas τa is several seconds
(Fig. 2B), consistent with early observations (14, 15).

Although the kinetics and biochemistry of photoreceptor cur-
rents have been studied in Chlamydomonas (2, 21) and Volvox
(22), their connection to the flagellar photoresponse is unclear.
In Volvox, a step stimulus elicits a Ca2þ current whose time scale
of 1 ms (22) is too short to account for the measured τr . But the
time for Ca2þ to diffuse the length of the flagellum L is τD ¼
L2∕D ∼ 0.2 s (for L ∼ 15 μm, D ∼ 10−5 cm2∕s), which is similar
to τr , suggesting that the photocurrent triggers an influx of
Ca2þ at the base of the flagella, consistent with previous hypoth-
eses (22, 23). Although the dependence of τa on light intensity is
like that of the Hþ current in Volvox, the decay constant of the
latter is only ∼75 ms (22); the biochemical origin of τa remains
unknown.

The measured adaptive response of the flagella-generated
fluid speed just above the colony surface (Fig. 2A) can be de-
scribed by uðtÞ∕u0 ¼ 1 − βpðtÞ, where pðtÞ is a dimensionless
photoresponse variable that is large when there is a large
light-induced decrease in flagellar activity and vanishes when
there is no such change in flagellar activity. The empirically de-
termined constant β > 0 quantifies the amplitude of the decrease
in uðtÞ∕u0. For a model of pðtÞ that captures the two time scales τa
and τr , we require a second variable hðtÞ, which we define as a
dimensionless representation of the hidden internal biochemistry
responsible for adaptation (24, 25). A system of coupled equa-
tions that is consistent with the measured uðtÞ∕u0 is

τr _p ¼ ðs − hÞHðs − hÞ − p; [1]

τa _h ¼ s − h; [2]

where the light stimulus sðtÞ is a dimensionless measure of the
photoreceptor input that incorporates the eyespot directionality.
The Heaviside step functionHðs − hÞ is used to ensure that a step
down in light stimulus cannot increase u above u0, because it
keeps p ≥ 0. In these equations, the values p& ¼ 0 and h& ¼ s1
are stable and global attractors in the sense that, after a suffi-
ciently long time under constant light stimulus s1, the pair
(p, h) relaxes to (p&, h&). However, if s increases from s1 for t <
0 to s2 for t ≥ 0, then for t > 0 the solution is

hðtÞ ¼ s1e−t∕τa þ s2ð1 − e−t∕τaÞ; [3]

pðtÞ ¼ ðs2 − s1Þ
1 − τr∕τa

ðe−t∕τa − e−t∕τr Þ: [4]

When τr ≪ τa, as for Volvox, there is a sharp transient increase in
pðtÞ [and decrease in uðtÞ], peaking at a time t† ∼ τr lnðτa∕τrÞ,
followed by a slow relaxation back to zero, as in the measured
flagellar photoresponse shown in Fig. 2A.

The rotation of Volvox about its axis and the resulting periodic
illumination of the photoreceptors suggest an investigation of the
dependence of the photoresponse on the frequency of sinusoidal
stimulation. For the above model this frequency dependence of
the photoresponse is R ¼ j~p∕~sj, where ~p and ~s are the Fourier
transforms of p and s, respectively. R is well-approximated by
neglecting the Heaviside function in Eq. 1 (see SI Text) to give

RðωsÞ ¼
ωsτaffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð1þ ω2
s τ2r Þð1þ ω2

s τ2aÞ
p : [5]

Fig. 1. Geometry of V. carteri and experimental setup. (A) The beating fla-
gella, two per somatic cell (Inset), create a fluid flow from the anterior to the
posterior, with a slight azimuthal component that rotates Volvox about its
posterior-anterior axis at angular frequency ωr. (Scale bar: 100 μm.) (B)
Studies of the flagellar photoresponse utilize light sent down an optical fiber.

Fig. 2. Characteristics of the adaptive photoresponse. (A) The local flagella-
generated fluid speed uðtÞ (Blue), measured with PIV just above the flagella
during a step up in light intensity, serves as a measure of flagellar activity. The
baseline flow speed in the dark is u0 ¼ 81 μm∕s for this dataset. Two time
scales are evident: a short response time τr and a longer adaptation time
τa. The fitted theoretical curve (Red) is from Eq. 4. (B) The times τr (Squares)
and τa (Circles) vary smoothly with the stimulus light intensity, measured in
terms of PAR. Error bars are standard deviations.

11172 ∣ www.pnas.org/cgi/doi/10.1073/pnas.1000901107 Drescher et al.

every somatic cell, we measured the fluid motion produced by the
flagellar beating by using particle image velocimetry (PIV). This
approach implicitly averages over several neighboring flagella,
and, by measuring the fluid velocity just above the flagellar tips,
we obtain a natural input for the hydrodynamic models of photo-
tactic turning described further below. Because of the low
Reynolds number associated with flows generated by V. carteri
(18–20), fluid inertia is negligible and the flagella-induced flow
is a direct measure of the flagellar activity. Fig. 2A shows a typical
time trace of the photoresponse, measured in terms of the
flagella-generated flow speed uðtÞ, normalized by the flow speed
under time-independent illumination u0, and averaged over #30°
from the anterior pole. We found that a step up in light intensity
elicits a decrease in flagellar activity on a response time scale τr ,
followed by a recovery to baseline activity on a time scale τa

associated with adaptation; there was no change in flagellar ac-
tivity upon a step down in light intensity. This response underlies
the ability of V. carteri to turn toward the light, as explained
further below. At very high light intensities and long stimulation,
the responses to step up and step down stimuli are reversed (see
SI Text), allowing Volvox to avoid photodamage by swimming
away from the light. Irrespective of the stimulus light intensity,
τr is always a fraction of a second, whereas τa is several seconds
(Fig. 2B), consistent with early observations (14, 15).

Although the kinetics and biochemistry of photoreceptor cur-
rents have been studied in Chlamydomonas (2, 21) and Volvox
(22), their connection to the flagellar photoresponse is unclear.
In Volvox, a step stimulus elicits a Ca2þ current whose time scale
of 1 ms (22) is too short to account for the measured τr . But the
time for Ca2þ to diffuse the length of the flagellum L is τD ¼
L2∕D ∼ 0.2 s (for L ∼ 15 μm, D ∼ 10−5 cm2∕s), which is similar
to τr , suggesting that the photocurrent triggers an influx of
Ca2þ at the base of the flagella, consistent with previous hypoth-
eses (22, 23). Although the dependence of τa on light intensity is
like that of the Hþ current in Volvox, the decay constant of the
latter is only ∼75 ms (22); the biochemical origin of τa remains
unknown.

The measured adaptive response of the flagella-generated
fluid speed just above the colony surface (Fig. 2A) can be de-
scribed by uðtÞ∕u0 ¼ 1 − βpðtÞ, where pðtÞ is a dimensionless
photoresponse variable that is large when there is a large
light-induced decrease in flagellar activity and vanishes when
there is no such change in flagellar activity. The empirically de-
termined constant β > 0 quantifies the amplitude of the decrease
in uðtÞ∕u0. For a model of pðtÞ that captures the two time scales τa
and τr , we require a second variable hðtÞ, which we define as a
dimensionless representation of the hidden internal biochemistry
responsible for adaptation (24, 25). A system of coupled equa-
tions that is consistent with the measured uðtÞ∕u0 is

τr _p ¼ ðs − hÞHðs − hÞ − p; [1]

τa _h ¼ s − h; [2]

where the light stimulus sðtÞ is a dimensionless measure of the
photoreceptor input that incorporates the eyespot directionality.
The Heaviside step functionHðs − hÞ is used to ensure that a step
down in light stimulus cannot increase u above u0, because it
keeps p ≥ 0. In these equations, the values p& ¼ 0 and h& ¼ s1
are stable and global attractors in the sense that, after a suffi-
ciently long time under constant light stimulus s1, the pair
(p, h) relaxes to (p&, h&). However, if s increases from s1 for t <
0 to s2 for t ≥ 0, then for t > 0 the solution is

hðtÞ ¼ s1e−t∕τa þ s2ð1 − e−t∕τaÞ; [3]

pðtÞ ¼ ðs2 − s1Þ
1 − τr∕τa

ðe−t∕τa − e−t∕τr Þ: [4]

When τr ≪ τa, as for Volvox, there is a sharp transient increase in
pðtÞ [and decrease in uðtÞ], peaking at a time t† ∼ τr lnðτa∕τrÞ,
followed by a slow relaxation back to zero, as in the measured
flagellar photoresponse shown in Fig. 2A.

The rotation of Volvox about its axis and the resulting periodic
illumination of the photoreceptors suggest an investigation of the
dependence of the photoresponse on the frequency of sinusoidal
stimulation. For the above model this frequency dependence of
the photoresponse is R ¼ j~p∕~sj, where ~p and ~s are the Fourier
transforms of p and s, respectively. R is well-approximated by
neglecting the Heaviside function in Eq. 1 (see SI Text) to give

RðωsÞ ¼
ωsτaffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð1þ ω2
s τ2r Þð1þ ω2

s τ2aÞ
p : [5]

Fig. 1. Geometry of V. carteri and experimental setup. (A) The beating fla-
gella, two per somatic cell (Inset), create a fluid flow from the anterior to the
posterior, with a slight azimuthal component that rotates Volvox about its
posterior-anterior axis at angular frequency ωr. (Scale bar: 100 μm.) (B)
Studies of the flagellar photoresponse utilize light sent down an optical fiber.

Fig. 2. Characteristics of the adaptive photoresponse. (A) The local flagella-
generated fluid speed uðtÞ (Blue), measured with PIV just above the flagella
during a step up in light intensity, serves as a measure of flagellar activity. The
baseline flow speed in the dark is u0 ¼ 81 μm∕s for this dataset. Two time
scales are evident: a short response time τr and a longer adaptation time
τa. The fitted theoretical curve (Red) is from Eq. 4. (B) The times τr (Squares)
and τa (Circles) vary smoothly with the stimulus light intensity, measured in
terms of PAR. Error bars are standard deviations.
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If the stimulus angular frequency ωs is very low (ωs ≪ 2π∕τa), the
adaptive process has sufficient time to keep up with the changing
light levels and the amplitude of the response vanishes. At very
high frequencies, ωs ≫ 2π∕τr , the response is limited to short-
time behavior and also vanishes.

Using the setup in Fig. 1B, we measured the flagellar photo-
response to sinusoidal light stimuli of various temporal frequen-
cies. In Fig. 3A, these measurements are compared with the
theoretical RðωsÞ, showing excellent agreement. The maximum
response is obtained at stimulus frequencies that correspond to
the natural angular rotation frequencies of Volvox about its swim-
ming direction. The frequency dependence of the photoresponse
is like a band pass filter that removes high frequency noise, e.g.,
light fluctuations from ripples on the water surface (26), but
retains the key feature of adaptation.

Heuristic Mechanism of Phototaxis.We proceed to a qualitative dis-
cussion of how an adaptive response translates into phototactic
turning and the ingredients required for a simple yet realistic
mathematical model with predictive power.

In general, phototactic orientation is due to an asymmetry of
the flagellar behavior between the illuminated and shaded sides
of the organism. The mechanism that achieves this asymmetry is
species-dependent, but it is instructive to consider a hierarchy of
ingredients. First, consider a nonspinning spherical organism that

can display a nonadaptive photoresponse on its entire surface but
will do so only on the illuminated side, as in Fig. 4A. This organ-
ism will achieve perfect antialignment of its posterior-anterior
axis k with the light direction unit vector Î (i.e., face the light)
on a turning time scale τt, which is determined by the balance
between the torques due to asymmetric flagellar activity and ro-
tational viscous drag. Adaptation to light is a desirable property
for such an organism, because it allows a response to light inten-
sities over several orders of magnitude and because it allows the
organism to swim at full speed once a good orientation has been
reached. If the photoresponse of the above model organism now
has the desirable property of being adaptive, it will initially turn
towards the light as in Fig. 4A, but adaptation may cause the re-
sponse to decay before k reaches antialignment with Î (Fig. 4B),
depending on the relative magnitude of τa and τt. If, however, the
adaptive organism would spin about k, new surface area would
continuously be exposed, thus maintaining an asymmetric photo-
response until perfect antialignment of k with Î has been reached.
For Volvox, which generally have τa ∼ τt, the spinning about the
posterior-anterior axis is therefore not just optimized for the
photoresponse kinetics, as shown in the previous section, but also
essential for high-fidelity phototactic orientation in the presence
of adaptation. Spinning may also mitigate the deleterious effects
of unsymmetrical colony development and injury (27), and for
organisms with a restricted field of view due to a small number
of eyespots, such as Chlamydomonas and Platynereis, spinning is
also required for detecting the light direction (3, 7).

In Volvox colonies, the flagellar photoresponse is localized
near the anterior pole (Fig. 5), yet the importance of spinning
outlined above remains. However, having only a small photore-
sponsive region complicates the heuristic picture: If the eyespots
could only direct an all-or-nothing response as they move from
the shaded to the illuminated side of the sphere, the best possible
phototactic orientation is drawn in Fig. 4C. Such a mechanism

Fig. 3. Photoresponse frequency dependence and colony rotation. (A) The
normalized flagellar photoresponse for different frequencies of sinusoidal
stimulation, with minimal and maximal light intensities of 1 and 20 μmol
PAR photonsm−2 s−1 (Blue Circles). The theoretical response function (Eq. 5,
Red Line) shows quantitative agreement, using τr and τa from Fig. 2B for
16 μmol PAR photonsm−2 s−1. (B) The rotation frequency ωr of V. carteri
as a function of colony radius R. The highly phototactic organisms for which
photoresponses were measured fall within the range of R indicated by the
purple box, and the distribution of R can be transformed into an approxi-
mate probability distribution function (PDF) of ωr (Inset), by using the noisy
curve of ωrðRÞ. The purple box in A marks the range of ωr in this PDF (green
line indicates the mean), showing that the response time scales and colony
rotation frequency are mutually optimized to maximize the photoresponse.

Fig. 4. Heuristic analysis of the phototactic fidelity. A–C illustrate simplified
phototaxis models. Photoresponsive regions are colored green, the region
that actually displays a photoresponse is in shades of red, and shaded regions
are gray. (A) If τa ¼ ∞, ωr ¼ 0, and the responsive region is as drawn, the
posterior-anterior axis k will achieve perfect antialignment with the light di-
rection I. The time scale for turning τt ∼ 3.3 s can be estimated by assuming
that the fluid velocity on the illuminated side is reduced to 0.7 of its baseline
value and using Eq. 8without bottom-heaviness. (B) If τa < τt , and ωr ¼ 0, the
photoresponse may decay before the optimal orientation has been reached.
After the initial transient in A has decayed, the largest photoresponse (i.e.,
flagellar down-regulation) is in the region that just turned into the light. As
an illustration, the configuration drawn in this panel surprisingly implies that
the organism would turn away from the light, indicating that before this or-
ientation is reached the steering is stopped at a suboptimal orientation of k
with I. A remedy against this orientational limitation would be ωr ≠ 0. (C) The
best attainable orientation towards the light is drawn, if the photoresponse
is localized in a small anterior region, and the eyespots display an all-
or-nothing response as they move from the shaded to the illuminated side.
(D) Measurements of the eyespot (Orange) placement yield κ ¼ 57°$ 7° (see
SI Text). (E) Volvox is bottom-heavy, because the center of mass (Pink) is offset
from the geometric center of the colony as indicated.
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every somatic cell, we measured the fluid motion produced by the
flagellar beating by using particle image velocimetry (PIV). This
approach implicitly averages over several neighboring flagella,
and, by measuring the fluid velocity just above the flagellar tips,
we obtain a natural input for the hydrodynamic models of photo-
tactic turning described further below. Because of the low
Reynolds number associated with flows generated by V. carteri
(18–20), fluid inertia is negligible and the flagella-induced flow
is a direct measure of the flagellar activity. Fig. 2A shows a typical
time trace of the photoresponse, measured in terms of the
flagella-generated flow speed uðtÞ, normalized by the flow speed
under time-independent illumination u0, and averaged over #30°
from the anterior pole. We found that a step up in light intensity
elicits a decrease in flagellar activity on a response time scale τr ,
followed by a recovery to baseline activity on a time scale τa

associated with adaptation; there was no change in flagellar ac-
tivity upon a step down in light intensity. This response underlies
the ability of V. carteri to turn toward the light, as explained
further below. At very high light intensities and long stimulation,
the responses to step up and step down stimuli are reversed (see
SI Text), allowing Volvox to avoid photodamage by swimming
away from the light. Irrespective of the stimulus light intensity,
τr is always a fraction of a second, whereas τa is several seconds
(Fig. 2B), consistent with early observations (14, 15).

Although the kinetics and biochemistry of photoreceptor cur-
rents have been studied in Chlamydomonas (2, 21) and Volvox
(22), their connection to the flagellar photoresponse is unclear.
In Volvox, a step stimulus elicits a Ca2þ current whose time scale
of 1 ms (22) is too short to account for the measured τr . But the
time for Ca2þ to diffuse the length of the flagellum L is τD ¼
L2∕D ∼ 0.2 s (for L ∼ 15 μm, D ∼ 10−5 cm2∕s), which is similar
to τr , suggesting that the photocurrent triggers an influx of
Ca2þ at the base of the flagella, consistent with previous hypoth-
eses (22, 23). Although the dependence of τa on light intensity is
like that of the Hþ current in Volvox, the decay constant of the
latter is only ∼75 ms (22); the biochemical origin of τa remains
unknown.

The measured adaptive response of the flagella-generated
fluid speed just above the colony surface (Fig. 2A) can be de-
scribed by uðtÞ∕u0 ¼ 1 − βpðtÞ, where pðtÞ is a dimensionless
photoresponse variable that is large when there is a large
light-induced decrease in flagellar activity and vanishes when
there is no such change in flagellar activity. The empirically de-
termined constant β > 0 quantifies the amplitude of the decrease
in uðtÞ∕u0. For a model of pðtÞ that captures the two time scales τa
and τr , we require a second variable hðtÞ, which we define as a
dimensionless representation of the hidden internal biochemistry
responsible for adaptation (24, 25). A system of coupled equa-
tions that is consistent with the measured uðtÞ∕u0 is

τr _p ¼ ðs − hÞHðs − hÞ − p; [1]

τa _h ¼ s − h; [2]

where the light stimulus sðtÞ is a dimensionless measure of the
photoreceptor input that incorporates the eyespot directionality.
The Heaviside step functionHðs − hÞ is used to ensure that a step
down in light stimulus cannot increase u above u0, because it
keeps p ≥ 0. In these equations, the values p& ¼ 0 and h& ¼ s1
are stable and global attractors in the sense that, after a suffi-
ciently long time under constant light stimulus s1, the pair
(p, h) relaxes to (p&, h&). However, if s increases from s1 for t <
0 to s2 for t ≥ 0, then for t > 0 the solution is

hðtÞ ¼ s1e−t∕τa þ s2ð1 − e−t∕τaÞ; [3]

pðtÞ ¼ ðs2 − s1Þ
1 − τr∕τa

ðe−t∕τa − e−t∕τr Þ: [4]

When τr ≪ τa, as for Volvox, there is a sharp transient increase in
pðtÞ [and decrease in uðtÞ], peaking at a time t† ∼ τr lnðτa∕τrÞ,
followed by a slow relaxation back to zero, as in the measured
flagellar photoresponse shown in Fig. 2A.

The rotation of Volvox about its axis and the resulting periodic
illumination of the photoreceptors suggest an investigation of the
dependence of the photoresponse on the frequency of sinusoidal
stimulation. For the above model this frequency dependence of
the photoresponse is R ¼ j~p∕~sj, where ~p and ~s are the Fourier
transforms of p and s, respectively. R is well-approximated by
neglecting the Heaviside function in Eq. 1 (see SI Text) to give

RðωsÞ ¼
ωsτaffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð1þ ω2
s τ2r Þð1þ ω2

s τ2aÞ
p : [5]

Fig. 1. Geometry of V. carteri and experimental setup. (A) The beating fla-
gella, two per somatic cell (Inset), create a fluid flow from the anterior to the
posterior, with a slight azimuthal component that rotates Volvox about its
posterior-anterior axis at angular frequency ωr. (Scale bar: 100 μm.) (B)
Studies of the flagellar photoresponse utilize light sent down an optical fiber.

Fig. 2. Characteristics of the adaptive photoresponse. (A) The local flagella-
generated fluid speed uðtÞ (Blue), measured with PIV just above the flagella
during a step up in light intensity, serves as a measure of flagellar activity. The
baseline flow speed in the dark is u0 ¼ 81 μm∕s for this dataset. Two time
scales are evident: a short response time τr and a longer adaptation time
τa. The fitted theoretical curve (Red) is from Eq. 4. (B) The times τr (Squares)
and τa (Circles) vary smoothly with the stimulus light intensity, measured in
terms of PAR. Error bars are standard deviations.
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every somatic cell, we measured the fluid motion produced by the
flagellar beating by using particle image velocimetry (PIV). This
approach implicitly averages over several neighboring flagella,
and, by measuring the fluid velocity just above the flagellar tips,
we obtain a natural input for the hydrodynamic models of photo-
tactic turning described further below. Because of the low
Reynolds number associated with flows generated by V. carteri
(18–20), fluid inertia is negligible and the flagella-induced flow
is a direct measure of the flagellar activity. Fig. 2A shows a typical
time trace of the photoresponse, measured in terms of the
flagella-generated flow speed uðtÞ, normalized by the flow speed
under time-independent illumination u0, and averaged over #30°
from the anterior pole. We found that a step up in light intensity
elicits a decrease in flagellar activity on a response time scale τr ,
followed by a recovery to baseline activity on a time scale τa

associated with adaptation; there was no change in flagellar ac-
tivity upon a step down in light intensity. This response underlies
the ability of V. carteri to turn toward the light, as explained
further below. At very high light intensities and long stimulation,
the responses to step up and step down stimuli are reversed (see
SI Text), allowing Volvox to avoid photodamage by swimming
away from the light. Irrespective of the stimulus light intensity,
τr is always a fraction of a second, whereas τa is several seconds
(Fig. 2B), consistent with early observations (14, 15).

Although the kinetics and biochemistry of photoreceptor cur-
rents have been studied in Chlamydomonas (2, 21) and Volvox
(22), their connection to the flagellar photoresponse is unclear.
In Volvox, a step stimulus elicits a Ca2þ current whose time scale
of 1 ms (22) is too short to account for the measured τr . But the
time for Ca2þ to diffuse the length of the flagellum L is τD ¼
L2∕D ∼ 0.2 s (for L ∼ 15 μm, D ∼ 10−5 cm2∕s), which is similar
to τr , suggesting that the photocurrent triggers an influx of
Ca2þ at the base of the flagella, consistent with previous hypoth-
eses (22, 23). Although the dependence of τa on light intensity is
like that of the Hþ current in Volvox, the decay constant of the
latter is only ∼75 ms (22); the biochemical origin of τa remains
unknown.

The measured adaptive response of the flagella-generated
fluid speed just above the colony surface (Fig. 2A) can be de-
scribed by uðtÞ∕u0 ¼ 1 − βpðtÞ, where pðtÞ is a dimensionless
photoresponse variable that is large when there is a large
light-induced decrease in flagellar activity and vanishes when
there is no such change in flagellar activity. The empirically de-
termined constant β > 0 quantifies the amplitude of the decrease
in uðtÞ∕u0. For a model of pðtÞ that captures the two time scales τa
and τr , we require a second variable hðtÞ, which we define as a
dimensionless representation of the hidden internal biochemistry
responsible for adaptation (24, 25). A system of coupled equa-
tions that is consistent with the measured uðtÞ∕u0 is

τr _p ¼ ðs − hÞHðs − hÞ − p; [1]

τa _h ¼ s − h; [2]

where the light stimulus sðtÞ is a dimensionless measure of the
photoreceptor input that incorporates the eyespot directionality.
The Heaviside step functionHðs − hÞ is used to ensure that a step
down in light stimulus cannot increase u above u0, because it
keeps p ≥ 0. In these equations, the values p& ¼ 0 and h& ¼ s1
are stable and global attractors in the sense that, after a suffi-
ciently long time under constant light stimulus s1, the pair
(p, h) relaxes to (p&, h&). However, if s increases from s1 for t <
0 to s2 for t ≥ 0, then for t > 0 the solution is

hðtÞ ¼ s1e−t∕τa þ s2ð1 − e−t∕τaÞ; [3]

pðtÞ ¼ ðs2 − s1Þ
1 − τr∕τa

ðe−t∕τa − e−t∕τr Þ: [4]

When τr ≪ τa, as for Volvox, there is a sharp transient increase in
pðtÞ [and decrease in uðtÞ], peaking at a time t† ∼ τr lnðτa∕τrÞ,
followed by a slow relaxation back to zero, as in the measured
flagellar photoresponse shown in Fig. 2A.

The rotation of Volvox about its axis and the resulting periodic
illumination of the photoreceptors suggest an investigation of the
dependence of the photoresponse on the frequency of sinusoidal
stimulation. For the above model this frequency dependence of
the photoresponse is R ¼ j~p∕~sj, where ~p and ~s are the Fourier
transforms of p and s, respectively. R is well-approximated by
neglecting the Heaviside function in Eq. 1 (see SI Text) to give

RðωsÞ ¼
ωsτaffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð1þ ω2
s τ2r Þð1þ ω2

s τ2aÞ
p : [5]

Fig. 1. Geometry of V. carteri and experimental setup. (A) The beating fla-
gella, two per somatic cell (Inset), create a fluid flow from the anterior to the
posterior, with a slight azimuthal component that rotates Volvox about its
posterior-anterior axis at angular frequency ωr. (Scale bar: 100 μm.) (B)
Studies of the flagellar photoresponse utilize light sent down an optical fiber.

Fig. 2. Characteristics of the adaptive photoresponse. (A) The local flagella-
generated fluid speed uðtÞ (Blue), measured with PIV just above the flagella
during a step up in light intensity, serves as a measure of flagellar activity. The
baseline flow speed in the dark is u0 ¼ 81 μm∕s for this dataset. Two time
scales are evident: a short response time τr and a longer adaptation time
τa. The fitted theoretical curve (Red) is from Eq. 4. (B) The times τr (Squares)
and τa (Circles) vary smoothly with the stimulus light intensity, measured in
terms of PAR. Error bars are standard deviations.
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Spinning frequency vs size

If the stimulus angular frequency ωs is very low (ωs ≪ 2π∕τa), the
adaptive process has sufficient time to keep up with the changing
light levels and the amplitude of the response vanishes. At very
high frequencies, ωs ≫ 2π∕τr , the response is limited to short-
time behavior and also vanishes.

Using the setup in Fig. 1B, we measured the flagellar photo-
response to sinusoidal light stimuli of various temporal frequen-
cies. In Fig. 3A, these measurements are compared with the
theoretical RðωsÞ, showing excellent agreement. The maximum
response is obtained at stimulus frequencies that correspond to
the natural angular rotation frequencies of Volvox about its swim-
ming direction. The frequency dependence of the photoresponse
is like a band pass filter that removes high frequency noise, e.g.,
light fluctuations from ripples on the water surface (26), but
retains the key feature of adaptation.

Heuristic Mechanism of Phototaxis.We proceed to a qualitative dis-
cussion of how an adaptive response translates into phototactic
turning and the ingredients required for a simple yet realistic
mathematical model with predictive power.

In general, phototactic orientation is due to an asymmetry of
the flagellar behavior between the illuminated and shaded sides
of the organism. The mechanism that achieves this asymmetry is
species-dependent, but it is instructive to consider a hierarchy of
ingredients. First, consider a nonspinning spherical organism that

can display a nonadaptive photoresponse on its entire surface but
will do so only on the illuminated side, as in Fig. 4A. This organ-
ism will achieve perfect antialignment of its posterior-anterior
axis k with the light direction unit vector Î (i.e., face the light)
on a turning time scale τt, which is determined by the balance
between the torques due to asymmetric flagellar activity and ro-
tational viscous drag. Adaptation to light is a desirable property
for such an organism, because it allows a response to light inten-
sities over several orders of magnitude and because it allows the
organism to swim at full speed once a good orientation has been
reached. If the photoresponse of the above model organism now
has the desirable property of being adaptive, it will initially turn
towards the light as in Fig. 4A, but adaptation may cause the re-
sponse to decay before k reaches antialignment with Î (Fig. 4B),
depending on the relative magnitude of τa and τt. If, however, the
adaptive organism would spin about k, new surface area would
continuously be exposed, thus maintaining an asymmetric photo-
response until perfect antialignment of k with Î has been reached.
For Volvox, which generally have τa ∼ τt, the spinning about the
posterior-anterior axis is therefore not just optimized for the
photoresponse kinetics, as shown in the previous section, but also
essential for high-fidelity phototactic orientation in the presence
of adaptation. Spinning may also mitigate the deleterious effects
of unsymmetrical colony development and injury (27), and for
organisms with a restricted field of view due to a small number
of eyespots, such as Chlamydomonas and Platynereis, spinning is
also required for detecting the light direction (3, 7).

In Volvox colonies, the flagellar photoresponse is localized
near the anterior pole (Fig. 5), yet the importance of spinning
outlined above remains. However, having only a small photore-
sponsive region complicates the heuristic picture: If the eyespots
could only direct an all-or-nothing response as they move from
the shaded to the illuminated side of the sphere, the best possible
phototactic orientation is drawn in Fig. 4C. Such a mechanism

Fig. 3. Photoresponse frequency dependence and colony rotation. (A) The
normalized flagellar photoresponse for different frequencies of sinusoidal
stimulation, with minimal and maximal light intensities of 1 and 20 μmol
PAR photonsm−2 s−1 (Blue Circles). The theoretical response function (Eq. 5,
Red Line) shows quantitative agreement, using τr and τa from Fig. 2B for
16 μmol PAR photonsm−2 s−1. (B) The rotation frequency ωr of V. carteri
as a function of colony radius R. The highly phototactic organisms for which
photoresponses were measured fall within the range of R indicated by the
purple box, and the distribution of R can be transformed into an approxi-
mate probability distribution function (PDF) of ωr (Inset), by using the noisy
curve of ωrðRÞ. The purple box in A marks the range of ωr in this PDF (green
line indicates the mean), showing that the response time scales and colony
rotation frequency are mutually optimized to maximize the photoresponse.

Fig. 4. Heuristic analysis of the phototactic fidelity. A–C illustrate simplified
phototaxis models. Photoresponsive regions are colored green, the region
that actually displays a photoresponse is in shades of red, and shaded regions
are gray. (A) If τa ¼ ∞, ωr ¼ 0, and the responsive region is as drawn, the
posterior-anterior axis k will achieve perfect antialignment with the light di-
rection I. The time scale for turning τt ∼ 3.3 s can be estimated by assuming
that the fluid velocity on the illuminated side is reduced to 0.7 of its baseline
value and using Eq. 8without bottom-heaviness. (B) If τa < τt , and ωr ¼ 0, the
photoresponse may decay before the optimal orientation has been reached.
After the initial transient in A has decayed, the largest photoresponse (i.e.,
flagellar down-regulation) is in the region that just turned into the light. As
an illustration, the configuration drawn in this panel surprisingly implies that
the organism would turn away from the light, indicating that before this or-
ientation is reached the steering is stopped at a suboptimal orientation of k
with I. A remedy against this orientational limitation would be ωr ≠ 0. (C) The
best attainable orientation towards the light is drawn, if the photoresponse
is localized in a small anterior region, and the eyespots display an all-
or-nothing response as they move from the shaded to the illuminated side.
(D) Measurements of the eyespot (Orange) placement yield κ ¼ 57°$ 7° (see
SI Text). (E) Volvox is bottom-heavy, because the center of mass (Pink) is offset
from the geometric center of the colony as indicated.
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If the stimulus angular frequency ωs is very low (ωs ≪ 2π∕τa), the
adaptive process has sufficient time to keep up with the changing
light levels and the amplitude of the response vanishes. At very
high frequencies, ωs ≫ 2π∕τr , the response is limited to short-
time behavior and also vanishes.

Using the setup in Fig. 1B, we measured the flagellar photo-
response to sinusoidal light stimuli of various temporal frequen-
cies. In Fig. 3A, these measurements are compared with the
theoretical RðωsÞ, showing excellent agreement. The maximum
response is obtained at stimulus frequencies that correspond to
the natural angular rotation frequencies of Volvox about its swim-
ming direction. The frequency dependence of the photoresponse
is like a band pass filter that removes high frequency noise, e.g.,
light fluctuations from ripples on the water surface (26), but
retains the key feature of adaptation.

Heuristic Mechanism of Phototaxis.We proceed to a qualitative dis-
cussion of how an adaptive response translates into phototactic
turning and the ingredients required for a simple yet realistic
mathematical model with predictive power.

In general, phototactic orientation is due to an asymmetry of
the flagellar behavior between the illuminated and shaded sides
of the organism. The mechanism that achieves this asymmetry is
species-dependent, but it is instructive to consider a hierarchy of
ingredients. First, consider a nonspinning spherical organism that

can display a nonadaptive photoresponse on its entire surface but
will do so only on the illuminated side, as in Fig. 4A. This organ-
ism will achieve perfect antialignment of its posterior-anterior
axis k with the light direction unit vector Î (i.e., face the light)
on a turning time scale τt, which is determined by the balance
between the torques due to asymmetric flagellar activity and ro-
tational viscous drag. Adaptation to light is a desirable property
for such an organism, because it allows a response to light inten-
sities over several orders of magnitude and because it allows the
organism to swim at full speed once a good orientation has been
reached. If the photoresponse of the above model organism now
has the desirable property of being adaptive, it will initially turn
towards the light as in Fig. 4A, but adaptation may cause the re-
sponse to decay before k reaches antialignment with Î (Fig. 4B),
depending on the relative magnitude of τa and τt. If, however, the
adaptive organism would spin about k, new surface area would
continuously be exposed, thus maintaining an asymmetric photo-
response until perfect antialignment of k with Î has been reached.
For Volvox, which generally have τa ∼ τt, the spinning about the
posterior-anterior axis is therefore not just optimized for the
photoresponse kinetics, as shown in the previous section, but also
essential for high-fidelity phototactic orientation in the presence
of adaptation. Spinning may also mitigate the deleterious effects
of unsymmetrical colony development and injury (27), and for
organisms with a restricted field of view due to a small number
of eyespots, such as Chlamydomonas and Platynereis, spinning is
also required for detecting the light direction (3, 7).

In Volvox colonies, the flagellar photoresponse is localized
near the anterior pole (Fig. 5), yet the importance of spinning
outlined above remains. However, having only a small photore-
sponsive region complicates the heuristic picture: If the eyespots
could only direct an all-or-nothing response as they move from
the shaded to the illuminated side of the sphere, the best possible
phototactic orientation is drawn in Fig. 4C. Such a mechanism

Fig. 3. Photoresponse frequency dependence and colony rotation. (A) The
normalized flagellar photoresponse for different frequencies of sinusoidal
stimulation, with minimal and maximal light intensities of 1 and 20 μmol
PAR photonsm−2 s−1 (Blue Circles). The theoretical response function (Eq. 5,
Red Line) shows quantitative agreement, using τr and τa from Fig. 2B for
16 μmol PAR photonsm−2 s−1. (B) The rotation frequency ωr of V. carteri
as a function of colony radius R. The highly phototactic organisms for which
photoresponses were measured fall within the range of R indicated by the
purple box, and the distribution of R can be transformed into an approxi-
mate probability distribution function (PDF) of ωr (Inset), by using the noisy
curve of ωrðRÞ. The purple box in A marks the range of ωr in this PDF (green
line indicates the mean), showing that the response time scales and colony
rotation frequency are mutually optimized to maximize the photoresponse.

Fig. 4. Heuristic analysis of the phototactic fidelity. A–C illustrate simplified
phototaxis models. Photoresponsive regions are colored green, the region
that actually displays a photoresponse is in shades of red, and shaded regions
are gray. (A) If τa ¼ ∞, ωr ¼ 0, and the responsive region is as drawn, the
posterior-anterior axis k will achieve perfect antialignment with the light di-
rection I. The time scale for turning τt ∼ 3.3 s can be estimated by assuming
that the fluid velocity on the illuminated side is reduced to 0.7 of its baseline
value and using Eq. 8without bottom-heaviness. (B) If τa < τt , and ωr ¼ 0, the
photoresponse may decay before the optimal orientation has been reached.
After the initial transient in A has decayed, the largest photoresponse (i.e.,
flagellar down-regulation) is in the region that just turned into the light. As
an illustration, the configuration drawn in this panel surprisingly implies that
the organism would turn away from the light, indicating that before this or-
ientation is reached the steering is stopped at a suboptimal orientation of k
with I. A remedy against this orientational limitation would be ωr ≠ 0. (C) The
best attainable orientation towards the light is drawn, if the photoresponse
is localized in a small anterior region, and the eyespots display an all-
or-nothing response as they move from the shaded to the illuminated side.
(D) Measurements of the eyespot (Orange) placement yield κ ¼ 57°$ 7° (see
SI Text). (E) Volvox is bottom-heavy, because the center of mass (Pink) is offset
from the geometric center of the colony as indicated.

Drescher et al. PNAS ∣ June 22, 2010 ∣ vol. 107 ∣ no. 25 ∣ 11173

BI
O
PH

YS
IC
S
A
N
D

CO
M
PU

TA
TI
O
N
A
L
BI
O
LO

G
Y

A
PP

LI
ED

PH
YS

IC
A
L

SC
IE
N
CE

S

mailto:dunkel@math.mit.edu


dunkel@math.mit.edu

If the stimulus angular frequency ωs is very low (ωs ≪ 2π∕τa), the
adaptive process has sufficient time to keep up with the changing
light levels and the amplitude of the response vanishes. At very
high frequencies, ωs ≫ 2π∕τr , the response is limited to short-
time behavior and also vanishes.

Using the setup in Fig. 1B, we measured the flagellar photo-
response to sinusoidal light stimuli of various temporal frequen-
cies. In Fig. 3A, these measurements are compared with the
theoretical RðωsÞ, showing excellent agreement. The maximum
response is obtained at stimulus frequencies that correspond to
the natural angular rotation frequencies of Volvox about its swim-
ming direction. The frequency dependence of the photoresponse
is like a band pass filter that removes high frequency noise, e.g.,
light fluctuations from ripples on the water surface (26), but
retains the key feature of adaptation.

Heuristic Mechanism of Phototaxis.We proceed to a qualitative dis-
cussion of how an adaptive response translates into phototactic
turning and the ingredients required for a simple yet realistic
mathematical model with predictive power.

In general, phototactic orientation is due to an asymmetry of
the flagellar behavior between the illuminated and shaded sides
of the organism. The mechanism that achieves this asymmetry is
species-dependent, but it is instructive to consider a hierarchy of
ingredients. First, consider a nonspinning spherical organism that

can display a nonadaptive photoresponse on its entire surface but
will do so only on the illuminated side, as in Fig. 4A. This organ-
ism will achieve perfect antialignment of its posterior-anterior
axis k with the light direction unit vector Î (i.e., face the light)
on a turning time scale τt, which is determined by the balance
between the torques due to asymmetric flagellar activity and ro-
tational viscous drag. Adaptation to light is a desirable property
for such an organism, because it allows a response to light inten-
sities over several orders of magnitude and because it allows the
organism to swim at full speed once a good orientation has been
reached. If the photoresponse of the above model organism now
has the desirable property of being adaptive, it will initially turn
towards the light as in Fig. 4A, but adaptation may cause the re-
sponse to decay before k reaches antialignment with Î (Fig. 4B),
depending on the relative magnitude of τa and τt. If, however, the
adaptive organism would spin about k, new surface area would
continuously be exposed, thus maintaining an asymmetric photo-
response until perfect antialignment of k with Î has been reached.
For Volvox, which generally have τa ∼ τt, the spinning about the
posterior-anterior axis is therefore not just optimized for the
photoresponse kinetics, as shown in the previous section, but also
essential for high-fidelity phototactic orientation in the presence
of adaptation. Spinning may also mitigate the deleterious effects
of unsymmetrical colony development and injury (27), and for
organisms with a restricted field of view due to a small number
of eyespots, such as Chlamydomonas and Platynereis, spinning is
also required for detecting the light direction (3, 7).

In Volvox colonies, the flagellar photoresponse is localized
near the anterior pole (Fig. 5), yet the importance of spinning
outlined above remains. However, having only a small photore-
sponsive region complicates the heuristic picture: If the eyespots
could only direct an all-or-nothing response as they move from
the shaded to the illuminated side of the sphere, the best possible
phototactic orientation is drawn in Fig. 4C. Such a mechanism

Fig. 3. Photoresponse frequency dependence and colony rotation. (A) The
normalized flagellar photoresponse for different frequencies of sinusoidal
stimulation, with minimal and maximal light intensities of 1 and 20 μmol
PAR photonsm−2 s−1 (Blue Circles). The theoretical response function (Eq. 5,
Red Line) shows quantitative agreement, using τr and τa from Fig. 2B for
16 μmol PAR photonsm−2 s−1. (B) The rotation frequency ωr of V. carteri
as a function of colony radius R. The highly phototactic organisms for which
photoresponses were measured fall within the range of R indicated by the
purple box, and the distribution of R can be transformed into an approxi-
mate probability distribution function (PDF) of ωr (Inset), by using the noisy
curve of ωrðRÞ. The purple box in A marks the range of ωr in this PDF (green
line indicates the mean), showing that the response time scales and colony
rotation frequency are mutually optimized to maximize the photoresponse.

Fig. 4. Heuristic analysis of the phototactic fidelity. A–C illustrate simplified
phototaxis models. Photoresponsive regions are colored green, the region
that actually displays a photoresponse is in shades of red, and shaded regions
are gray. (A) If τa ¼ ∞, ωr ¼ 0, and the responsive region is as drawn, the
posterior-anterior axis k will achieve perfect antialignment with the light di-
rection I. The time scale for turning τt ∼ 3.3 s can be estimated by assuming
that the fluid velocity on the illuminated side is reduced to 0.7 of its baseline
value and using Eq. 8without bottom-heaviness. (B) If τa < τt , and ωr ¼ 0, the
photoresponse may decay before the optimal orientation has been reached.
After the initial transient in A has decayed, the largest photoresponse (i.e.,
flagellar down-regulation) is in the region that just turned into the light. As
an illustration, the configuration drawn in this panel surprisingly implies that
the organism would turn away from the light, indicating that before this or-
ientation is reached the steering is stopped at a suboptimal orientation of k
with I. A remedy against this orientational limitation would be ωr ≠ 0. (C) The
best attainable orientation towards the light is drawn, if the photoresponse
is localized in a small anterior region, and the eyespots display an all-
or-nothing response as they move from the shaded to the illuminated side.
(D) Measurements of the eyespot (Orange) placement yield κ ¼ 57°$ 7° (see
SI Text). (E) Volvox is bottom-heavy, because the center of mass (Pink) is offset
from the geometric center of the colony as indicated.
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Î
(i.
e.
,f
ac
e
th
e
lig

ht
)

on
a
tu
rn
in
g
tim

e
sc
al
e
τ t
,w

hi
ch

is
de

te
rm

in
ed

by
th
e
ba

la
nc
e

be
tw
ee
n
th
e
to
rq
ue

s
du

e
to

as
ym

m
et
ric

fla
ge
lla

r
ac
tiv

ity
an

d
ro
-

ta
tio

na
lv

isc
ou

s
dr
ag
.A

da
pt
at
io
n
to

lig
ht

is
a
de

sir
ab

le
pr
op

er
ty

fo
rs

uc
h
an

or
ga
ni
sm

,b
ec
au

se
it
al
lo
ws

a
re
sp
on

se
to

lig
ht

in
te
n-

sit
ie
s
ov
er

se
ve
ra
lo

rd
er
s
of

m
ag
ni
tu
de

an
d
be

ca
us
e
it
al
lo
ws

th
e

or
ga
ni
sm

to
sw

im
at

fu
ll
sp
ee
d
on

ce
a
go

od
or
ie
nt
at
io
n
ha

sb
ee
n

re
ac
he

d.
If
th
e
ph

ot
or
es
po

ns
e
of

th
e
ab

ov
e
m
od

el
or
ga
ni
sm

no
w

ha
s
th
e
de

sir
ab

le
pr
op

er
ty

of
be

in
g
ad

ap
tiv

e,
it
wi
ll
in
iti
al
ly

tu
rn

to
wa

rd
s
th
e
lig

ht
as

in
Fi
g.

4A
,b

ut
ad

ap
ta
tio

n
m
ay

ca
us
e
th
e
re
-

sp
on

se
to

de
ca
y
be

fo
re

k
re
ac
he

s
an

tia
lig

nm
en

tw
ith

Î
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Îh
as

be
en

re
ac
he

d.
Fo

r
Vo

lv
ox
,w

hi
ch

ge
ne

ra
lly

ha
ve

τ a
∼
τ t
,t
he

sp
in
ni
ng

ab
ou

tt
he

po
st
er
io
r-
an

te
rio

r
ax
is

is
th
er
ef
or
e
no

t
ju
st

op
tim

iz
ed

fo
r
th
e

ph
ot
or
es
po

ns
e
ki
ne

tic
s,
as

sh
ow

n
in

th
e
pr
ev
io
us

se
ct
io
n,

bu
ta

lso
es
se
nt
ia
lf
or

hi
gh

-fi
de

lit
y
ph

ot
ot
ac
tic

or
ie
nt
at
io
n
in

th
e
pr
es
en

ce
of

ad
ap

ta
tio

n.
Sp

in
ni
ng

m
ay

al
so

m
iti
ga
te

th
e
de

le
te
rio

us
ef
fe
ct
s

of
un

sy
m
m
et
ric

al
co
lo
ny

de
ve
lo
pm

en
t
an

d
in
ju
ry

(2
7)
,a

nd
fo
r

or
ga
ni
sm

s
wi
th

a
re
st
ric

te
d
fie

ld
of

vi
ew

du
e
to

a
sm

al
ln

um
be

r
of

ey
es
po

ts
,s
uc
h
as

C
hl
am

yd
om

on
as

an
d
Pl
at
yn
er
ei
s,
sp
in
ni
ng

is
al
so

re
qu

ire
d
fo
r
de

te
ct
in
g
th
e
lig

ht
di
re
ct
io
n
(3
,7

).
In

Vo
lv
ox

co
lo
ni
es
,
th
e
fla

ge
lla

r
ph

ot
or
es
po

ns
e
is

lo
ca
liz
ed

ne
ar

th
e
an

te
rio

r
po

le
(F
ig
.5

),
ye
t
th
e
im

po
rt
an

ce
of

sp
in
ni
ng

ou
tli
ne

d
ab

ov
e
re
m
ai
ns
.H

ow
ev
er
,h

av
in
g
on

ly
a
sm

al
lp

ho
to
re
-

sp
on

siv
e
re
gi
on

co
m
pl
ic
at
es

th
e
he

ur
ist
ic
pi
ct
ur
e:

If
th
e
ey
es
po

ts
co
ul
d
on

ly
di
re
ct

an
al
l-o

r-
no

th
in
g
re
sp
on

se
as

th
ey

m
ov
e
fr
om

th
e
sh
ad

ed
to

th
e
ill
um

in
at
ed

sid
e
of

th
e
sp
he

re
,t
he

be
st
po

ss
ib
le

ph
ot
ot
ac
tic

or
ie
nt
at
io
n
is

dr
aw

n
in

Fi
g.

4C
.S

uc
h
a
m
ec
ha

ni
sm

Fi
g.

3.
Ph

ot
or
es
po

ns
e
fr
eq

ue
nc

y
de

pe
nd

en
ce

an
d
co

lo
ny

ro
ta
ti
on

.(
A
)T

he
no

rm
al
iz
ed

fl
ag

el
la
r
ph

ot
or
es
po

ns
e
fo
r
di
ff
er
en

t
fr
eq

ue
nc

ie
s
of

si
nu

so
id
al

st
im

ul
at
io
n,

w
it
h

m
in
im

al
an

d
m
ax

im
al

lig
ht

in
te
ns
it
ie
s
of

1
an

d
20

μm
ol

PA
R
ph

ot
on

sm
−2

s−
1
(B
lu
e
Ci
rc
le
s)
.T

he
th
eo

re
ti
ca
lr
es
po

ns
e
fu
nc

ti
on

(E
q.

5,
Re

d
Li
ne

)
sh
ow

s
qu

an
ti
ta
ti
ve

ag
re
em

en
t,

us
in
g

τ r
an

d
τ a

fr
om

Fi
g.

2B
fo
r

16
μm

ol
PA

R
ph

ot
on

sm
−2

s−
1
.
(B
)
Th

e
ro
ta
ti
on

fr
eq

ue
nc

y
ω
r
of

V.
ca
rt
er
i

as
a
fu
nc

ti
on

of
co

lo
ny

ra
di
us

R.
Th

e
hi
gh

ly
ph

ot
ot
ac

ti
c
or
ga

ni
sm

s
fo
r
w
hi
ch

ph
ot
or
es
po

ns
es

w
er
e
m
ea

su
re
d
fa
ll
w
it
hi
n
th
e
ra
ng

e
of

R
in
di
ca
te
d
by

th
e

pu
rp
le

bo
x,

an
d
th
e
di
st
ri
bu

ti
on

of
R
ca
n
be

tr
an

sf
or
m
ed

in
to

an
ap

pr
ox

i-
m
at
e
pr
ob

ab
ili
ty

di
st
ri
bu

ti
on

fu
nc

ti
on

(P
D
F)

of
ω
r
(In

se
t)
,b

y
us
in
g
th
e
no

is
y

cu
rv
e
of

ω
rð
RÞ
.T

he
pu

rp
le

bo
x
in

A
m
ar
ks

th
e
ra
ng

e
of

ω
r
in

th
is
PD

F
(g
re
en

lin
e
in
di
ca
te
s
th
e
m
ea

n)
,s
ho

w
in
g
th
at

th
e
re
sp
on

se
ti
m
e
sc
al
es

an
d
co

lo
ny

ro
ta
ti
on

fr
eq

ue
nc

y
ar
e
m
ut
ua

lly
op

ti
m
iz
ed

to
m
ax

im
iz
e
th
e
ph

ot
or
es
po

ns
e.

Fi
g.

4.
H
eu

ri
st
ic
an

al
ys
is
of

th
e
ph

ot
ot
ac
ti
c
fi
de

lit
y.
A
–C

ill
us
tr
at
e
si
m
pl
if
ie
d

ph
ot
ot
ax

is
m
od

el
s.

Ph
ot
or
es
po

ns
iv
e
re
gi
on

s
ar
e
co

lo
re
d
gr
ee

n,
th
e
re
gi
on

th
at

ac
tu
al
ly

di
sp
la
ys

a
ph

ot
or
es
po

ns
e
is
in

sh
ad

es
of

re
d,

an
d
sh
ad

ed
re
gi
on

s
ar
e
gr
ay
.
(A

)
If

τ a
¼

∞
,
ω
r
¼

0,
an

d
th
e
re
sp
on

si
ve

re
gi
on

is
as

dr
aw

n,
th
e

po
st
er
io
r-
an

te
ri
or

ax
is
k
w
ill

ac
hi
ev

e
pe

rf
ec
t
an

ti
al
ig
nm

en
t
w
it
h
th
e
lig

ht
di
-

re
ct
io
n
I.
Th

e
ti
m
e
sc
al
e
fo
r
tu
rn
in
g
τ t

∼
3.
3
s
ca
n
be

es
ti
m
at
ed

by
as
su
m
in
g

th
at

th
e
fl
ui
d
ve

lo
ci
ty

on
th
e
ill
um

in
at
ed

si
de

is
re
du

ce
d
to

0.
7
of

it
sb

as
el
in
e

va
lu
e
an

d
us
in
g
Eq

.8
w
it
ho

ut
bo

tt
om

-h
ea

vi
ne

ss
.(
B)

If
τ a

<
τ t
,a

nd
ω
r
¼

0,
th
e

ph
ot
or
es
po

ns
e
m
ay

de
ca
y
be

fo
re

th
e
op

ti
m
al

or
ie
nt
at
io
n
ha

s
be

en
re
ac
he

d.
A
ft
er

th
e
in
it
ia
lt
ra
ns
ie
nt

in
A

ha
s
de

ca
ye

d,
th
e
la
rg
es
t
ph

ot
or
es
po

ns
e
(i.
e.
,

fl
ag

el
la
r
do

w
n-
re
gu

la
ti
on

)i
s
in

th
e
re
gi
on

th
at

ju
st

tu
rn
ed

in
to

th
e
lig

ht
.A

s
an

ill
us
tr
at
io
n,

th
e
co

nf
ig
ur
at
io
n
dr
aw

n
in

th
is
pa

ne
ls
ur
pr
is
in
gl
y
im

pl
ie
st

ha
t

th
e
or
ga

ni
sm

w
ou

ld
tu
rn

aw
ay

fr
om

th
e
lig

ht
,i
nd

ic
at
in
g
th
at

be
fo
re

th
is
or
-

ie
nt
at
io
n
is
re
ac
he

d
th
e
st
ee

ri
ng

is
st
op

pe
d
at

a
su
bo

pt
im

al
or
ie
nt
at
io
n
of

k
w
it
h
I.
A
re
m
ed

y
ag

ai
ns
tt
hi
so

ri
en

ta
ti
on

al
lim

it
at
io
n
w
ou

ld
be

ω
r
≠
0.

(C
)T

he
be

st
at
ta
in
ab

le
or
ie
nt
at
io
n
to
w
ar
ds

th
e
lig

ht
is
dr
aw

n,
if
th
e
ph

ot
or
es
po

ns
e

is
lo
ca
liz

ed
in

a
sm

al
l
an

te
ri
or

re
gi
on

,
an

d
th
e

ey
es
po

ts
di
sp
la
y

an
al
l-

or
-n
ot
hi
ng

re
sp
on

se
as

th
ey

m
ov

e
fr
om

th
e
sh
ad

ed
to

th
e
ill
um

in
at
ed

si
de

.
(D

)M
ea

su
re
m
en

ts
of

th
e
ey

es
po

t
(O

ra
ng

e)
pl
ac
em

en
t
yi
el
d
κ
¼

57
°$

7°
(s
ee

SI
Te

xt
).
(E
)V

ol
vo

x
is
bo

tt
om

-h
ea

vy
,b

ec
au

se
th
e
ce
nt
er

of
m
as
s(
Pi
nk

)i
so

ff
se
t

fr
om

th
e
ge

om
et
ri
c
ce
nt
er

of
th
e
co

lo
ny

as
in
di
ca
te
d.

D
re
sc
he

r
et

al
.

PN
A
S

∣
Ju
ne

22
,2

01
0

∣
vo

l.
10

7
∣

no
.2

5
∣

11
17

3

BIOPHYSICSAND
COMPUTATIONALBIOLOGY

APPLIEDPHYSICAL
SCIENCES

Optimal response !

mailto:dunkel@math.mit.edu


dunkel@math.mit.edu

How about spatial structure ?

mailto:dunkel@math.mit.edu


dunkel@math.mit.edu

Front-back asymmetry

may be sufficient for Volvox in natural environments, because it
would robustly navigate Volvox closer to the light, even though the
organism does not swim directly toward the light. The orienta-
tional limit of this response mechanism can be overcome if, as
described for several green algae (3, 28, 29), the strength of the
photoresponse instead continuously changes with the angle at
which the eyespots receive light. Together with an appropriate
eyespot placement (Fig. 4D), this directionality leads to the
persistence of a response asymmetry between illuminated and
shaded regions until perfect orientation toward the light has been
achieved.

Phototactic orientation in natural environments can be op-
posed by ambient vorticity (30), which may be created by the
motion of other nearby organisms, convection, or wind-driven
surface waves. A mechanism that can counteract phototaxis even
in well-controlled laboratory experiments is due to a property
that Volvox shares with its unicellular ancestor Chlamydomonas
and other algae: Their center of mass is offset from their center
of buoyancy. For Volvox, this bottom-heaviness is due to cluster-
ing of germ cells in the posterior (Fig. 4E) and leads to a torque
tending to align the swimming direction with the vertical on a
time scale τbh ∼ 14 s (20). A faithful theory of phototaxis in Volvox
must therefore include at least four features: self-propulsion,
bottom-heaviness, photoresponse kinetics, and photoresponse
spatial structure.

Hydrodynamic Model of Phototaxis. In the low Reynolds number
regime that Volvox inhabits, the swimming speed and angular
velocity Ω of an organism can be calculated if the fluid velocity
u on each point of its surface is known (31). Phototactic steering
of Volvox can therefore be modeled by specifying the response of
u to light stimulation. Rather than solving for the effects of each

of the thousands of individual flagella on the colony surface, we
adopt a continuum approximation in which there is a temporally
and spatially varying surface velocity. If θ and ϕ are the polar and
azimuthal angles on a sphere, respectively, the surface velocity u
may be decomposed into u ¼ vθ̂þ wϕ̂. We interpret u as the ve-
locity at the edge of the flagellar layer (32); for practical reasons
experimental measurements of u are made just above that layer.
In the absence of a light stimulus, u ¼ u0 and we assume that the
ratio v0ðθÞ∕w0ðθÞ is constant on the colony surface because of the
precise orientational order of somatic cells (9). Following step
changes in light intensity, measurements of vðθ;ϕ;tÞ at fixed ϕ
show that in each region, the surface velocity displays a photo-
response of the form shown in Fig. 2A but that the overall
magnitude varies with θ (Fig. 5A). We thus model uðθ;ϕ;tÞ by
allowing the quantities β, p, and h to depend on position:

uðθ;ϕ;tÞ ¼ u0ðθÞ½1 − βðθÞpðθ;ϕ;tÞ&: [6]

The measured βðθÞ is shown in the inset in Fig. 5A.
To define the stimulus s on the colony surface, we make use of

the angle ψðθ;ϕ;ÎÞ defined through cosψ ¼ −n̂ · Î, where n̂ is the
unit normal to the surface. When ψ ¼ 0 (π), the light is directly
above (behind) a given surface patch. The light-shadow asymme-
try in s can therefore be modeled by a factor HðcosψÞ. Superim-
posed on this factor may be another functional dependence on ψ
to account for the eyespot sensitivity in the forward direction,
with experiments on Chlamydomonas (28) supporting a depen-
dence f ðψÞ ¼ cosψ . The class of models we consider for the
dimensionless s is therefore

sðθ;ϕ;ÎÞ ¼ f ðψÞHðcosψÞ: [7]

With the above specification of the dynamics of the surface
velocity, the angular velocity of the colony is (31)

ΩðtÞ ¼ 1

τbh
ĝ × k̂ −

3

8πR3

Z
n̂ × uðθ;ϕ;tÞdS; [8]

where ĝ and k̂ are the directions of gravity and the posterior-
anterior axis, respectively. The first term in Eq. 8 arises from
bottom-heaviness and represents a balance between the torque
that acts when the posterior-anterior axis is not parallel to gravity
and the rotational drag of the sphere (20). The second term is
responsible for phototactic steering, where the integral is taken
over the surface of the sphere of radius R. In a reference frame
where the Volvox is at the origin with a fixed orientation, the light
direction evolves as dÎ∕dt ¼ −Ω × Î.

The above coupled equations can be solved numerically (see
SI Text), e.g., to determine the angle αðtÞ of the organism axis
with the light direction. It is interesting to consider two special
cases of the model class outlined above. In the biologically faith-
ful “full model,” we use the measured βðθÞ and the realistic eye-
spot directionality f ðψÞ ¼ cosψ . In the “reduced model,” we
consider only a light-shadow response asymmetry—i.e., f ðψÞ ¼
1—and use the mean of the measured βðθÞ—i.e., βðθÞ ¼ 0.3. All
other features are shared between the models.

A phototactic turn of a hypothetical non-bottom-heavy Volvox
simulated by the reduced model is shown in Fig. 6, indicating an
intricate link between organism rotation, adaptation, and
steering. In reality, however, Volvox is bottom-heavy, which is par-
ticularly important when the light direction is horizontal. In this
case, we previously observed (33) that the organisms reach a final
angle αf set by the balance of the bottom-heaviness torque and the
phototactic torque. We therefore define the “phototactic abil-
ity” A ¼ ðswimming speed toward the lightÞ∕ðswimming speedÞ.

Both models predict that as the viscosity η is increased, while
keeping the internal parameters τr and τa fixed, the phototactic
ability decreases dramatically (Fig. 7). Qualitatively, an increase
in η reduces ωr , which leads to a reduced photoresponse (Fig. 3A)

Fig. 5. Anterior-posterior asymmetry. (A) The anterior-posterior component
of the fluid flow, measured 10 μm above the beating flagella, following a
step up in illumination at time t ¼ 0 s. The dashed line indicates the approx-
imation to v0ðθÞ used in the numerical model. (Inset) βðθÞ is blue (with p nor-
malized to unity), and the mean β is red. (B) The probability of flagella to
respond to light correlates with the size of the somatic cell eyespots. The
light-induced decrease in fluid flow occurs beyond the region of flagellar
response because of the nonlocality of fluid dynamics.
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may be sufficient for Volvox in natural environments, because it
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shaded regions until perfect orientation toward the light has been
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must therefore include at least four features: self-propulsion,
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locity at the edge of the flagellar layer (32); for practical reasons
experimental measurements of u are made just above that layer.
In the absence of a light stimulus, u ¼ u0 and we assume that the
ratio v0ðθÞ∕w0ðθÞ is constant on the colony surface because of the
precise orientational order of somatic cells (9). Following step
changes in light intensity, measurements of vðθ;ϕ;tÞ at fixed ϕ
show that in each region, the surface velocity displays a photo-
response of the form shown in Fig. 2A but that the overall
magnitude varies with θ (Fig. 5A). We thus model uðθ;ϕ;tÞ by
allowing the quantities β, p, and h to depend on position:

uðθ;ϕ;tÞ ¼ u0ðθÞ½1 − βðθÞpðθ;ϕ;tÞ&: [6]

The measured βðθÞ is shown in the inset in Fig. 5A.
To define the stimulus s on the colony surface, we make use of
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try in s can therefore be modeled by a factor HðcosψÞ. Superim-
posed on this factor may be another functional dependence on ψ
to account for the eyespot sensitivity in the forward direction,
with experiments on Chlamydomonas (28) supporting a depen-
dence f ðψÞ ¼ cosψ . The class of models we consider for the
dimensionless s is therefore

sðθ;ϕ;ÎÞ ¼ f ðψÞHðcosψÞ: [7]

With the above specification of the dynamics of the surface
velocity, the angular velocity of the colony is (31)
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3

8πR3

Z
n̂ × uðθ;ϕ;tÞdS; [8]
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anterior axis, respectively. The first term in Eq. 8 arises from
bottom-heaviness and represents a balance between the torque
that acts when the posterior-anterior axis is not parallel to gravity
and the rotational drag of the sphere (20). The second term is
responsible for phototactic steering, where the integral is taken
over the surface of the sphere of radius R. In a reference frame
where the Volvox is at the origin with a fixed orientation, the light
direction evolves as dÎ∕dt ¼ −Ω × Î.

The above coupled equations can be solved numerically (see
SI Text), e.g., to determine the angle αðtÞ of the organism axis
with the light direction. It is interesting to consider two special
cases of the model class outlined above. In the biologically faith-
ful “full model,” we use the measured βðθÞ and the realistic eye-
spot directionality f ðψÞ ¼ cosψ . In the “reduced model,” we
consider only a light-shadow response asymmetry—i.e., f ðψÞ ¼
1—and use the mean of the measured βðθÞ—i.e., βðθÞ ¼ 0.3. All
other features are shared between the models.

A phototactic turn of a hypothetical non-bottom-heavy Volvox
simulated by the reduced model is shown in Fig. 6, indicating an
intricate link between organism rotation, adaptation, and
steering. In reality, however, Volvox is bottom-heavy, which is par-
ticularly important when the light direction is horizontal. In this
case, we previously observed (33) that the organisms reach a final
angle αf set by the balance of the bottom-heaviness torque and the
phototactic torque. We therefore define the “phototactic abil-
ity” A ¼ ðswimming speed toward the lightÞ∕ðswimming speedÞ.

Both models predict that as the viscosity η is increased, while
keeping the internal parameters τr and τa fixed, the phototactic
ability decreases dramatically (Fig. 7). Qualitatively, an increase
in η reduces ωr , which leads to a reduced photoresponse (Fig. 3A)

Fig. 5. Anterior-posterior asymmetry. (A) The anterior-posterior component
of the fluid flow, measured 10 μm above the beating flagella, following a
step up in illumination at time t ¼ 0 s. The dashed line indicates the approx-
imation to v0ðθÞ used in the numerical model. (Inset) βðθÞ is blue (with p nor-
malized to unity), and the mean β is red. (B) The probability of flagella to
respond to light correlates with the size of the somatic cell eyespots. The
light-induced decrease in fluid flow occurs beyond the region of flagellar
response because of the nonlocality of fluid dynamics.
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may be sufficient for Volvox in natural environments, because it
would robustly navigate Volvox closer to the light, even though the
organism does not swim directly toward the light. The orienta-
tional limit of this response mechanism can be overcome if, as
described for several green algae (3, 28, 29), the strength of the
photoresponse instead continuously changes with the angle at
which the eyespots receive light. Together with an appropriate
eyespot placement (Fig. 4D), this directionality leads to the
persistence of a response asymmetry between illuminated and
shaded regions until perfect orientation toward the light has been
achieved.

Phototactic orientation in natural environments can be op-
posed by ambient vorticity (30), which may be created by the
motion of other nearby organisms, convection, or wind-driven
surface waves. A mechanism that can counteract phototaxis even
in well-controlled laboratory experiments is due to a property
that Volvox shares with its unicellular ancestor Chlamydomonas
and other algae: Their center of mass is offset from their center
of buoyancy. For Volvox, this bottom-heaviness is due to cluster-
ing of germ cells in the posterior (Fig. 4E) and leads to a torque
tending to align the swimming direction with the vertical on a
time scale τbh ∼ 14 s (20). A faithful theory of phototaxis in Volvox
must therefore include at least four features: self-propulsion,
bottom-heaviness, photoresponse kinetics, and photoresponse
spatial structure.

Hydrodynamic Model of Phototaxis. In the low Reynolds number
regime that Volvox inhabits, the swimming speed and angular
velocity Ω of an organism can be calculated if the fluid velocity
u on each point of its surface is known (31). Phototactic steering
of Volvox can therefore be modeled by specifying the response of
u to light stimulation. Rather than solving for the effects of each

of the thousands of individual flagella on the colony surface, we
adopt a continuum approximation in which there is a temporally
and spatially varying surface velocity. If θ and ϕ are the polar and
azimuthal angles on a sphere, respectively, the surface velocity u
may be decomposed into u ¼ vθ̂þ wϕ̂. We interpret u as the ve-
locity at the edge of the flagellar layer (32); for practical reasons
experimental measurements of u are made just above that layer.
In the absence of a light stimulus, u ¼ u0 and we assume that the
ratio v0ðθÞ∕w0ðθÞ is constant on the colony surface because of the
precise orientational order of somatic cells (9). Following step
changes in light intensity, measurements of vðθ;ϕ;tÞ at fixed ϕ
show that in each region, the surface velocity displays a photo-
response of the form shown in Fig. 2A but that the overall
magnitude varies with θ (Fig. 5A). We thus model uðθ;ϕ;tÞ by
allowing the quantities β, p, and h to depend on position:

uðθ;ϕ;tÞ ¼ u0ðθÞ½1 − βðθÞpðθ;ϕ;tÞ&: [6]

The measured βðθÞ is shown in the inset in Fig. 5A.
To define the stimulus s on the colony surface, we make use of

the angle ψðθ;ϕ;ÎÞ defined through cosψ ¼ −n̂ · Î, where n̂ is the
unit normal to the surface. When ψ ¼ 0 (π), the light is directly
above (behind) a given surface patch. The light-shadow asymme-
try in s can therefore be modeled by a factor HðcosψÞ. Superim-
posed on this factor may be another functional dependence on ψ
to account for the eyespot sensitivity in the forward direction,
with experiments on Chlamydomonas (28) supporting a depen-
dence f ðψÞ ¼ cosψ . The class of models we consider for the
dimensionless s is therefore

sðθ;ϕ;ÎÞ ¼ f ðψÞHðcosψÞ: [7]

With the above specification of the dynamics of the surface
velocity, the angular velocity of the colony is (31)

ΩðtÞ ¼ 1

τbh
ĝ × k̂ −

3

8πR3

Z
n̂ × uðθ;ϕ;tÞdS; [8]

where ĝ and k̂ are the directions of gravity and the posterior-
anterior axis, respectively. The first term in Eq. 8 arises from
bottom-heaviness and represents a balance between the torque
that acts when the posterior-anterior axis is not parallel to gravity
and the rotational drag of the sphere (20). The second term is
responsible for phototactic steering, where the integral is taken
over the surface of the sphere of radius R. In a reference frame
where the Volvox is at the origin with a fixed orientation, the light
direction evolves as dÎ∕dt ¼ −Ω × Î.

The above coupled equations can be solved numerically (see
SI Text), e.g., to determine the angle αðtÞ of the organism axis
with the light direction. It is interesting to consider two special
cases of the model class outlined above. In the biologically faith-
ful “full model,” we use the measured βðθÞ and the realistic eye-
spot directionality f ðψÞ ¼ cosψ . In the “reduced model,” we
consider only a light-shadow response asymmetry—i.e., f ðψÞ ¼
1—and use the mean of the measured βðθÞ—i.e., βðθÞ ¼ 0.3. All
other features are shared between the models.

A phototactic turn of a hypothetical non-bottom-heavy Volvox
simulated by the reduced model is shown in Fig. 6, indicating an
intricate link between organism rotation, adaptation, and
steering. In reality, however, Volvox is bottom-heavy, which is par-
ticularly important when the light direction is horizontal. In this
case, we previously observed (33) that the organisms reach a final
angle αf set by the balance of the bottom-heaviness torque and the
phototactic torque. We therefore define the “phototactic abil-
ity” A ¼ ðswimming speed toward the lightÞ∕ðswimming speedÞ.

Both models predict that as the viscosity η is increased, while
keeping the internal parameters τr and τa fixed, the phototactic
ability decreases dramatically (Fig. 7). Qualitatively, an increase
in η reduces ωr , which leads to a reduced photoresponse (Fig. 3A)

Fig. 5. Anterior-posterior asymmetry. (A) The anterior-posterior component
of the fluid flow, measured 10 μm above the beating flagella, following a
step up in illumination at time t ¼ 0 s. The dashed line indicates the approx-
imation to v0ðθÞ used in the numerical model. (Inset) βðθÞ is blue (with p nor-
malized to unity), and the mean β is red. (B) The probability of flagella to
respond to light correlates with the size of the somatic cell eyespots. The
light-induced decrease in fluid flow occurs beyond the region of flagellar
response because of the nonlocality of fluid dynamics.
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may be sufficient for Volvox in natural environments, because it
would robustly navigate Volvox closer to the light, even though the
organism does not swim directly toward the light. The orienta-
tional limit of this response mechanism can be overcome if, as
described for several green algae (3, 28, 29), the strength of the
photoresponse instead continuously changes with the angle at
which the eyespots receive light. Together with an appropriate
eyespot placement (Fig. 4D), this directionality leads to the
persistence of a response asymmetry between illuminated and
shaded regions until perfect orientation toward the light has been
achieved.

Phototactic orientation in natural environments can be op-
posed by ambient vorticity (30), which may be created by the
motion of other nearby organisms, convection, or wind-driven
surface waves. A mechanism that can counteract phototaxis even
in well-controlled laboratory experiments is due to a property
that Volvox shares with its unicellular ancestor Chlamydomonas
and other algae: Their center of mass is offset from their center
of buoyancy. For Volvox, this bottom-heaviness is due to cluster-
ing of germ cells in the posterior (Fig. 4E) and leads to a torque
tending to align the swimming direction with the vertical on a
time scale τbh ∼ 14 s (20). A faithful theory of phototaxis in Volvox
must therefore include at least four features: self-propulsion,
bottom-heaviness, photoresponse kinetics, and photoresponse
spatial structure.

Hydrodynamic Model of Phototaxis. In the low Reynolds number
regime that Volvox inhabits, the swimming speed and angular
velocity Ω of an organism can be calculated if the fluid velocity
u on each point of its surface is known (31). Phototactic steering
of Volvox can therefore be modeled by specifying the response of
u to light stimulation. Rather than solving for the effects of each

of the thousands of individual flagella on the colony surface, we
adopt a continuum approximation in which there is a temporally
and spatially varying surface velocity. If θ and ϕ are the polar and
azimuthal angles on a sphere, respectively, the surface velocity u
may be decomposed into u ¼ vθ̂þ wϕ̂. We interpret u as the ve-
locity at the edge of the flagellar layer (32); for practical reasons
experimental measurements of u are made just above that layer.
In the absence of a light stimulus, u ¼ u0 and we assume that the
ratio v0ðθÞ∕w0ðθÞ is constant on the colony surface because of the
precise orientational order of somatic cells (9). Following step
changes in light intensity, measurements of vðθ;ϕ;tÞ at fixed ϕ
show that in each region, the surface velocity displays a photo-
response of the form shown in Fig. 2A but that the overall
magnitude varies with θ (Fig. 5A). We thus model uðθ;ϕ;tÞ by
allowing the quantities β, p, and h to depend on position:

uðθ;ϕ;tÞ ¼ u0ðθÞ½1 − βðθÞpðθ;ϕ;tÞ&: [6]

The measured βðθÞ is shown in the inset in Fig. 5A.
To define the stimulus s on the colony surface, we make use of

the angle ψðθ;ϕ;ÎÞ defined through cosψ ¼ −n̂ · Î, where n̂ is the
unit normal to the surface. When ψ ¼ 0 (π), the light is directly
above (behind) a given surface patch. The light-shadow asymme-
try in s can therefore be modeled by a factor HðcosψÞ. Superim-
posed on this factor may be another functional dependence on ψ
to account for the eyespot sensitivity in the forward direction,
with experiments on Chlamydomonas (28) supporting a depen-
dence f ðψÞ ¼ cosψ . The class of models we consider for the
dimensionless s is therefore

sðθ;ϕ;ÎÞ ¼ f ðψÞHðcosψÞ: [7]

With the above specification of the dynamics of the surface
velocity, the angular velocity of the colony is (31)

ΩðtÞ ¼ 1

τbh
ĝ × k̂ −
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8πR3

Z
n̂ × uðθ;ϕ;tÞdS; [8]

where ĝ and k̂ are the directions of gravity and the posterior-
anterior axis, respectively. The first term in Eq. 8 arises from
bottom-heaviness and represents a balance between the torque
that acts when the posterior-anterior axis is not parallel to gravity
and the rotational drag of the sphere (20). The second term is
responsible for phototactic steering, where the integral is taken
over the surface of the sphere of radius R. In a reference frame
where the Volvox is at the origin with a fixed orientation, the light
direction evolves as dÎ∕dt ¼ −Ω × Î.

The above coupled equations can be solved numerically (see
SI Text), e.g., to determine the angle αðtÞ of the organism axis
with the light direction. It is interesting to consider two special
cases of the model class outlined above. In the biologically faith-
ful “full model,” we use the measured βðθÞ and the realistic eye-
spot directionality f ðψÞ ¼ cosψ . In the “reduced model,” we
consider only a light-shadow response asymmetry—i.e., f ðψÞ ¼
1—and use the mean of the measured βðθÞ—i.e., βðθÞ ¼ 0.3. All
other features are shared between the models.

A phototactic turn of a hypothetical non-bottom-heavy Volvox
simulated by the reduced model is shown in Fig. 6, indicating an
intricate link between organism rotation, adaptation, and
steering. In reality, however, Volvox is bottom-heavy, which is par-
ticularly important when the light direction is horizontal. In this
case, we previously observed (33) that the organisms reach a final
angle αf set by the balance of the bottom-heaviness torque and the
phototactic torque. We therefore define the “phototactic abil-
ity” A ¼ ðswimming speed toward the lightÞ∕ðswimming speedÞ.

Both models predict that as the viscosity η is increased, while
keeping the internal parameters τr and τa fixed, the phototactic
ability decreases dramatically (Fig. 7). Qualitatively, an increase
in η reduces ωr , which leads to a reduced photoresponse (Fig. 3A)

Fig. 5. Anterior-posterior asymmetry. (A) The anterior-posterior component
of the fluid flow, measured 10 μm above the beating flagella, following a
step up in illumination at time t ¼ 0 s. The dashed line indicates the approx-
imation to v0ðθÞ used in the numerical model. (Inset) βðθÞ is blue (with p nor-
malized to unity), and the mean β is red. (B) The probability of flagella to
respond to light correlates with the size of the somatic cell eyespots. The
light-induced decrease in fluid flow occurs beyond the region of flagellar
response because of the nonlocality of fluid dynamics.
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If the stimulus angular frequency ωs is very low (ωs ≪ 2π∕τa), the
adaptive process has sufficient time to keep up with the changing
light levels and the amplitude of the response vanishes. At very
high frequencies, ωs ≫ 2π∕τr , the response is limited to short-
time behavior and also vanishes.

Using the setup in Fig. 1B, we measured the flagellar photo-
response to sinusoidal light stimuli of various temporal frequen-
cies. In Fig. 3A, these measurements are compared with the
theoretical RðωsÞ, showing excellent agreement. The maximum
response is obtained at stimulus frequencies that correspond to
the natural angular rotation frequencies of Volvox about its swim-
ming direction. The frequency dependence of the photoresponse
is like a band pass filter that removes high frequency noise, e.g.,
light fluctuations from ripples on the water surface (26), but
retains the key feature of adaptation.

Heuristic Mechanism of Phototaxis.We proceed to a qualitative dis-
cussion of how an adaptive response translates into phototactic
turning and the ingredients required for a simple yet realistic
mathematical model with predictive power.

In general, phototactic orientation is due to an asymmetry of
the flagellar behavior between the illuminated and shaded sides
of the organism. The mechanism that achieves this asymmetry is
species-dependent, but it is instructive to consider a hierarchy of
ingredients. First, consider a nonspinning spherical organism that

can display a nonadaptive photoresponse on its entire surface but
will do so only on the illuminated side, as in Fig. 4A. This organ-
ism will achieve perfect antialignment of its posterior-anterior
axis k with the light direction unit vector Î (i.e., face the light)
on a turning time scale τt, which is determined by the balance
between the torques due to asymmetric flagellar activity and ro-
tational viscous drag. Adaptation to light is a desirable property
for such an organism, because it allows a response to light inten-
sities over several orders of magnitude and because it allows the
organism to swim at full speed once a good orientation has been
reached. If the photoresponse of the above model organism now
has the desirable property of being adaptive, it will initially turn
towards the light as in Fig. 4A, but adaptation may cause the re-
sponse to decay before k reaches antialignment with Î (Fig. 4B),
depending on the relative magnitude of τa and τt. If, however, the
adaptive organism would spin about k, new surface area would
continuously be exposed, thus maintaining an asymmetric photo-
response until perfect antialignment of k with Î has been reached.
For Volvox, which generally have τa ∼ τt, the spinning about the
posterior-anterior axis is therefore not just optimized for the
photoresponse kinetics, as shown in the previous section, but also
essential for high-fidelity phototactic orientation in the presence
of adaptation. Spinning may also mitigate the deleterious effects
of unsymmetrical colony development and injury (27), and for
organisms with a restricted field of view due to a small number
of eyespots, such as Chlamydomonas and Platynereis, spinning is
also required for detecting the light direction (3, 7).

In Volvox colonies, the flagellar photoresponse is localized
near the anterior pole (Fig. 5), yet the importance of spinning
outlined above remains. However, having only a small photore-
sponsive region complicates the heuristic picture: If the eyespots
could only direct an all-or-nothing response as they move from
the shaded to the illuminated side of the sphere, the best possible
phototactic orientation is drawn in Fig. 4C. Such a mechanism

Fig. 3. Photoresponse frequency dependence and colony rotation. (A) The
normalized flagellar photoresponse for different frequencies of sinusoidal
stimulation, with minimal and maximal light intensities of 1 and 20 μmol
PAR photonsm−2 s−1 (Blue Circles). The theoretical response function (Eq. 5,
Red Line) shows quantitative agreement, using τr and τa from Fig. 2B for
16 μmol PAR photonsm−2 s−1. (B) The rotation frequency ωr of V. carteri
as a function of colony radius R. The highly phototactic organisms for which
photoresponses were measured fall within the range of R indicated by the
purple box, and the distribution of R can be transformed into an approxi-
mate probability distribution function (PDF) of ωr (Inset), by using the noisy
curve of ωrðRÞ. The purple box in A marks the range of ωr in this PDF (green
line indicates the mean), showing that the response time scales and colony
rotation frequency are mutually optimized to maximize the photoresponse.

Fig. 4. Heuristic analysis of the phototactic fidelity. A–C illustrate simplified
phototaxis models. Photoresponsive regions are colored green, the region
that actually displays a photoresponse is in shades of red, and shaded regions
are gray. (A) If τa ¼ ∞, ωr ¼ 0, and the responsive region is as drawn, the
posterior-anterior axis k will achieve perfect antialignment with the light di-
rection I. The time scale for turning τt ∼ 3.3 s can be estimated by assuming
that the fluid velocity on the illuminated side is reduced to 0.7 of its baseline
value and using Eq. 8without bottom-heaviness. (B) If τa < τt , and ωr ¼ 0, the
photoresponse may decay before the optimal orientation has been reached.
After the initial transient in A has decayed, the largest photoresponse (i.e.,
flagellar down-regulation) is in the region that just turned into the light. As
an illustration, the configuration drawn in this panel surprisingly implies that
the organism would turn away from the light, indicating that before this or-
ientation is reached the steering is stopped at a suboptimal orientation of k
with I. A remedy against this orientational limitation would be ωr ≠ 0. (C) The
best attainable orientation towards the light is drawn, if the photoresponse
is localized in a small anterior region, and the eyespots display an all-
or-nothing response as they move from the shaded to the illuminated side.
(D) Measurements of the eyespot (Orange) placement yield κ ¼ 57°$ 7° (see
SI Text). (E) Volvox is bottom-heavy, because the center of mass (Pink) is offset
from the geometric center of the colony as indicated.
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may be sufficient for Volvox in natural environments, because it
would robustly navigate Volvox closer to the light, even though the
organism does not swim directly toward the light. The orienta-
tional limit of this response mechanism can be overcome if, as
described for several green algae (3, 28, 29), the strength of the
photoresponse instead continuously changes with the angle at
which the eyespots receive light. Together with an appropriate
eyespot placement (Fig. 4D), this directionality leads to the
persistence of a response asymmetry between illuminated and
shaded regions until perfect orientation toward the light has been
achieved.

Phototactic orientation in natural environments can be op-
posed by ambient vorticity (30), which may be created by the
motion of other nearby organisms, convection, or wind-driven
surface waves. A mechanism that can counteract phototaxis even
in well-controlled laboratory experiments is due to a property
that Volvox shares with its unicellular ancestor Chlamydomonas
and other algae: Their center of mass is offset from their center
of buoyancy. For Volvox, this bottom-heaviness is due to cluster-
ing of germ cells in the posterior (Fig. 4E) and leads to a torque
tending to align the swimming direction with the vertical on a
time scale τbh ∼ 14 s (20). A faithful theory of phototaxis in Volvox
must therefore include at least four features: self-propulsion,
bottom-heaviness, photoresponse kinetics, and photoresponse
spatial structure.

Hydrodynamic Model of Phototaxis. In the low Reynolds number
regime that Volvox inhabits, the swimming speed and angular
velocity Ω of an organism can be calculated if the fluid velocity
u on each point of its surface is known (31). Phototactic steering
of Volvox can therefore be modeled by specifying the response of
u to light stimulation. Rather than solving for the effects of each

of the thousands of individual flagella on the colony surface, we
adopt a continuum approximation in which there is a temporally
and spatially varying surface velocity. If θ and ϕ are the polar and
azimuthal angles on a sphere, respectively, the surface velocity u
may be decomposed into u ¼ vθ̂þ wϕ̂. We interpret u as the ve-
locity at the edge of the flagellar layer (32); for practical reasons
experimental measurements of u are made just above that layer.
In the absence of a light stimulus, u ¼ u0 and we assume that the
ratio v0ðθÞ∕w0ðθÞ is constant on the colony surface because of the
precise orientational order of somatic cells (9). Following step
changes in light intensity, measurements of vðθ;ϕ;tÞ at fixed ϕ
show that in each region, the surface velocity displays a photo-
response of the form shown in Fig. 2A but that the overall
magnitude varies with θ (Fig. 5A). We thus model uðθ;ϕ;tÞ by
allowing the quantities β, p, and h to depend on position:

uðθ;ϕ;tÞ ¼ u0ðθÞ½1 − βðθÞpðθ;ϕ;tÞ&: [6]

The measured βðθÞ is shown in the inset in Fig. 5A.
To define the stimulus s on the colony surface, we make use of

the angle ψðθ;ϕ;ÎÞ defined through cosψ ¼ −n̂ · Î, where n̂ is the
unit normal to the surface. When ψ ¼ 0 (π), the light is directly
above (behind) a given surface patch. The light-shadow asymme-
try in s can therefore be modeled by a factor HðcosψÞ. Superim-
posed on this factor may be another functional dependence on ψ
to account for the eyespot sensitivity in the forward direction,
with experiments on Chlamydomonas (28) supporting a depen-
dence f ðψÞ ¼ cosψ . The class of models we consider for the
dimensionless s is therefore

sðθ;ϕ;ÎÞ ¼ f ðψÞHðcosψÞ: [7]

With the above specification of the dynamics of the surface
velocity, the angular velocity of the colony is (31)

ΩðtÞ ¼ 1

τbh
ĝ × k̂ −

3

8πR3

Z
n̂ × uðθ;ϕ;tÞdS; [8]

where ĝ and k̂ are the directions of gravity and the posterior-
anterior axis, respectively. The first term in Eq. 8 arises from
bottom-heaviness and represents a balance between the torque
that acts when the posterior-anterior axis is not parallel to gravity
and the rotational drag of the sphere (20). The second term is
responsible for phototactic steering, where the integral is taken
over the surface of the sphere of radius R. In a reference frame
where the Volvox is at the origin with a fixed orientation, the light
direction evolves as dÎ∕dt ¼ −Ω × Î.

The above coupled equations can be solved numerically (see
SI Text), e.g., to determine the angle αðtÞ of the organism axis
with the light direction. It is interesting to consider two special
cases of the model class outlined above. In the biologically faith-
ful “full model,” we use the measured βðθÞ and the realistic eye-
spot directionality f ðψÞ ¼ cosψ . In the “reduced model,” we
consider only a light-shadow response asymmetry—i.e., f ðψÞ ¼
1—and use the mean of the measured βðθÞ—i.e., βðθÞ ¼ 0.3. All
other features are shared between the models.

A phototactic turn of a hypothetical non-bottom-heavy Volvox
simulated by the reduced model is shown in Fig. 6, indicating an
intricate link between organism rotation, adaptation, and
steering. In reality, however, Volvox is bottom-heavy, which is par-
ticularly important when the light direction is horizontal. In this
case, we previously observed (33) that the organisms reach a final
angle αf set by the balance of the bottom-heaviness torque and the
phototactic torque. We therefore define the “phototactic abil-
ity” A ¼ ðswimming speed toward the lightÞ∕ðswimming speedÞ.

Both models predict that as the viscosity η is increased, while
keeping the internal parameters τr and τa fixed, the phototactic
ability decreases dramatically (Fig. 7). Qualitatively, an increase
in η reduces ωr , which leads to a reduced photoresponse (Fig. 3A)

Fig. 5. Anterior-posterior asymmetry. (A) The anterior-posterior component
of the fluid flow, measured 10 μm above the beating flagella, following a
step up in illumination at time t ¼ 0 s. The dashed line indicates the approx-
imation to v0ðθÞ used in the numerical model. (Inset) βðθÞ is blue (with p nor-
malized to unity), and the mean β is red. (B) The probability of flagella to
respond to light correlates with the size of the somatic cell eyespots. The
light-induced decrease in fluid flow occurs beyond the region of flagellar
response because of the nonlocality of fluid dynamics.
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every somatic cell, we measured the fluid motion produced by the
flagellar beating by using particle image velocimetry (PIV). This
approach implicitly averages over several neighboring flagella,
and, by measuring the fluid velocity just above the flagellar tips,
we obtain a natural input for the hydrodynamic models of photo-
tactic turning described further below. Because of the low
Reynolds number associated with flows generated by V. carteri
(18–20), fluid inertia is negligible and the flagella-induced flow
is a direct measure of the flagellar activity. Fig. 2A shows a typical
time trace of the photoresponse, measured in terms of the
flagella-generated flow speed uðtÞ, normalized by the flow speed
under time-independent illumination u0, and averaged over #30°
from the anterior pole. We found that a step up in light intensity
elicits a decrease in flagellar activity on a response time scale τr ,
followed by a recovery to baseline activity on a time scale τa

associated with adaptation; there was no change in flagellar ac-
tivity upon a step down in light intensity. This response underlies
the ability of V. carteri to turn toward the light, as explained
further below. At very high light intensities and long stimulation,
the responses to step up and step down stimuli are reversed (see
SI Text), allowing Volvox to avoid photodamage by swimming
away from the light. Irrespective of the stimulus light intensity,
τr is always a fraction of a second, whereas τa is several seconds
(Fig. 2B), consistent with early observations (14, 15).

Although the kinetics and biochemistry of photoreceptor cur-
rents have been studied in Chlamydomonas (2, 21) and Volvox
(22), their connection to the flagellar photoresponse is unclear.
In Volvox, a step stimulus elicits a Ca2þ current whose time scale
of 1 ms (22) is too short to account for the measured τr . But the
time for Ca2þ to diffuse the length of the flagellum L is τD ¼
L2∕D ∼ 0.2 s (for L ∼ 15 μm, D ∼ 10−5 cm2∕s), which is similar
to τr , suggesting that the photocurrent triggers an influx of
Ca2þ at the base of the flagella, consistent with previous hypoth-
eses (22, 23). Although the dependence of τa on light intensity is
like that of the Hþ current in Volvox, the decay constant of the
latter is only ∼75 ms (22); the biochemical origin of τa remains
unknown.

The measured adaptive response of the flagella-generated
fluid speed just above the colony surface (Fig. 2A) can be de-
scribed by uðtÞ∕u0 ¼ 1 − βpðtÞ, where pðtÞ is a dimensionless
photoresponse variable that is large when there is a large
light-induced decrease in flagellar activity and vanishes when
there is no such change in flagellar activity. The empirically de-
termined constant β > 0 quantifies the amplitude of the decrease
in uðtÞ∕u0. For a model of pðtÞ that captures the two time scales τa
and τr , we require a second variable hðtÞ, which we define as a
dimensionless representation of the hidden internal biochemistry
responsible for adaptation (24, 25). A system of coupled equa-
tions that is consistent with the measured uðtÞ∕u0 is

τr _p ¼ ðs − hÞHðs − hÞ − p; [1]

τa _h ¼ s − h; [2]

where the light stimulus sðtÞ is a dimensionless measure of the
photoreceptor input that incorporates the eyespot directionality.
The Heaviside step functionHðs − hÞ is used to ensure that a step
down in light stimulus cannot increase u above u0, because it
keeps p ≥ 0. In these equations, the values p& ¼ 0 and h& ¼ s1
are stable and global attractors in the sense that, after a suffi-
ciently long time under constant light stimulus s1, the pair
(p, h) relaxes to (p&, h&). However, if s increases from s1 for t <
0 to s2 for t ≥ 0, then for t > 0 the solution is

hðtÞ ¼ s1e−t∕τa þ s2ð1 − e−t∕τaÞ; [3]

pðtÞ ¼ ðs2 − s1Þ
1 − τr∕τa

ðe−t∕τa − e−t∕τr Þ: [4]

When τr ≪ τa, as for Volvox, there is a sharp transient increase in
pðtÞ [and decrease in uðtÞ], peaking at a time t† ∼ τr lnðτa∕τrÞ,
followed by a slow relaxation back to zero, as in the measured
flagellar photoresponse shown in Fig. 2A.

The rotation of Volvox about its axis and the resulting periodic
illumination of the photoreceptors suggest an investigation of the
dependence of the photoresponse on the frequency of sinusoidal
stimulation. For the above model this frequency dependence of
the photoresponse is R ¼ j~p∕~sj, where ~p and ~s are the Fourier
transforms of p and s, respectively. R is well-approximated by
neglecting the Heaviside function in Eq. 1 (see SI Text) to give

RðωsÞ ¼
ωsτaffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð1þ ω2
s τ2r Þð1þ ω2

s τ2aÞ
p : [5]

Fig. 1. Geometry of V. carteri and experimental setup. (A) The beating fla-
gella, two per somatic cell (Inset), create a fluid flow from the anterior to the
posterior, with a slight azimuthal component that rotates Volvox about its
posterior-anterior axis at angular frequency ωr. (Scale bar: 100 μm.) (B)
Studies of the flagellar photoresponse utilize light sent down an optical fiber.

Fig. 2. Characteristics of the adaptive photoresponse. (A) The local flagella-
generated fluid speed uðtÞ (Blue), measured with PIV just above the flagella
during a step up in light intensity, serves as a measure of flagellar activity. The
baseline flow speed in the dark is u0 ¼ 81 μm∕s for this dataset. Two time
scales are evident: a short response time τr and a longer adaptation time
τa. The fitted theoretical curve (Red) is from Eq. 4. (B) The times τr (Squares)
and τa (Circles) vary smoothly with the stimulus light intensity, measured in
terms of PAR. Error bars are standard deviations.
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may be sufficient for Volvox in natural environments, because it
would robustly navigate Volvox closer to the light, even though the
organism does not swim directly toward the light. The orienta-
tional limit of this response mechanism can be overcome if, as
described for several green algae (3, 28, 29), the strength of the
photoresponse instead continuously changes with the angle at
which the eyespots receive light. Together with an appropriate
eyespot placement (Fig. 4D), this directionality leads to the
persistence of a response asymmetry between illuminated and
shaded regions until perfect orientation toward the light has been
achieved.

Phototactic orientation in natural environments can be op-
posed by ambient vorticity (30), which may be created by the
motion of other nearby organisms, convection, or wind-driven
surface waves. A mechanism that can counteract phototaxis even
in well-controlled laboratory experiments is due to a property
that Volvox shares with its unicellular ancestor Chlamydomonas
and other algae: Their center of mass is offset from their center
of buoyancy. For Volvox, this bottom-heaviness is due to cluster-
ing of germ cells in the posterior (Fig. 4E) and leads to a torque
tending to align the swimming direction with the vertical on a
time scale τbh ∼ 14 s (20). A faithful theory of phototaxis in Volvox
must therefore include at least four features: self-propulsion,
bottom-heaviness, photoresponse kinetics, and photoresponse
spatial structure.

Hydrodynamic Model of Phototaxis. In the low Reynolds number
regime that Volvox inhabits, the swimming speed and angular
velocity Ω of an organism can be calculated if the fluid velocity
u on each point of its surface is known (31). Phototactic steering
of Volvox can therefore be modeled by specifying the response of
u to light stimulation. Rather than solving for the effects of each

of the thousands of individual flagella on the colony surface, we
adopt a continuum approximation in which there is a temporally
and spatially varying surface velocity. If θ and ϕ are the polar and
azimuthal angles on a sphere, respectively, the surface velocity u
may be decomposed into u ¼ vθ̂þ wϕ̂. We interpret u as the ve-
locity at the edge of the flagellar layer (32); for practical reasons
experimental measurements of u are made just above that layer.
In the absence of a light stimulus, u ¼ u0 and we assume that the
ratio v0ðθÞ∕w0ðθÞ is constant on the colony surface because of the
precise orientational order of somatic cells (9). Following step
changes in light intensity, measurements of vðθ;ϕ;tÞ at fixed ϕ
show that in each region, the surface velocity displays a photo-
response of the form shown in Fig. 2A but that the overall
magnitude varies with θ (Fig. 5A). We thus model uðθ;ϕ;tÞ by
allowing the quantities β, p, and h to depend on position:

uðθ;ϕ;tÞ ¼ u0ðθÞ½1 − βðθÞpðθ;ϕ;tÞ&: [6]

The measured βðθÞ is shown in the inset in Fig. 5A.
To define the stimulus s on the colony surface, we make use of

the angle ψðθ;ϕ;ÎÞ defined through cosψ ¼ −n̂ · Î, where n̂ is the
unit normal to the surface. When ψ ¼ 0 (π), the light is directly
above (behind) a given surface patch. The light-shadow asymme-
try in s can therefore be modeled by a factor HðcosψÞ. Superim-
posed on this factor may be another functional dependence on ψ
to account for the eyespot sensitivity in the forward direction,
with experiments on Chlamydomonas (28) supporting a depen-
dence f ðψÞ ¼ cosψ . The class of models we consider for the
dimensionless s is therefore

sðθ;ϕ;ÎÞ ¼ f ðψÞHðcosψÞ: [7]

With the above specification of the dynamics of the surface
velocity, the angular velocity of the colony is (31)

ΩðtÞ ¼ 1

τbh
ĝ × k̂ −

3

8πR3

Z
n̂ × uðθ;ϕ;tÞdS; [8]

where ĝ and k̂ are the directions of gravity and the posterior-
anterior axis, respectively. The first term in Eq. 8 arises from
bottom-heaviness and represents a balance between the torque
that acts when the posterior-anterior axis is not parallel to gravity
and the rotational drag of the sphere (20). The second term is
responsible for phototactic steering, where the integral is taken
over the surface of the sphere of radius R. In a reference frame
where the Volvox is at the origin with a fixed orientation, the light
direction evolves as dÎ∕dt ¼ −Ω × Î.

The above coupled equations can be solved numerically (see
SI Text), e.g., to determine the angle αðtÞ of the organism axis
with the light direction. It is interesting to consider two special
cases of the model class outlined above. In the biologically faith-
ful “full model,” we use the measured βðθÞ and the realistic eye-
spot directionality f ðψÞ ¼ cosψ . In the “reduced model,” we
consider only a light-shadow response asymmetry—i.e., f ðψÞ ¼
1—and use the mean of the measured βðθÞ—i.e., βðθÞ ¼ 0.3. All
other features are shared between the models.

A phototactic turn of a hypothetical non-bottom-heavy Volvox
simulated by the reduced model is shown in Fig. 6, indicating an
intricate link between organism rotation, adaptation, and
steering. In reality, however, Volvox is bottom-heavy, which is par-
ticularly important when the light direction is horizontal. In this
case, we previously observed (33) that the organisms reach a final
angle αf set by the balance of the bottom-heaviness torque and the
phototactic torque. We therefore define the “phototactic abil-
ity” A ¼ ðswimming speed toward the lightÞ∕ðswimming speedÞ.

Both models predict that as the viscosity η is increased, while
keeping the internal parameters τr and τa fixed, the phototactic
ability decreases dramatically (Fig. 7). Qualitatively, an increase
in η reduces ωr , which leads to a reduced photoresponse (Fig. 3A)

Fig. 5. Anterior-posterior asymmetry. (A) The anterior-posterior component
of the fluid flow, measured 10 μm above the beating flagella, following a
step up in illumination at time t ¼ 0 s. The dashed line indicates the approx-
imation to v0ðθÞ used in the numerical model. (Inset) βðθÞ is blue (with p nor-
malized to unity), and the mean β is red. (B) The probability of flagella to
respond to light correlates with the size of the somatic cell eyespots. The
light-induced decrease in fluid flow occurs beyond the region of flagellar
response because of the nonlocality of fluid dynamics.
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Eye-spot measurements

Fig. S4. The amplitude of the photoresponse for top-hat stimuli of frequency 0.25 Hz, at different stimulus light intensities.

Fig. S5. (A) The V. carteri somatic cells at the anterior pole have their orange eyespots facing away from the fluid-mechanical anterior pole. (B) The somatic
cells and eyespots at polar angle θ ¼ 50° from the anterior. (Scale bars: 20 μm.) (C) Illustration of the eyespot placement in the somatic cells and the relation to
the posterior-anterior axis k. In contrast to this schematic drawing, V. carteri colonies consist of thousands of somatic cells, as shown in Fig. 1A of the main text
and as measured in ref. 20.

Fig. S6. (A) Schematic diagram of the apparatus used for the population assay. B and C show distributions of the swimming angle with the light direction σ as
measured for a population at the viscosity of water (B) and at 40 times the viscosity of water (C).
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If the stimulus angular frequency ωs is very low (ωs ≪ 2π∕τa), the
adaptive process has sufficient time to keep up with the changing
light levels and the amplitude of the response vanishes. At very
high frequencies, ωs ≫ 2π∕τr , the response is limited to short-
time behavior and also vanishes.

Using the setup in Fig. 1B, we measured the flagellar photo-
response to sinusoidal light stimuli of various temporal frequen-
cies. In Fig. 3A, these measurements are compared with the
theoretical RðωsÞ, showing excellent agreement. The maximum
response is obtained at stimulus frequencies that correspond to
the natural angular rotation frequencies of Volvox about its swim-
ming direction. The frequency dependence of the photoresponse
is like a band pass filter that removes high frequency noise, e.g.,
light fluctuations from ripples on the water surface (26), but
retains the key feature of adaptation.

Heuristic Mechanism of Phototaxis.We proceed to a qualitative dis-
cussion of how an adaptive response translates into phototactic
turning and the ingredients required for a simple yet realistic
mathematical model with predictive power.

In general, phototactic orientation is due to an asymmetry of
the flagellar behavior between the illuminated and shaded sides
of the organism. The mechanism that achieves this asymmetry is
species-dependent, but it is instructive to consider a hierarchy of
ingredients. First, consider a nonspinning spherical organism that

can display a nonadaptive photoresponse on its entire surface but
will do so only on the illuminated side, as in Fig. 4A. This organ-
ism will achieve perfect antialignment of its posterior-anterior
axis k with the light direction unit vector Î (i.e., face the light)
on a turning time scale τt, which is determined by the balance
between the torques due to asymmetric flagellar activity and ro-
tational viscous drag. Adaptation to light is a desirable property
for such an organism, because it allows a response to light inten-
sities over several orders of magnitude and because it allows the
organism to swim at full speed once a good orientation has been
reached. If the photoresponse of the above model organism now
has the desirable property of being adaptive, it will initially turn
towards the light as in Fig. 4A, but adaptation may cause the re-
sponse to decay before k reaches antialignment with Î (Fig. 4B),
depending on the relative magnitude of τa and τt. If, however, the
adaptive organism would spin about k, new surface area would
continuously be exposed, thus maintaining an asymmetric photo-
response until perfect antialignment of k with Î has been reached.
For Volvox, which generally have τa ∼ τt, the spinning about the
posterior-anterior axis is therefore not just optimized for the
photoresponse kinetics, as shown in the previous section, but also
essential for high-fidelity phototactic orientation in the presence
of adaptation. Spinning may also mitigate the deleterious effects
of unsymmetrical colony development and injury (27), and for
organisms with a restricted field of view due to a small number
of eyespots, such as Chlamydomonas and Platynereis, spinning is
also required for detecting the light direction (3, 7).

In Volvox colonies, the flagellar photoresponse is localized
near the anterior pole (Fig. 5), yet the importance of spinning
outlined above remains. However, having only a small photore-
sponsive region complicates the heuristic picture: If the eyespots
could only direct an all-or-nothing response as they move from
the shaded to the illuminated side of the sphere, the best possible
phototactic orientation is drawn in Fig. 4C. Such a mechanism

Fig. 3. Photoresponse frequency dependence and colony rotation. (A) The
normalized flagellar photoresponse for different frequencies of sinusoidal
stimulation, with minimal and maximal light intensities of 1 and 20 μmol
PAR photonsm−2 s−1 (Blue Circles). The theoretical response function (Eq. 5,
Red Line) shows quantitative agreement, using τr and τa from Fig. 2B for
16 μmol PAR photonsm−2 s−1. (B) The rotation frequency ωr of V. carteri
as a function of colony radius R. The highly phototactic organisms for which
photoresponses were measured fall within the range of R indicated by the
purple box, and the distribution of R can be transformed into an approxi-
mate probability distribution function (PDF) of ωr (Inset), by using the noisy
curve of ωrðRÞ. The purple box in A marks the range of ωr in this PDF (green
line indicates the mean), showing that the response time scales and colony
rotation frequency are mutually optimized to maximize the photoresponse.

Fig. 4. Heuristic analysis of the phototactic fidelity. A–C illustrate simplified
phototaxis models. Photoresponsive regions are colored green, the region
that actually displays a photoresponse is in shades of red, and shaded regions
are gray. (A) If τa ¼ ∞, ωr ¼ 0, and the responsive region is as drawn, the
posterior-anterior axis k will achieve perfect antialignment with the light di-
rection I. The time scale for turning τt ∼ 3.3 s can be estimated by assuming
that the fluid velocity on the illuminated side is reduced to 0.7 of its baseline
value and using Eq. 8without bottom-heaviness. (B) If τa < τt , and ωr ¼ 0, the
photoresponse may decay before the optimal orientation has been reached.
After the initial transient in A has decayed, the largest photoresponse (i.e.,
flagellar down-regulation) is in the region that just turned into the light. As
an illustration, the configuration drawn in this panel surprisingly implies that
the organism would turn away from the light, indicating that before this or-
ientation is reached the steering is stopped at a suboptimal orientation of k
with I. A remedy against this orientational limitation would be ωr ≠ 0. (C) The
best attainable orientation towards the light is drawn, if the photoresponse
is localized in a small anterior region, and the eyespots display an all-
or-nothing response as they move from the shaded to the illuminated side.
(D) Measurements of the eyespot (Orange) placement yield κ ¼ 57°$ 7° (see
SI Text). (E) Volvox is bottom-heavy, because the center of mass (Pink) is offset
from the geometric center of the colony as indicated.
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Basic ingredients of  
a‘full’ model 

• self-propulsion	

• bottom-heaviness	

• photo-response kinetics	

• photo-response spatial variation
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Hydrodynamic model

dynamics of chemotaxis in Volvox and to determine its relation-
ship to phototaxis, a linkage proposed for Chlamydomonas (36).
Whereas larger multicellular organisms like Volvox can rely on an
entirely deterministic mechanism for phototaxis, it remains un-
clear how stochasticity of motion in unicellular organisms like
Chlamydomonas, caused by internal biochemical noise (37), af-
fects phototaxis. Finally, the interplay between adaptive flagellar
dynamics and the vorticity of natural fluid environments (30)
requires further investigation.

Materials and Methods
A detailed description of materials, methods, and supplementary measure-
ments is given in SI Text. A brief summary is given below.

Culture Conditions. V. carteri f. nagariensis EVE strain was grown axenically in
standard Volvox medium (SVM) with sterile air bubbling, in a daily cycle of
16 h of cool white light (4,000 lx) at 28 °C and 8 h of darkness at 26 °C.

Measuring the Photoresponse to Various Stimuli. Volvox colonies were caught
on a rotatable micropipette by gentle aspiration and rotated until the
posterior-anterior axis was in the focal plane of the microscope and pointing
toward an optical fiber at a distance of ∼900 μm.Microscopy was done in red
bright-field illumination (λ > 620 nm), to which Volvox is insensitive (15). The
flagella-generated flow was visualized with 1-μm polystyrene beads
(∼1.4 × 108 beads per mL in SVM) and recorded at 100 fps. Flow speeds were
measured by PIV. The PIV data was interpolated and read out 25 μm above

the colony surface—i.e., approximately 10 μm above the flagellar layer. To
get a single time series that represents the photoresponse of the colony,
we averaged the flow speed time series between −30° and þ30° as measured
from the anterior pole. All stimuli were applied with a cyan LED (500 nm,
FWHM 40 nm) coupled into a 550 μm diameter optical fiber. LabVIEW was
used to trigger the camera and control the LED light intensity time series.
The temperature in the sample chamber was 24.5" 0.5 °C.

Measuring the Rotation Rate Dependence of the Phototactic Ability. We
prepared solutions of SVM with various concentrations of methylcellulose
(M0512, Sigma-Aldrich UK), up to 0.65% (wt∕wt) (38). From a V. carteri cul-
ture that just hatched, phototactic organisms were preselected by a simple
test and distributed into rectangular Petri dishes with different concentra-
tions of methylcellulose in SVM. A cyan LED (same as for the optical fiber
stimuli) was placed on one side of each Petri dish, providing ∼15 μmol photo-
synthetically active radiation (PAR) photons m−2 s−1. The Volvoxwere tracked
with software written in Matlab, and rotation frequencies were measured
manually. The temperature in the Petri dishes was 24" 1 °C.

ACKNOWLEDGMENTS. We thank J.P. Gollub, J.T. Locsei, C.A. Solari, S. Ganguly,
and T.J. Pedley for discussions and D. Page-Croft and J. Milton for technical
assistance. This work was supported in part by the Engineering and Physical
Sciences Research Council (K.D.), the Engineering and Biological Sciences
program of the Biotechnology and Biological Sciences Research Council,
the Human Frontier Science Program (I.T.), the US Department of Energy,
and the Schlumberger Chair Fund (R.E.G.).

1. Gehring WJ (2005) New perspectives on eye development and the evolution of eyes
and photoreceptors. J Hered 96:171–184.

2. Hegemann P (2008) Algal sensory photoreceptors. Annu Rev Plant Biol 59:167–189.
3. Foster KW, Smyth RD (1980) Light antennas in phototactic algae. Microbiol Rev

4:572–630.
4. Jékely G (2009) Evolution of phototaxis. Philos Trans R Soc B 364:2795–2808.
5. Kreimer G (1994) Cell biology of phototaxis in algae. Int Rev Cytol 148:229–310.
6. Sineshchekov OA, Govorunova EG (2001) Rhodopsin receptors of phototaxis in green

flagellate algae. Biochemistry-Moscow 66:1300–1310.
7. Jékely G, et al. (2008) Mechanism of phototaxis in marine zooplankton. Nature

456:395–399.
8. Egelhaaf M, Kern R (2002) Vision in flying insects. Curr Opin Neurobiol 12:699–706.
9. Kirk DL Volvox: Molecular-Genetic Origins of Multicellularity and Cellular Differentia-

tion (Cambridge Univ Press, Cambridge, UK).
10. Hiatt JDF, Hand WG (1972) Do protoplasmic connections function in phototactic co-

ordination of the Volvox colony during light stimulation? J Protozool 19:488–489.
11. Linnaeus C (1758) Systema Naturae (Laurentii Salvii, Stockholm), 10th Ed p 820.
12. Holmes SJ (1903) Phototaxis in Volvox. Biol Bull 4:319–326.
13. Hand WG, Haupt W (1971) Flagellar activity of the colony members of Volvox aureus

Ehrbg during light stimulation. J Protozool 18:361–364.
14. Huth K (1970) Movement and orientation of Volvox aureus Ehrbg (translated from

German). Z Pflanzenphysiol 62:436–450.
15. Sakaguchi H, Iwasa K (1979) Two photophobic responses in Volvox carteri. Plant Cell

Physiol 20:909–916.
16. Hoops HJ, Brighton MC, Stickles SM, Clement PR (1999) A test of two possible mecha-

nisms for phototactic steering in Volvox carteri (Chlorophyceae). J Phycol 35:539–547.
17. Mast SO (1926) Reactions to light in Volvox, with special reference to the process of

orientation. Z Vergl Physiol 4:637–658.
18. Solari CA, Ganguly S, Kessler JO, Michod RE, Goldstein RE (2006) Multicellularity and

the functional interdependence of motility and molecular transport. Proc Natl Acad
Sci USA 103:1353–1358.

19. Short MB, et al. (2006) Flows driven by flagella of multicellular organisms enhance
long-range molecular transport. Proc Natl Acad Sci USA 103:8315–8319.

20. Drescher K, et al. (2009) Dancing Volvox: Hydrodynamic bound states of swimming
algae. Phys Rev Lett 102:168101.

21. Harz H, Hegemann P (1991) Rhodopsin-regulated calcium currents in Chlamydomonas.
Nature 351:489–491.

22. Braun F-J, Hegemann P (1999) Two light-activated conductances in the eye of the
green alga Volvox carteri. Biophys J 76:1668–1678.

23. Tamm S (1994) Ca2þ channels and signalling in cilia and flagella. Trends Cell Biol
4:305–310.

24. Friedrich BM, Jülicher F (2007) Chemotaxis of sperm cells. Proc Natl Acad Sci USA
104:13256–13261.

25. Spiro PA, Parkinson JS, Othmer HG (1997) A model of excitation and adaptation in
bacterial chemotaxis. Proc Natl Acad Sci USA 94:7263–7268.

26. Walsh P, Legendre L (1983) Photosynthesis of natural phytoplankton under high
frequency light fluctuations simulating those induced by sea surface waves. Limnol
Oceanogr 28:688–697.

27. Jennings HS (1901) On the significance of the spiral swimming of organisms. Am Nat
35:369–378.

28. Schaller K, David R, Uhl R (1997) How Chlamydomonas keeps track of the light once it
has reached the right phototactic orientation. Biophys J 73:1562–1572.

29. Schaller K, Uhl R (1997) A microspectrophotometric study of the shielding properties
of eyespot and cell body in Chlamydomonas. Biophys J 73:1573–1578.

30. Durham WM, Kessler JO, Stocker R (2009) Disruption of vertical motility by shear
triggers formation of thin phytoplankton layers. Science 323:1067–1070.

31. Stone HA, Samuel ADT (1996) Propulsion of microorganisms by surface distortions.
Phys Rev Lett 77:4102–4104.

32. Blake JR (1971) A spherical envelope approach to ciliary propulsion. J Fluid Mech
46:199–208.

33. Drescher K, Leptos KC, Goldstein RE (2009) How to track potists in three dimensions.
Rev Sci Instrum 80:014301.

34. Yoshimura K, Kamiya R (2001) The sensitivity of Chlamydomonas photoreceptor is
optimized for the frequency of cell body rotation. Plant Cell Physiol 42:665–672.

35. Josef K, Saranak J, Foster KW (2006) Linear systems analysis of the ciliary steering
behavior associated with negative-phototaxis in Chlamydomonas reinhardtii. Cell
Motil Cytoskeleton 63:758–777.

36. Ermilova EV, Zalutskaya ZM, Gromov BV, Häder D-P, Purton S (2000) Isolation and
characterization of chemotactic mutants of Chlamydomonas reinhardtii obtained
by insertional mutagenesis. Protist 151:127–137.

37. Polin M, Tuval I, Drescher K, Gollub JP, Goldstein RE (2009) Chlamydomonas swims with
two ‘gears’ in a eukaryotic version of run-and-tumble locomotion. Science
325:487–490.

38. Herraez-Dominguez JV, Gil Garcia de Leon F, Diez-Sales O, Herraez-Dominguez M
(2005) Rheological characterization of two viscosity grades of methylcellulose: An
approach to the modeling of the thixotropic behaviour. Colloid Polym Sci 284:86–91.

11176 ∣ www.pnas.org/cgi/doi/10.1073/pnas.1000901107 Drescher et al.

Fig. S6 B and C. Rotation rates were measured manually with the
aid of a commercial image processing software (MetaMorph;
Molecular Devices) by counting frames. For each viscosity and
population, we measured ωr for 20 colonies.

Details of the Mathematical Model. The mathematical model for
phototaxis of Volvox relies only on measured parameters and
is able to give detailed predictions of the swimming characteris-
tics and the ability to turn toward the light. It is based on a knowl-
edge of the fluid velocity at the edge of the flagellar layer of
Volvox and how this fluid velocity changes when parts of the sur-
face are exposed to a light stimulus.

The coupled equations that make up the model are given in the
main text. To determine the time evolution of the system of
coupled equations, we solved the coupled partial differential
equations for pðθ;ϕ;tÞ and hðθ;ϕ;tÞ numerically with a built-in sol-
ver in Mathematica (Wolfram Research) between times t and
tþ δt. Due to the integral in the equation for Ω, we used an Euler
method to then solve the equation for ÎðtÞ at every time step. We
ensured convergence of the results by choosing a small enough
step size δt.

In addition to finding the angle of the Volvox axis with the light
direction, the model can also be used to determine the organism
swimming velocity U, via another result from Stone and
Samuel (18)

UðtÞ ¼ 1

4πR2

Z
uðθ;ϕ;tÞdS; [S1]

which allows trajectories of the organism to be reconstructed.
A solution of the photoresponse pðθ;ϕ;tÞ is plotted in Fig. 6 of

the main text, using the “reduced model” defined in the main
text. A decomposition of this photoresponse into spherical har-
monics Ym

l ðθ;ϕÞ is given in Fig. S7. The photoresponse p com-
puted by the “full model” during a phototactic turn is shown
in Fig. S8, neglecting bottom-heaviness.

The initial conditions of the model were a horizontal light di-
rection, an upward-pointing posterior-anterior axis, and

p ¼ h ¼ 0. The input parameters for the model are the following
measurable quantities:

• R, the Volvox radius. For the simulations we used
R ¼ 140 μm, the mean of the populations we investigated ex-
perimentally.

• U, the translational swimming speed, which fixes the amplitude
of v0. For the simulations we used U ¼ 390 μm∕s, the mean of
the populations we investigated experimentally.

• ωr , the rotation rate without a light stimulus, which fixes the
amplitude of w0. For the simulations we used ωr ¼ 2.3 rad∕s,
as shown in Fig. 7 of the main text.

• The θ dependence of the surface velocity. For the simulations
we approximated v0ðθÞ by a superposition of two associated
Legendre functions, −P1

1ðcos θÞ þ 0.25P1
2ðcos θÞ, as shown by

the dashed magenta line in Fig. 5 of the main text. Using a
simple sin θ dependence for v0ðθÞ gives qualitatively similar re-
sults. We assume that w0 has the same θ dependence as v0.

• βðθÞ, the responsivity of the fluid flow to light stimulation. For
the full model, we used a close approximation to the βðθÞ
shown in the inset in Fig. 5A of the main text. For the reduced
model, we used βðθÞ ¼ 0.3, the mean of the βðθÞ used for the
full model.

• τr and τa, the response and adaptation time scales, respectively.
For the simulations, we used the values measured for a light
intensity of 16 μmol PAR photonsm−2 s−1, as displayed in
Fig. 2B of the main text.

• τbh, the bottom-heaviness time scale, is defined by considering
a flagellaless Volvox that is tilted at an angle ζ from the vertical.
The axis of this Volvox would relax back to the vertical at a rate
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may be sufficient for Volvox in natural environments, because it
would robustly navigate Volvox closer to the light, even though the
organism does not swim directly toward the light. The orienta-
tional limit of this response mechanism can be overcome if, as
described for several green algae (3, 28, 29), the strength of the
photoresponse instead continuously changes with the angle at
which the eyespots receive light. Together with an appropriate
eyespot placement (Fig. 4D), this directionality leads to the
persistence of a response asymmetry between illuminated and
shaded regions until perfect orientation toward the light has been
achieved.

Phototactic orientation in natural environments can be op-
posed by ambient vorticity (30), which may be created by the
motion of other nearby organisms, convection, or wind-driven
surface waves. A mechanism that can counteract phototaxis even
in well-controlled laboratory experiments is due to a property
that Volvox shares with its unicellular ancestor Chlamydomonas
and other algae: Their center of mass is offset from their center
of buoyancy. For Volvox, this bottom-heaviness is due to cluster-
ing of germ cells in the posterior (Fig. 4E) and leads to a torque
tending to align the swimming direction with the vertical on a
time scale τbh ∼ 14 s (20). A faithful theory of phototaxis in Volvox
must therefore include at least four features: self-propulsion,
bottom-heaviness, photoresponse kinetics, and photoresponse
spatial structure.

Hydrodynamic Model of Phototaxis. In the low Reynolds number
regime that Volvox inhabits, the swimming speed and angular
velocity Ω of an organism can be calculated if the fluid velocity
u on each point of its surface is known (31). Phototactic steering
of Volvox can therefore be modeled by specifying the response of
u to light stimulation. Rather than solving for the effects of each

of the thousands of individual flagella on the colony surface, we
adopt a continuum approximation in which there is a temporally
and spatially varying surface velocity. If θ and ϕ are the polar and
azimuthal angles on a sphere, respectively, the surface velocity u
may be decomposed into u ¼ vθ̂þ wϕ̂. We interpret u as the ve-
locity at the edge of the flagellar layer (32); for practical reasons
experimental measurements of u are made just above that layer.
In the absence of a light stimulus, u ¼ u0 and we assume that the
ratio v0ðθÞ∕w0ðθÞ is constant on the colony surface because of the
precise orientational order of somatic cells (9). Following step
changes in light intensity, measurements of vðθ;ϕ;tÞ at fixed ϕ
show that in each region, the surface velocity displays a photo-
response of the form shown in Fig. 2A but that the overall
magnitude varies with θ (Fig. 5A). We thus model uðθ;ϕ;tÞ by
allowing the quantities β, p, and h to depend on position:

uðθ;ϕ;tÞ ¼ u0ðθÞ½1 − βðθÞpðθ;ϕ;tÞ&: [6]

The measured βðθÞ is shown in the inset in Fig. 5A.
To define the stimulus s on the colony surface, we make use of

the angle ψðθ;ϕ;ÎÞ defined through cosψ ¼ −n̂ · Î, where n̂ is the
unit normal to the surface. When ψ ¼ 0 (π), the light is directly
above (behind) a given surface patch. The light-shadow asymme-
try in s can therefore be modeled by a factor HðcosψÞ. Superim-
posed on this factor may be another functional dependence on ψ
to account for the eyespot sensitivity in the forward direction,
with experiments on Chlamydomonas (28) supporting a depen-
dence f ðψÞ ¼ cosψ . The class of models we consider for the
dimensionless s is therefore

sðθ;ϕ;ÎÞ ¼ f ðψÞHðcosψÞ: [7]

With the above specification of the dynamics of the surface
velocity, the angular velocity of the colony is (31)

ΩðtÞ ¼ 1

τbh
ĝ × k̂ −

3

8πR3

Z
n̂ × uðθ;ϕ;tÞdS; [8]

where ĝ and k̂ are the directions of gravity and the posterior-
anterior axis, respectively. The first term in Eq. 8 arises from
bottom-heaviness and represents a balance between the torque
that acts when the posterior-anterior axis is not parallel to gravity
and the rotational drag of the sphere (20). The second term is
responsible for phototactic steering, where the integral is taken
over the surface of the sphere of radius R. In a reference frame
where the Volvox is at the origin with a fixed orientation, the light
direction evolves as dÎ∕dt ¼ −Ω × Î.

The above coupled equations can be solved numerically (see
SI Text), e.g., to determine the angle αðtÞ of the organism axis
with the light direction. It is interesting to consider two special
cases of the model class outlined above. In the biologically faith-
ful “full model,” we use the measured βðθÞ and the realistic eye-
spot directionality f ðψÞ ¼ cosψ . In the “reduced model,” we
consider only a light-shadow response asymmetry—i.e., f ðψÞ ¼
1—and use the mean of the measured βðθÞ—i.e., βðθÞ ¼ 0.3. All
other features are shared between the models.

A phototactic turn of a hypothetical non-bottom-heavy Volvox
simulated by the reduced model is shown in Fig. 6, indicating an
intricate link between organism rotation, adaptation, and
steering. In reality, however, Volvox is bottom-heavy, which is par-
ticularly important when the light direction is horizontal. In this
case, we previously observed (33) that the organisms reach a final
angle αf set by the balance of the bottom-heaviness torque and the
phototactic torque. We therefore define the “phototactic abil-
ity” A ¼ ðswimming speed toward the lightÞ∕ðswimming speedÞ.

Both models predict that as the viscosity η is increased, while
keeping the internal parameters τr and τa fixed, the phototactic
ability decreases dramatically (Fig. 7). Qualitatively, an increase
in η reduces ωr , which leads to a reduced photoresponse (Fig. 3A)

Fig. 5. Anterior-posterior asymmetry. (A) The anterior-posterior component
of the fluid flow, measured 10 μm above the beating flagella, following a
step up in illumination at time t ¼ 0 s. The dashed line indicates the approx-
imation to v0ðθÞ used in the numerical model. (Inset) βðθÞ is blue (with p nor-
malized to unity), and the mean β is red. (B) The probability of flagella to
respond to light correlates with the size of the somatic cell eyespots. The
light-induced decrease in fluid flow occurs beyond the region of flagellar
response because of the nonlocality of fluid dynamics.
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may be sufficient for Volvox in natural environments, because it
would robustly navigate Volvox closer to the light, even though the
organism does not swim directly toward the light. The orienta-
tional limit of this response mechanism can be overcome if, as
described for several green algae (3, 28, 29), the strength of the
photoresponse instead continuously changes with the angle at
which the eyespots receive light. Together with an appropriate
eyespot placement (Fig. 4D), this directionality leads to the
persistence of a response asymmetry between illuminated and
shaded regions until perfect orientation toward the light has been
achieved.

Phototactic orientation in natural environments can be op-
posed by ambient vorticity (30), which may be created by the
motion of other nearby organisms, convection, or wind-driven
surface waves. A mechanism that can counteract phototaxis even
in well-controlled laboratory experiments is due to a property
that Volvox shares with its unicellular ancestor Chlamydomonas
and other algae: Their center of mass is offset from their center
of buoyancy. For Volvox, this bottom-heaviness is due to cluster-
ing of germ cells in the posterior (Fig. 4E) and leads to a torque
tending to align the swimming direction with the vertical on a
time scale τbh ∼ 14 s (20). A faithful theory of phototaxis in Volvox
must therefore include at least four features: self-propulsion,
bottom-heaviness, photoresponse kinetics, and photoresponse
spatial structure.

Hydrodynamic Model of Phototaxis. In the low Reynolds number
regime that Volvox inhabits, the swimming speed and angular
velocity Ω of an organism can be calculated if the fluid velocity
u on each point of its surface is known (31). Phototactic steering
of Volvox can therefore be modeled by specifying the response of
u to light stimulation. Rather than solving for the effects of each

of the thousands of individual flagella on the colony surface, we
adopt a continuum approximation in which there is a temporally
and spatially varying surface velocity. If θ and ϕ are the polar and
azimuthal angles on a sphere, respectively, the surface velocity u
may be decomposed into u ¼ vθ̂þ wϕ̂. We interpret u as the ve-
locity at the edge of the flagellar layer (32); for practical reasons
experimental measurements of u are made just above that layer.
In the absence of a light stimulus, u ¼ u0 and we assume that the
ratio v0ðθÞ∕w0ðθÞ is constant on the colony surface because of the
precise orientational order of somatic cells (9). Following step
changes in light intensity, measurements of vðθ;ϕ;tÞ at fixed ϕ
show that in each region, the surface velocity displays a photo-
response of the form shown in Fig. 2A but that the overall
magnitude varies with θ (Fig. 5A). We thus model uðθ;ϕ;tÞ by
allowing the quantities β, p, and h to depend on position:

uðθ;ϕ;tÞ ¼ u0ðθÞ½1 − βðθÞpðθ;ϕ;tÞ&: [6]

The measured βðθÞ is shown in the inset in Fig. 5A.
To define the stimulus s on the colony surface, we make use of

the angle ψðθ;ϕ;ÎÞ defined through cosψ ¼ −n̂ · Î, where n̂ is the
unit normal to the surface. When ψ ¼ 0 (π), the light is directly
above (behind) a given surface patch. The light-shadow asymme-
try in s can therefore be modeled by a factor HðcosψÞ. Superim-
posed on this factor may be another functional dependence on ψ
to account for the eyespot sensitivity in the forward direction,
with experiments on Chlamydomonas (28) supporting a depen-
dence f ðψÞ ¼ cosψ . The class of models we consider for the
dimensionless s is therefore

sðθ;ϕ;ÎÞ ¼ f ðψÞHðcosψÞ: [7]

With the above specification of the dynamics of the surface
velocity, the angular velocity of the colony is (31)

ΩðtÞ ¼ 1

τbh
ĝ × k̂ −
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where ĝ and k̂ are the directions of gravity and the posterior-
anterior axis, respectively. The first term in Eq. 8 arises from
bottom-heaviness and represents a balance between the torque
that acts when the posterior-anterior axis is not parallel to gravity
and the rotational drag of the sphere (20). The second term is
responsible for phototactic steering, where the integral is taken
over the surface of the sphere of radius R. In a reference frame
where the Volvox is at the origin with a fixed orientation, the light
direction evolves as dÎ∕dt ¼ −Ω × Î.

The above coupled equations can be solved numerically (see
SI Text), e.g., to determine the angle αðtÞ of the organism axis
with the light direction. It is interesting to consider two special
cases of the model class outlined above. In the biologically faith-
ful “full model,” we use the measured βðθÞ and the realistic eye-
spot directionality f ðψÞ ¼ cosψ . In the “reduced model,” we
consider only a light-shadow response asymmetry—i.e., f ðψÞ ¼
1—and use the mean of the measured βðθÞ—i.e., βðθÞ ¼ 0.3. All
other features are shared between the models.

A phototactic turn of a hypothetical non-bottom-heavy Volvox
simulated by the reduced model is shown in Fig. 6, indicating an
intricate link between organism rotation, adaptation, and
steering. In reality, however, Volvox is bottom-heavy, which is par-
ticularly important when the light direction is horizontal. In this
case, we previously observed (33) that the organisms reach a final
angle αf set by the balance of the bottom-heaviness torque and the
phototactic torque. We therefore define the “phototactic abil-
ity” A ¼ ðswimming speed toward the lightÞ∕ðswimming speedÞ.

Both models predict that as the viscosity η is increased, while
keeping the internal parameters τr and τa fixed, the phototactic
ability decreases dramatically (Fig. 7). Qualitatively, an increase
in η reduces ωr , which leads to a reduced photoresponse (Fig. 3A)

Fig. 5. Anterior-posterior asymmetry. (A) The anterior-posterior component
of the fluid flow, measured 10 μm above the beating flagella, following a
step up in illumination at time t ¼ 0 s. The dashed line indicates the approx-
imation to v0ðθÞ used in the numerical model. (Inset) βðθÞ is blue (with p nor-
malized to unity), and the mean β is red. (B) The probability of flagella to
respond to light correlates with the size of the somatic cell eyespots. The
light-induced decrease in fluid flow occurs beyond the region of flagellar
response because of the nonlocality of fluid dynamics.
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may be sufficient for Volvox in natural environments, because it
would robustly navigate Volvox closer to the light, even though the
organism does not swim directly toward the light. The orienta-
tional limit of this response mechanism can be overcome if, as
described for several green algae (3, 28, 29), the strength of the
photoresponse instead continuously changes with the angle at
which the eyespots receive light. Together with an appropriate
eyespot placement (Fig. 4D), this directionality leads to the
persistence of a response asymmetry between illuminated and
shaded regions until perfect orientation toward the light has been
achieved.

Phototactic orientation in natural environments can be op-
posed by ambient vorticity (30), which may be created by the
motion of other nearby organisms, convection, or wind-driven
surface waves. A mechanism that can counteract phototaxis even
in well-controlled laboratory experiments is due to a property
that Volvox shares with its unicellular ancestor Chlamydomonas
and other algae: Their center of mass is offset from their center
of buoyancy. For Volvox, this bottom-heaviness is due to cluster-
ing of germ cells in the posterior (Fig. 4E) and leads to a torque
tending to align the swimming direction with the vertical on a
time scale τbh ∼ 14 s (20). A faithful theory of phototaxis in Volvox
must therefore include at least four features: self-propulsion,
bottom-heaviness, photoresponse kinetics, and photoresponse
spatial structure.

Hydrodynamic Model of Phototaxis. In the low Reynolds number
regime that Volvox inhabits, the swimming speed and angular
velocity Ω of an organism can be calculated if the fluid velocity
u on each point of its surface is known (31). Phototactic steering
of Volvox can therefore be modeled by specifying the response of
u to light stimulation. Rather than solving for the effects of each

of the thousands of individual flagella on the colony surface, we
adopt a continuum approximation in which there is a temporally
and spatially varying surface velocity. If θ and ϕ are the polar and
azimuthal angles on a sphere, respectively, the surface velocity u
may be decomposed into u ¼ vθ̂þ wϕ̂. We interpret u as the ve-
locity at the edge of the flagellar layer (32); for practical reasons
experimental measurements of u are made just above that layer.
In the absence of a light stimulus, u ¼ u0 and we assume that the
ratio v0ðθÞ∕w0ðθÞ is constant on the colony surface because of the
precise orientational order of somatic cells (9). Following step
changes in light intensity, measurements of vðθ;ϕ;tÞ at fixed ϕ
show that in each region, the surface velocity displays a photo-
response of the form shown in Fig. 2A but that the overall
magnitude varies with θ (Fig. 5A). We thus model uðθ;ϕ;tÞ by
allowing the quantities β, p, and h to depend on position:

uðθ;ϕ;tÞ ¼ u0ðθÞ½1 − βðθÞpðθ;ϕ;tÞ&: [6]

The measured βðθÞ is shown in the inset in Fig. 5A.
To define the stimulus s on the colony surface, we make use of

the angle ψðθ;ϕ;ÎÞ defined through cosψ ¼ −n̂ · Î, where n̂ is the
unit normal to the surface. When ψ ¼ 0 (π), the light is directly
above (behind) a given surface patch. The light-shadow asymme-
try in s can therefore be modeled by a factor HðcosψÞ. Superim-
posed on this factor may be another functional dependence on ψ
to account for the eyespot sensitivity in the forward direction,
with experiments on Chlamydomonas (28) supporting a depen-
dence f ðψÞ ¼ cosψ . The class of models we consider for the
dimensionless s is therefore

sðθ;ϕ;ÎÞ ¼ f ðψÞHðcosψÞ: [7]

With the above specification of the dynamics of the surface
velocity, the angular velocity of the colony is (31)

ΩðtÞ ¼ 1

τbh
ĝ × k̂ −

3

8πR3

Z
n̂ × uðθ;ϕ;tÞdS; [8]

where ĝ and k̂ are the directions of gravity and the posterior-
anterior axis, respectively. The first term in Eq. 8 arises from
bottom-heaviness and represents a balance between the torque
that acts when the posterior-anterior axis is not parallel to gravity
and the rotational drag of the sphere (20). The second term is
responsible for phototactic steering, where the integral is taken
over the surface of the sphere of radius R. In a reference frame
where the Volvox is at the origin with a fixed orientation, the light
direction evolves as dÎ∕dt ¼ −Ω × Î.

The above coupled equations can be solved numerically (see
SI Text), e.g., to determine the angle αðtÞ of the organism axis
with the light direction. It is interesting to consider two special
cases of the model class outlined above. In the biologically faith-
ful “full model,” we use the measured βðθÞ and the realistic eye-
spot directionality f ðψÞ ¼ cosψ . In the “reduced model,” we
consider only a light-shadow response asymmetry—i.e., f ðψÞ ¼
1—and use the mean of the measured βðθÞ—i.e., βðθÞ ¼ 0.3. All
other features are shared between the models.

A phototactic turn of a hypothetical non-bottom-heavy Volvox
simulated by the reduced model is shown in Fig. 6, indicating an
intricate link between organism rotation, adaptation, and
steering. In reality, however, Volvox is bottom-heavy, which is par-
ticularly important when the light direction is horizontal. In this
case, we previously observed (33) that the organisms reach a final
angle αf set by the balance of the bottom-heaviness torque and the
phototactic torque. We therefore define the “phototactic abil-
ity” A ¼ ðswimming speed toward the lightÞ∕ðswimming speedÞ.

Both models predict that as the viscosity η is increased, while
keeping the internal parameters τr and τa fixed, the phototactic
ability decreases dramatically (Fig. 7). Qualitatively, an increase
in η reduces ωr , which leads to a reduced photoresponse (Fig. 3A)

Fig. 5. Anterior-posterior asymmetry. (A) The anterior-posterior component
of the fluid flow, measured 10 μm above the beating flagella, following a
step up in illumination at time t ¼ 0 s. The dashed line indicates the approx-
imation to v0ðθÞ used in the numerical model. (Inset) βðθÞ is blue (with p nor-
malized to unity), and the mean β is red. (B) The probability of flagella to
respond to light correlates with the size of the somatic cell eyespots. The
light-induced decrease in fluid flow occurs beyond the region of flagellar
response because of the nonlocality of fluid dynamics.
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may be sufficient for Volvox in natural environments, because it
would robustly navigate Volvox closer to the light, even though the
organism does not swim directly toward the light. The orienta-
tional limit of this response mechanism can be overcome if, as
described for several green algae (3, 28, 29), the strength of the
photoresponse instead continuously changes with the angle at
which the eyespots receive light. Together with an appropriate
eyespot placement (Fig. 4D), this directionality leads to the
persistence of a response asymmetry between illuminated and
shaded regions until perfect orientation toward the light has been
achieved.

Phototactic orientation in natural environments can be op-
posed by ambient vorticity (30), which may be created by the
motion of other nearby organisms, convection, or wind-driven
surface waves. A mechanism that can counteract phototaxis even
in well-controlled laboratory experiments is due to a property
that Volvox shares with its unicellular ancestor Chlamydomonas
and other algae: Their center of mass is offset from their center
of buoyancy. For Volvox, this bottom-heaviness is due to cluster-
ing of germ cells in the posterior (Fig. 4E) and leads to a torque
tending to align the swimming direction with the vertical on a
time scale τbh ∼ 14 s (20). A faithful theory of phototaxis in Volvox
must therefore include at least four features: self-propulsion,
bottom-heaviness, photoresponse kinetics, and photoresponse
spatial structure.

Hydrodynamic Model of Phototaxis. In the low Reynolds number
regime that Volvox inhabits, the swimming speed and angular
velocity Ω of an organism can be calculated if the fluid velocity
u on each point of its surface is known (31). Phototactic steering
of Volvox can therefore be modeled by specifying the response of
u to light stimulation. Rather than solving for the effects of each

of the thousands of individual flagella on the colony surface, we
adopt a continuum approximation in which there is a temporally
and spatially varying surface velocity. If θ and ϕ are the polar and
azimuthal angles on a sphere, respectively, the surface velocity u
may be decomposed into u ¼ vθ̂þ wϕ̂. We interpret u as the ve-
locity at the edge of the flagellar layer (32); for practical reasons
experimental measurements of u are made just above that layer.
In the absence of a light stimulus, u ¼ u0 and we assume that the
ratio v0ðθÞ∕w0ðθÞ is constant on the colony surface because of the
precise orientational order of somatic cells (9). Following step
changes in light intensity, measurements of vðθ;ϕ;tÞ at fixed ϕ
show that in each region, the surface velocity displays a photo-
response of the form shown in Fig. 2A but that the overall
magnitude varies with θ (Fig. 5A). We thus model uðθ;ϕ;tÞ by
allowing the quantities β, p, and h to depend on position:

uðθ;ϕ;tÞ ¼ u0ðθÞ½1 − βðθÞpðθ;ϕ;tÞ&: [6]

The measured βðθÞ is shown in the inset in Fig. 5A.
To define the stimulus s on the colony surface, we make use of

the angle ψðθ;ϕ;ÎÞ defined through cosψ ¼ −n̂ · Î, where n̂ is the
unit normal to the surface. When ψ ¼ 0 (π), the light is directly
above (behind) a given surface patch. The light-shadow asymme-
try in s can therefore be modeled by a factor HðcosψÞ. Superim-
posed on this factor may be another functional dependence on ψ
to account for the eyespot sensitivity in the forward direction,
with experiments on Chlamydomonas (28) supporting a depen-
dence f ðψÞ ¼ cosψ . The class of models we consider for the
dimensionless s is therefore

sðθ;ϕ;ÎÞ ¼ f ðψÞHðcosψÞ: [7]

With the above specification of the dynamics of the surface
velocity, the angular velocity of the colony is (31)
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where ĝ and k̂ are the directions of gravity and the posterior-
anterior axis, respectively. The first term in Eq. 8 arises from
bottom-heaviness and represents a balance between the torque
that acts when the posterior-anterior axis is not parallel to gravity
and the rotational drag of the sphere (20). The second term is
responsible for phototactic steering, where the integral is taken
over the surface of the sphere of radius R. In a reference frame
where the Volvox is at the origin with a fixed orientation, the light
direction evolves as dÎ∕dt ¼ −Ω × Î.

The above coupled equations can be solved numerically (see
SI Text), e.g., to determine the angle αðtÞ of the organism axis
with the light direction. It is interesting to consider two special
cases of the model class outlined above. In the biologically faith-
ful “full model,” we use the measured βðθÞ and the realistic eye-
spot directionality f ðψÞ ¼ cosψ . In the “reduced model,” we
consider only a light-shadow response asymmetry—i.e., f ðψÞ ¼
1—and use the mean of the measured βðθÞ—i.e., βðθÞ ¼ 0.3. All
other features are shared between the models.

A phototactic turn of a hypothetical non-bottom-heavy Volvox
simulated by the reduced model is shown in Fig. 6, indicating an
intricate link between organism rotation, adaptation, and
steering. In reality, however, Volvox is bottom-heavy, which is par-
ticularly important when the light direction is horizontal. In this
case, we previously observed (33) that the organisms reach a final
angle αf set by the balance of the bottom-heaviness torque and the
phototactic torque. We therefore define the “phototactic abil-
ity” A ¼ ðswimming speed toward the lightÞ∕ðswimming speedÞ.

Both models predict that as the viscosity η is increased, while
keeping the internal parameters τr and τa fixed, the phototactic
ability decreases dramatically (Fig. 7). Qualitatively, an increase
in η reduces ωr , which leads to a reduced photoresponse (Fig. 3A)
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step up in illumination at time t ¼ 0 s. The dashed line indicates the approx-
imation to v0ðθÞ used in the numerical model. (Inset) βðθÞ is blue (with p nor-
malized to unity), and the mean β is red. (B) The probability of flagella to
respond to light correlates with the size of the somatic cell eyespots. The
light-induced decrease in fluid flow occurs beyond the region of flagellar
response because of the nonlocality of fluid dynamics.
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every somatic cell, we measured the fluid motion produced by the
flagellar beating by using particle image velocimetry (PIV). This
approach implicitly averages over several neighboring flagella,
and, by measuring the fluid velocity just above the flagellar tips,
we obtain a natural input for the hydrodynamic models of photo-
tactic turning described further below. Because of the low
Reynolds number associated with flows generated by V. carteri
(18–20), fluid inertia is negligible and the flagella-induced flow
is a direct measure of the flagellar activity. Fig. 2A shows a typical
time trace of the photoresponse, measured in terms of the
flagella-generated flow speed uðtÞ, normalized by the flow speed
under time-independent illumination u0, and averaged over #30°
from the anterior pole. We found that a step up in light intensity
elicits a decrease in flagellar activity on a response time scale τr ,
followed by a recovery to baseline activity on a time scale τa

associated with adaptation; there was no change in flagellar ac-
tivity upon a step down in light intensity. This response underlies
the ability of V. carteri to turn toward the light, as explained
further below. At very high light intensities and long stimulation,
the responses to step up and step down stimuli are reversed (see
SI Text), allowing Volvox to avoid photodamage by swimming
away from the light. Irrespective of the stimulus light intensity,
τr is always a fraction of a second, whereas τa is several seconds
(Fig. 2B), consistent with early observations (14, 15).

Although the kinetics and biochemistry of photoreceptor cur-
rents have been studied in Chlamydomonas (2, 21) and Volvox
(22), their connection to the flagellar photoresponse is unclear.
In Volvox, a step stimulus elicits a Ca2þ current whose time scale
of 1 ms (22) is too short to account for the measured τr . But the
time for Ca2þ to diffuse the length of the flagellum L is τD ¼
L2∕D ∼ 0.2 s (for L ∼ 15 μm, D ∼ 10−5 cm2∕s), which is similar
to τr , suggesting that the photocurrent triggers an influx of
Ca2þ at the base of the flagella, consistent with previous hypoth-
eses (22, 23). Although the dependence of τa on light intensity is
like that of the Hþ current in Volvox, the decay constant of the
latter is only ∼75 ms (22); the biochemical origin of τa remains
unknown.

The measured adaptive response of the flagella-generated
fluid speed just above the colony surface (Fig. 2A) can be de-
scribed by uðtÞ∕u0 ¼ 1 − βpðtÞ, where pðtÞ is a dimensionless
photoresponse variable that is large when there is a large
light-induced decrease in flagellar activity and vanishes when
there is no such change in flagellar activity. The empirically de-
termined constant β > 0 quantifies the amplitude of the decrease
in uðtÞ∕u0. For a model of pðtÞ that captures the two time scales τa
and τr , we require a second variable hðtÞ, which we define as a
dimensionless representation of the hidden internal biochemistry
responsible for adaptation (24, 25). A system of coupled equa-
tions that is consistent with the measured uðtÞ∕u0 is

τr _p ¼ ðs − hÞHðs − hÞ − p; [1]

τa _h ¼ s − h; [2]

where the light stimulus sðtÞ is a dimensionless measure of the
photoreceptor input that incorporates the eyespot directionality.
The Heaviside step functionHðs − hÞ is used to ensure that a step
down in light stimulus cannot increase u above u0, because it
keeps p ≥ 0. In these equations, the values p& ¼ 0 and h& ¼ s1
are stable and global attractors in the sense that, after a suffi-
ciently long time under constant light stimulus s1, the pair
(p, h) relaxes to (p&, h&). However, if s increases from s1 for t <
0 to s2 for t ≥ 0, then for t > 0 the solution is

hðtÞ ¼ s1e−t∕τa þ s2ð1 − e−t∕τaÞ; [3]

pðtÞ ¼ ðs2 − s1Þ
1 − τr∕τa

ðe−t∕τa − e−t∕τr Þ: [4]

When τr ≪ τa, as for Volvox, there is a sharp transient increase in
pðtÞ [and decrease in uðtÞ], peaking at a time t† ∼ τr lnðτa∕τrÞ,
followed by a slow relaxation back to zero, as in the measured
flagellar photoresponse shown in Fig. 2A.

The rotation of Volvox about its axis and the resulting periodic
illumination of the photoreceptors suggest an investigation of the
dependence of the photoresponse on the frequency of sinusoidal
stimulation. For the above model this frequency dependence of
the photoresponse is R ¼ j~p∕~sj, where ~p and ~s are the Fourier
transforms of p and s, respectively. R is well-approximated by
neglecting the Heaviside function in Eq. 1 (see SI Text) to give

RðωsÞ ¼
ωsτaffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð1þ ω2
s τ2r Þð1þ ω2

s τ2aÞ
p : [5]

Fig. 1. Geometry of V. carteri and experimental setup. (A) The beating fla-
gella, two per somatic cell (Inset), create a fluid flow from the anterior to the
posterior, with a slight azimuthal component that rotates Volvox about its
posterior-anterior axis at angular frequency ωr. (Scale bar: 100 μm.) (B)
Studies of the flagellar photoresponse utilize light sent down an optical fiber.

Fig. 2. Characteristics of the adaptive photoresponse. (A) The local flagella-
generated fluid speed uðtÞ (Blue), measured with PIV just above the flagella
during a step up in light intensity, serves as a measure of flagellar activity. The
baseline flow speed in the dark is u0 ¼ 81 μm∕s for this dataset. Two time
scales are evident: a short response time τr and a longer adaptation time
τa. The fitted theoretical curve (Red) is from Eq. 4. (B) The times τr (Squares)
and τa (Circles) vary smoothly with the stimulus light intensity, measured in
terms of PAR. Error bars are standard deviations.
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may be sufficient for Volvox in natural environments, because it
would robustly navigate Volvox closer to the light, even though the
organism does not swim directly toward the light. The orienta-
tional limit of this response mechanism can be overcome if, as
described for several green algae (3, 28, 29), the strength of the
photoresponse instead continuously changes with the angle at
which the eyespots receive light. Together with an appropriate
eyespot placement (Fig. 4D), this directionality leads to the
persistence of a response asymmetry between illuminated and
shaded regions until perfect orientation toward the light has been
achieved.

Phototactic orientation in natural environments can be op-
posed by ambient vorticity (30), which may be created by the
motion of other nearby organisms, convection, or wind-driven
surface waves. A mechanism that can counteract phototaxis even
in well-controlled laboratory experiments is due to a property
that Volvox shares with its unicellular ancestor Chlamydomonas
and other algae: Their center of mass is offset from their center
of buoyancy. For Volvox, this bottom-heaviness is due to cluster-
ing of germ cells in the posterior (Fig. 4E) and leads to a torque
tending to align the swimming direction with the vertical on a
time scale τbh ∼ 14 s (20). A faithful theory of phototaxis in Volvox
must therefore include at least four features: self-propulsion,
bottom-heaviness, photoresponse kinetics, and photoresponse
spatial structure.

Hydrodynamic Model of Phototaxis. In the low Reynolds number
regime that Volvox inhabits, the swimming speed and angular
velocity Ω of an organism can be calculated if the fluid velocity
u on each point of its surface is known (31). Phototactic steering
of Volvox can therefore be modeled by specifying the response of
u to light stimulation. Rather than solving for the effects of each

of the thousands of individual flagella on the colony surface, we
adopt a continuum approximation in which there is a temporally
and spatially varying surface velocity. If θ and ϕ are the polar and
azimuthal angles on a sphere, respectively, the surface velocity u
may be decomposed into u ¼ vθ̂þ wϕ̂. We interpret u as the ve-
locity at the edge of the flagellar layer (32); for practical reasons
experimental measurements of u are made just above that layer.
In the absence of a light stimulus, u ¼ u0 and we assume that the
ratio v0ðθÞ∕w0ðθÞ is constant on the colony surface because of the
precise orientational order of somatic cells (9). Following step
changes in light intensity, measurements of vðθ;ϕ;tÞ at fixed ϕ
show that in each region, the surface velocity displays a photo-
response of the form shown in Fig. 2A but that the overall
magnitude varies with θ (Fig. 5A). We thus model uðθ;ϕ;tÞ by
allowing the quantities β, p, and h to depend on position:

uðθ;ϕ;tÞ ¼ u0ðθÞ½1 − βðθÞpðθ;ϕ;tÞ&: [6]

The measured βðθÞ is shown in the inset in Fig. 5A.
To define the stimulus s on the colony surface, we make use of

the angle ψðθ;ϕ;ÎÞ defined through cosψ ¼ −n̂ · Î, where n̂ is the
unit normal to the surface. When ψ ¼ 0 (π), the light is directly
above (behind) a given surface patch. The light-shadow asymme-
try in s can therefore be modeled by a factor HðcosψÞ. Superim-
posed on this factor may be another functional dependence on ψ
to account for the eyespot sensitivity in the forward direction,
with experiments on Chlamydomonas (28) supporting a depen-
dence f ðψÞ ¼ cosψ . The class of models we consider for the
dimensionless s is therefore

sðθ;ϕ;ÎÞ ¼ f ðψÞHðcosψÞ: [7]

With the above specification of the dynamics of the surface
velocity, the angular velocity of the colony is (31)

ΩðtÞ ¼ 1

τbh
ĝ × k̂ −

3

8πR3

Z
n̂ × uðθ;ϕ;tÞdS; [8]

where ĝ and k̂ are the directions of gravity and the posterior-
anterior axis, respectively. The first term in Eq. 8 arises from
bottom-heaviness and represents a balance between the torque
that acts when the posterior-anterior axis is not parallel to gravity
and the rotational drag of the sphere (20). The second term is
responsible for phototactic steering, where the integral is taken
over the surface of the sphere of radius R. In a reference frame
where the Volvox is at the origin with a fixed orientation, the light
direction evolves as dÎ∕dt ¼ −Ω × Î.

The above coupled equations can be solved numerically (see
SI Text), e.g., to determine the angle αðtÞ of the organism axis
with the light direction. It is interesting to consider two special
cases of the model class outlined above. In the biologically faith-
ful “full model,” we use the measured βðθÞ and the realistic eye-
spot directionality f ðψÞ ¼ cosψ . In the “reduced model,” we
consider only a light-shadow response asymmetry—i.e., f ðψÞ ¼
1—and use the mean of the measured βðθÞ—i.e., βðθÞ ¼ 0.3. All
other features are shared between the models.

A phototactic turn of a hypothetical non-bottom-heavy Volvox
simulated by the reduced model is shown in Fig. 6, indicating an
intricate link between organism rotation, adaptation, and
steering. In reality, however, Volvox is bottom-heavy, which is par-
ticularly important when the light direction is horizontal. In this
case, we previously observed (33) that the organisms reach a final
angle αf set by the balance of the bottom-heaviness torque and the
phototactic torque. We therefore define the “phototactic abil-
ity” A ¼ ðswimming speed toward the lightÞ∕ðswimming speedÞ.

Both models predict that as the viscosity η is increased, while
keeping the internal parameters τr and τa fixed, the phototactic
ability decreases dramatically (Fig. 7). Qualitatively, an increase
in η reduces ωr , which leads to a reduced photoresponse (Fig. 3A)

Fig. 5. Anterior-posterior asymmetry. (A) The anterior-posterior component
of the fluid flow, measured 10 μm above the beating flagella, following a
step up in illumination at time t ¼ 0 s. The dashed line indicates the approx-
imation to v0ðθÞ used in the numerical model. (Inset) βðθÞ is blue (with p nor-
malized to unity), and the mean β is red. (B) The probability of flagella to
respond to light correlates with the size of the somatic cell eyespots. The
light-induced decrease in fluid flow occurs beyond the region of flagellar
response because of the nonlocality of fluid dynamics.
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may be sufficient for Volvox in natural environments, because it
would robustly navigate Volvox closer to the light, even though the
organism does not swim directly toward the light. The orienta-
tional limit of this response mechanism can be overcome if, as
described for several green algae (3, 28, 29), the strength of the
photoresponse instead continuously changes with the angle at
which the eyespots receive light. Together with an appropriate
eyespot placement (Fig. 4D), this directionality leads to the
persistence of a response asymmetry between illuminated and
shaded regions until perfect orientation toward the light has been
achieved.

Phototactic orientation in natural environments can be op-
posed by ambient vorticity (30), which may be created by the
motion of other nearby organisms, convection, or wind-driven
surface waves. A mechanism that can counteract phototaxis even
in well-controlled laboratory experiments is due to a property
that Volvox shares with its unicellular ancestor Chlamydomonas
and other algae: Their center of mass is offset from their center
of buoyancy. For Volvox, this bottom-heaviness is due to cluster-
ing of germ cells in the posterior (Fig. 4E) and leads to a torque
tending to align the swimming direction with the vertical on a
time scale τbh ∼ 14 s (20). A faithful theory of phototaxis in Volvox
must therefore include at least four features: self-propulsion,
bottom-heaviness, photoresponse kinetics, and photoresponse
spatial structure.

Hydrodynamic Model of Phototaxis. In the low Reynolds number
regime that Volvox inhabits, the swimming speed and angular
velocity Ω of an organism can be calculated if the fluid velocity
u on each point of its surface is known (31). Phototactic steering
of Volvox can therefore be modeled by specifying the response of
u to light stimulation. Rather than solving for the effects of each

of the thousands of individual flagella on the colony surface, we
adopt a continuum approximation in which there is a temporally
and spatially varying surface velocity. If θ and ϕ are the polar and
azimuthal angles on a sphere, respectively, the surface velocity u
may be decomposed into u ¼ vθ̂þ wϕ̂. We interpret u as the ve-
locity at the edge of the flagellar layer (32); for practical reasons
experimental measurements of u are made just above that layer.
In the absence of a light stimulus, u ¼ u0 and we assume that the
ratio v0ðθÞ∕w0ðθÞ is constant on the colony surface because of the
precise orientational order of somatic cells (9). Following step
changes in light intensity, measurements of vðθ;ϕ;tÞ at fixed ϕ
show that in each region, the surface velocity displays a photo-
response of the form shown in Fig. 2A but that the overall
magnitude varies with θ (Fig. 5A). We thus model uðθ;ϕ;tÞ by
allowing the quantities β, p, and h to depend on position:

uðθ;ϕ;tÞ ¼ u0ðθÞ½1 − βðθÞpðθ;ϕ;tÞ&: [6]

The measured βðθÞ is shown in the inset in Fig. 5A.
To define the stimulus s on the colony surface, we make use of

the angle ψðθ;ϕ;ÎÞ defined through cosψ ¼ −n̂ · Î, where n̂ is the
unit normal to the surface. When ψ ¼ 0 (π), the light is directly
above (behind) a given surface patch. The light-shadow asymme-
try in s can therefore be modeled by a factor HðcosψÞ. Superim-
posed on this factor may be another functional dependence on ψ
to account for the eyespot sensitivity in the forward direction,
with experiments on Chlamydomonas (28) supporting a depen-
dence f ðψÞ ¼ cosψ . The class of models we consider for the
dimensionless s is therefore

sðθ;ϕ;ÎÞ ¼ f ðψÞHðcosψÞ: [7]

With the above specification of the dynamics of the surface
velocity, the angular velocity of the colony is (31)

ΩðtÞ ¼ 1

τbh
ĝ × k̂ −
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n̂ × uðθ;ϕ;tÞdS; [8]

where ĝ and k̂ are the directions of gravity and the posterior-
anterior axis, respectively. The first term in Eq. 8 arises from
bottom-heaviness and represents a balance between the torque
that acts when the posterior-anterior axis is not parallel to gravity
and the rotational drag of the sphere (20). The second term is
responsible for phototactic steering, where the integral is taken
over the surface of the sphere of radius R. In a reference frame
where the Volvox is at the origin with a fixed orientation, the light
direction evolves as dÎ∕dt ¼ −Ω × Î.

The above coupled equations can be solved numerically (see
SI Text), e.g., to determine the angle αðtÞ of the organism axis
with the light direction. It is interesting to consider two special
cases of the model class outlined above. In the biologically faith-
ful “full model,” we use the measured βðθÞ and the realistic eye-
spot directionality f ðψÞ ¼ cosψ . In the “reduced model,” we
consider only a light-shadow response asymmetry—i.e., f ðψÞ ¼
1—and use the mean of the measured βðθÞ—i.e., βðθÞ ¼ 0.3. All
other features are shared between the models.

A phototactic turn of a hypothetical non-bottom-heavy Volvox
simulated by the reduced model is shown in Fig. 6, indicating an
intricate link between organism rotation, adaptation, and
steering. In reality, however, Volvox is bottom-heavy, which is par-
ticularly important when the light direction is horizontal. In this
case, we previously observed (33) that the organisms reach a final
angle αf set by the balance of the bottom-heaviness torque and the
phototactic torque. We therefore define the “phototactic abil-
ity” A ¼ ðswimming speed toward the lightÞ∕ðswimming speedÞ.

Both models predict that as the viscosity η is increased, while
keeping the internal parameters τr and τa fixed, the phototactic
ability decreases dramatically (Fig. 7). Qualitatively, an increase
in η reduces ωr , which leads to a reduced photoresponse (Fig. 3A)

Fig. 5. Anterior-posterior asymmetry. (A) The anterior-posterior component
of the fluid flow, measured 10 μm above the beating flagella, following a
step up in illumination at time t ¼ 0 s. The dashed line indicates the approx-
imation to v0ðθÞ used in the numerical model. (Inset) βðθÞ is blue (with p nor-
malized to unity), and the mean β is red. (B) The probability of flagella to
respond to light correlates with the size of the somatic cell eyespots. The
light-induced decrease in fluid flow occurs beyond the region of flagellar
response because of the nonlocality of fluid dynamics.
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may be sufficient for Volvox in natural environments, because it
would robustly navigate Volvox closer to the light, even though the
organism does not swim directly toward the light. The orienta-
tional limit of this response mechanism can be overcome if, as
described for several green algae (3, 28, 29), the strength of the
photoresponse instead continuously changes with the angle at
which the eyespots receive light. Together with an appropriate
eyespot placement (Fig. 4D), this directionality leads to the
persistence of a response asymmetry between illuminated and
shaded regions until perfect orientation toward the light has been
achieved.

Phototactic orientation in natural environments can be op-
posed by ambient vorticity (30), which may be created by the
motion of other nearby organisms, convection, or wind-driven
surface waves. A mechanism that can counteract phototaxis even
in well-controlled laboratory experiments is due to a property
that Volvox shares with its unicellular ancestor Chlamydomonas
and other algae: Their center of mass is offset from their center
of buoyancy. For Volvox, this bottom-heaviness is due to cluster-
ing of germ cells in the posterior (Fig. 4E) and leads to a torque
tending to align the swimming direction with the vertical on a
time scale τbh ∼ 14 s (20). A faithful theory of phototaxis in Volvox
must therefore include at least four features: self-propulsion,
bottom-heaviness, photoresponse kinetics, and photoresponse
spatial structure.

Hydrodynamic Model of Phototaxis. In the low Reynolds number
regime that Volvox inhabits, the swimming speed and angular
velocity Ω of an organism can be calculated if the fluid velocity
u on each point of its surface is known (31). Phototactic steering
of Volvox can therefore be modeled by specifying the response of
u to light stimulation. Rather than solving for the effects of each

of the thousands of individual flagella on the colony surface, we
adopt a continuum approximation in which there is a temporally
and spatially varying surface velocity. If θ and ϕ are the polar and
azimuthal angles on a sphere, respectively, the surface velocity u
may be decomposed into u ¼ vθ̂þ wϕ̂. We interpret u as the ve-
locity at the edge of the flagellar layer (32); for practical reasons
experimental measurements of u are made just above that layer.
In the absence of a light stimulus, u ¼ u0 and we assume that the
ratio v0ðθÞ∕w0ðθÞ is constant on the colony surface because of the
precise orientational order of somatic cells (9). Following step
changes in light intensity, measurements of vðθ;ϕ;tÞ at fixed ϕ
show that in each region, the surface velocity displays a photo-
response of the form shown in Fig. 2A but that the overall
magnitude varies with θ (Fig. 5A). We thus model uðθ;ϕ;tÞ by
allowing the quantities β, p, and h to depend on position:

uðθ;ϕ;tÞ ¼ u0ðθÞ½1 − βðθÞpðθ;ϕ;tÞ&: [6]

The measured βðθÞ is shown in the inset in Fig. 5A.
To define the stimulus s on the colony surface, we make use of

the angle ψðθ;ϕ;ÎÞ defined through cosψ ¼ −n̂ · Î, where n̂ is the
unit normal to the surface. When ψ ¼ 0 (π), the light is directly
above (behind) a given surface patch. The light-shadow asymme-
try in s can therefore be modeled by a factor HðcosψÞ. Superim-
posed on this factor may be another functional dependence on ψ
to account for the eyespot sensitivity in the forward direction,
with experiments on Chlamydomonas (28) supporting a depen-
dence f ðψÞ ¼ cosψ . The class of models we consider for the
dimensionless s is therefore

sðθ;ϕ;ÎÞ ¼ f ðψÞHðcosψÞ: [7]

With the above specification of the dynamics of the surface
velocity, the angular velocity of the colony is (31)

ΩðtÞ ¼ 1

τbh
ĝ × k̂ −
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Z
n̂ × uðθ;ϕ;tÞdS; [8]

where ĝ and k̂ are the directions of gravity and the posterior-
anterior axis, respectively. The first term in Eq. 8 arises from
bottom-heaviness and represents a balance between the torque
that acts when the posterior-anterior axis is not parallel to gravity
and the rotational drag of the sphere (20). The second term is
responsible for phototactic steering, where the integral is taken
over the surface of the sphere of radius R. In a reference frame
where the Volvox is at the origin with a fixed orientation, the light
direction evolves as dÎ∕dt ¼ −Ω × Î.

The above coupled equations can be solved numerically (see
SI Text), e.g., to determine the angle αðtÞ of the organism axis
with the light direction. It is interesting to consider two special
cases of the model class outlined above. In the biologically faith-
ful “full model,” we use the measured βðθÞ and the realistic eye-
spot directionality f ðψÞ ¼ cosψ . In the “reduced model,” we
consider only a light-shadow response asymmetry—i.e., f ðψÞ ¼
1—and use the mean of the measured βðθÞ—i.e., βðθÞ ¼ 0.3. All
other features are shared between the models.

A phototactic turn of a hypothetical non-bottom-heavy Volvox
simulated by the reduced model is shown in Fig. 6, indicating an
intricate link between organism rotation, adaptation, and
steering. In reality, however, Volvox is bottom-heavy, which is par-
ticularly important when the light direction is horizontal. In this
case, we previously observed (33) that the organisms reach a final
angle αf set by the balance of the bottom-heaviness torque and the
phototactic torque. We therefore define the “phototactic abil-
ity” A ¼ ðswimming speed toward the lightÞ∕ðswimming speedÞ.

Both models predict that as the viscosity η is increased, while
keeping the internal parameters τr and τa fixed, the phototactic
ability decreases dramatically (Fig. 7). Qualitatively, an increase
in η reduces ωr , which leads to a reduced photoresponse (Fig. 3A)

Fig. 5. Anterior-posterior asymmetry. (A) The anterior-posterior component
of the fluid flow, measured 10 μm above the beating flagella, following a
step up in illumination at time t ¼ 0 s. The dashed line indicates the approx-
imation to v0ðθÞ used in the numerical model. (Inset) βðθÞ is blue (with p nor-
malized to unity), and the mean β is red. (B) The probability of flagella to
respond to light correlates with the size of the somatic cell eyespots. The
light-induced decrease in fluid flow occurs beyond the region of flagellar
response because of the nonlocality of fluid dynamics.
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may be sufficient for Volvox in natural environments, because it
would robustly navigate Volvox closer to the light, even though the
organism does not swim directly toward the light. The orienta-
tional limit of this response mechanism can be overcome if, as
described for several green algae (3, 28, 29), the strength of the
photoresponse instead continuously changes with the angle at
which the eyespots receive light. Together with an appropriate
eyespot placement (Fig. 4D), this directionality leads to the
persistence of a response asymmetry between illuminated and
shaded regions until perfect orientation toward the light has been
achieved.

Phototactic orientation in natural environments can be op-
posed by ambient vorticity (30), which may be created by the
motion of other nearby organisms, convection, or wind-driven
surface waves. A mechanism that can counteract phototaxis even
in well-controlled laboratory experiments is due to a property
that Volvox shares with its unicellular ancestor Chlamydomonas
and other algae: Their center of mass is offset from their center
of buoyancy. For Volvox, this bottom-heaviness is due to cluster-
ing of germ cells in the posterior (Fig. 4E) and leads to a torque
tending to align the swimming direction with the vertical on a
time scale τbh ∼ 14 s (20). A faithful theory of phototaxis in Volvox
must therefore include at least four features: self-propulsion,
bottom-heaviness, photoresponse kinetics, and photoresponse
spatial structure.

Hydrodynamic Model of Phototaxis. In the low Reynolds number
regime that Volvox inhabits, the swimming speed and angular
velocity Ω of an organism can be calculated if the fluid velocity
u on each point of its surface is known (31). Phototactic steering
of Volvox can therefore be modeled by specifying the response of
u to light stimulation. Rather than solving for the effects of each

of the thousands of individual flagella on the colony surface, we
adopt a continuum approximation in which there is a temporally
and spatially varying surface velocity. If θ and ϕ are the polar and
azimuthal angles on a sphere, respectively, the surface velocity u
may be decomposed into u ¼ vθ̂þ wϕ̂. We interpret u as the ve-
locity at the edge of the flagellar layer (32); for practical reasons
experimental measurements of u are made just above that layer.
In the absence of a light stimulus, u ¼ u0 and we assume that the
ratio v0ðθÞ∕w0ðθÞ is constant on the colony surface because of the
precise orientational order of somatic cells (9). Following step
changes in light intensity, measurements of vðθ;ϕ;tÞ at fixed ϕ
show that in each region, the surface velocity displays a photo-
response of the form shown in Fig. 2A but that the overall
magnitude varies with θ (Fig. 5A). We thus model uðθ;ϕ;tÞ by
allowing the quantities β, p, and h to depend on position:

uðθ;ϕ;tÞ ¼ u0ðθÞ½1 − βðθÞpðθ;ϕ;tÞ&: [6]

The measured βðθÞ is shown in the inset in Fig. 5A.
To define the stimulus s on the colony surface, we make use of

the angle ψðθ;ϕ;ÎÞ defined through cosψ ¼ −n̂ · Î, where n̂ is the
unit normal to the surface. When ψ ¼ 0 (π), the light is directly
above (behind) a given surface patch. The light-shadow asymme-
try in s can therefore be modeled by a factor HðcosψÞ. Superim-
posed on this factor may be another functional dependence on ψ
to account for the eyespot sensitivity in the forward direction,
with experiments on Chlamydomonas (28) supporting a depen-
dence f ðψÞ ¼ cosψ . The class of models we consider for the
dimensionless s is therefore

sðθ;ϕ;ÎÞ ¼ f ðψÞHðcosψÞ: [7]

With the above specification of the dynamics of the surface
velocity, the angular velocity of the colony is (31)

ΩðtÞ ¼ 1

τbh
ĝ × k̂ −

3

8πR3

Z
n̂ × uðθ;ϕ;tÞdS; [8]

where ĝ and k̂ are the directions of gravity and the posterior-
anterior axis, respectively. The first term in Eq. 8 arises from
bottom-heaviness and represents a balance between the torque
that acts when the posterior-anterior axis is not parallel to gravity
and the rotational drag of the sphere (20). The second term is
responsible for phototactic steering, where the integral is taken
over the surface of the sphere of radius R. In a reference frame
where the Volvox is at the origin with a fixed orientation, the light
direction evolves as dÎ∕dt ¼ −Ω × Î.

The above coupled equations can be solved numerically (see
SI Text), e.g., to determine the angle αðtÞ of the organism axis
with the light direction. It is interesting to consider two special
cases of the model class outlined above. In the biologically faith-
ful “full model,” we use the measured βðθÞ and the realistic eye-
spot directionality f ðψÞ ¼ cosψ . In the “reduced model,” we
consider only a light-shadow response asymmetry—i.e., f ðψÞ ¼
1—and use the mean of the measured βðθÞ—i.e., βðθÞ ¼ 0.3. All
other features are shared between the models.

A phototactic turn of a hypothetical non-bottom-heavy Volvox
simulated by the reduced model is shown in Fig. 6, indicating an
intricate link between organism rotation, adaptation, and
steering. In reality, however, Volvox is bottom-heavy, which is par-
ticularly important when the light direction is horizontal. In this
case, we previously observed (33) that the organisms reach a final
angle αf set by the balance of the bottom-heaviness torque and the
phototactic torque. We therefore define the “phototactic abil-
ity” A ¼ ðswimming speed toward the lightÞ∕ðswimming speedÞ.

Both models predict that as the viscosity η is increased, while
keeping the internal parameters τr and τa fixed, the phototactic
ability decreases dramatically (Fig. 7). Qualitatively, an increase
in η reduces ωr , which leads to a reduced photoresponse (Fig. 3A)

Fig. 5. Anterior-posterior asymmetry. (A) The anterior-posterior component
of the fluid flow, measured 10 μm above the beating flagella, following a
step up in illumination at time t ¼ 0 s. The dashed line indicates the approx-
imation to v0ðθÞ used in the numerical model. (Inset) βðθÞ is blue (with p nor-
malized to unity), and the mean β is red. (B) The probability of flagella to
respond to light correlates with the size of the somatic cell eyespots. The
light-induced decrease in fluid flow occurs beyond the region of flagellar
response because of the nonlocality of fluid dynamics.
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may be sufficient for Volvox in natural environments, because it
would robustly navigate Volvox closer to the light, even though the
organism does not swim directly toward the light. The orienta-
tional limit of this response mechanism can be overcome if, as
described for several green algae (3, 28, 29), the strength of the
photoresponse instead continuously changes with the angle at
which the eyespots receive light. Together with an appropriate
eyespot placement (Fig. 4D), this directionality leads to the
persistence of a response asymmetry between illuminated and
shaded regions until perfect orientation toward the light has been
achieved.

Phototactic orientation in natural environments can be op-
posed by ambient vorticity (30), which may be created by the
motion of other nearby organisms, convection, or wind-driven
surface waves. A mechanism that can counteract phototaxis even
in well-controlled laboratory experiments is due to a property
that Volvox shares with its unicellular ancestor Chlamydomonas
and other algae: Their center of mass is offset from their center
of buoyancy. For Volvox, this bottom-heaviness is due to cluster-
ing of germ cells in the posterior (Fig. 4E) and leads to a torque
tending to align the swimming direction with the vertical on a
time scale τbh ∼ 14 s (20). A faithful theory of phototaxis in Volvox
must therefore include at least four features: self-propulsion,
bottom-heaviness, photoresponse kinetics, and photoresponse
spatial structure.

Hydrodynamic Model of Phototaxis. In the low Reynolds number
regime that Volvox inhabits, the swimming speed and angular
velocity Ω of an organism can be calculated if the fluid velocity
u on each point of its surface is known (31). Phototactic steering
of Volvox can therefore be modeled by specifying the response of
u to light stimulation. Rather than solving for the effects of each

of the thousands of individual flagella on the colony surface, we
adopt a continuum approximation in which there is a temporally
and spatially varying surface velocity. If θ and ϕ are the polar and
azimuthal angles on a sphere, respectively, the surface velocity u
may be decomposed into u ¼ vθ̂þ wϕ̂. We interpret u as the ve-
locity at the edge of the flagellar layer (32); for practical reasons
experimental measurements of u are made just above that layer.
In the absence of a light stimulus, u ¼ u0 and we assume that the
ratio v0ðθÞ∕w0ðθÞ is constant on the colony surface because of the
precise orientational order of somatic cells (9). Following step
changes in light intensity, measurements of vðθ;ϕ;tÞ at fixed ϕ
show that in each region, the surface velocity displays a photo-
response of the form shown in Fig. 2A but that the overall
magnitude varies with θ (Fig. 5A). We thus model uðθ;ϕ;tÞ by
allowing the quantities β, p, and h to depend on position:

uðθ;ϕ;tÞ ¼ u0ðθÞ½1 − βðθÞpðθ;ϕ;tÞ&: [6]

The measured βðθÞ is shown in the inset in Fig. 5A.
To define the stimulus s on the colony surface, we make use of

the angle ψðθ;ϕ;ÎÞ defined through cosψ ¼ −n̂ · Î, where n̂ is the
unit normal to the surface. When ψ ¼ 0 (π), the light is directly
above (behind) a given surface patch. The light-shadow asymme-
try in s can therefore be modeled by a factor HðcosψÞ. Superim-
posed on this factor may be another functional dependence on ψ
to account for the eyespot sensitivity in the forward direction,
with experiments on Chlamydomonas (28) supporting a depen-
dence f ðψÞ ¼ cosψ . The class of models we consider for the
dimensionless s is therefore

sðθ;ϕ;ÎÞ ¼ f ðψÞHðcosψÞ: [7]

With the above specification of the dynamics of the surface
velocity, the angular velocity of the colony is (31)

ΩðtÞ ¼ 1

τbh
ĝ × k̂ −

3

8πR3

Z
n̂ × uðθ;ϕ;tÞdS; [8]

where ĝ and k̂ are the directions of gravity and the posterior-
anterior axis, respectively. The first term in Eq. 8 arises from
bottom-heaviness and represents a balance between the torque
that acts when the posterior-anterior axis is not parallel to gravity
and the rotational drag of the sphere (20). The second term is
responsible for phototactic steering, where the integral is taken
over the surface of the sphere of radius R. In a reference frame
where the Volvox is at the origin with a fixed orientation, the light
direction evolves as dÎ∕dt ¼ −Ω × Î.

The above coupled equations can be solved numerically (see
SI Text), e.g., to determine the angle αðtÞ of the organism axis
with the light direction. It is interesting to consider two special
cases of the model class outlined above. In the biologically faith-
ful “full model,” we use the measured βðθÞ and the realistic eye-
spot directionality f ðψÞ ¼ cosψ . In the “reduced model,” we
consider only a light-shadow response asymmetry—i.e., f ðψÞ ¼
1—and use the mean of the measured βðθÞ—i.e., βðθÞ ¼ 0.3. All
other features are shared between the models.

A phototactic turn of a hypothetical non-bottom-heavy Volvox
simulated by the reduced model is shown in Fig. 6, indicating an
intricate link between organism rotation, adaptation, and
steering. In reality, however, Volvox is bottom-heavy, which is par-
ticularly important when the light direction is horizontal. In this
case, we previously observed (33) that the organisms reach a final
angle αf set by the balance of the bottom-heaviness torque and the
phototactic torque. We therefore define the “phototactic abil-
ity” A ¼ ðswimming speed toward the lightÞ∕ðswimming speedÞ.

Both models predict that as the viscosity η is increased, while
keeping the internal parameters τr and τa fixed, the phototactic
ability decreases dramatically (Fig. 7). Qualitatively, an increase
in η reduces ωr , which leads to a reduced photoresponse (Fig. 3A)

Fig. 5. Anterior-posterior asymmetry. (A) The anterior-posterior component
of the fluid flow, measured 10 μm above the beating flagella, following a
step up in illumination at time t ¼ 0 s. The dashed line indicates the approx-
imation to v0ðθÞ used in the numerical model. (Inset) βðθÞ is blue (with p nor-
malized to unity), and the mean β is red. (B) The probability of flagella to
respond to light correlates with the size of the somatic cell eyespots. The
light-induced decrease in fluid flow occurs beyond the region of flagellar
response because of the nonlocality of fluid dynamics.
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may be sufficient for Volvox in natural environments, because it
would robustly navigate Volvox closer to the light, even though the
organism does not swim directly toward the light. The orienta-
tional limit of this response mechanism can be overcome if, as
described for several green algae (3, 28, 29), the strength of the
photoresponse instead continuously changes with the angle at
which the eyespots receive light. Together with an appropriate
eyespot placement (Fig. 4D), this directionality leads to the
persistence of a response asymmetry between illuminated and
shaded regions until perfect orientation toward the light has been
achieved.

Phototactic orientation in natural environments can be op-
posed by ambient vorticity (30), which may be created by the
motion of other nearby organisms, convection, or wind-driven
surface waves. A mechanism that can counteract phototaxis even
in well-controlled laboratory experiments is due to a property
that Volvox shares with its unicellular ancestor Chlamydomonas
and other algae: Their center of mass is offset from their center
of buoyancy. For Volvox, this bottom-heaviness is due to cluster-
ing of germ cells in the posterior (Fig. 4E) and leads to a torque
tending to align the swimming direction with the vertical on a
time scale τbh ∼ 14 s (20). A faithful theory of phototaxis in Volvox
must therefore include at least four features: self-propulsion,
bottom-heaviness, photoresponse kinetics, and photoresponse
spatial structure.

Hydrodynamic Model of Phototaxis. In the low Reynolds number
regime that Volvox inhabits, the swimming speed and angular
velocity Ω of an organism can be calculated if the fluid velocity
u on each point of its surface is known (31). Phototactic steering
of Volvox can therefore be modeled by specifying the response of
u to light stimulation. Rather than solving for the effects of each

of the thousands of individual flagella on the colony surface, we
adopt a continuum approximation in which there is a temporally
and spatially varying surface velocity. If θ and ϕ are the polar and
azimuthal angles on a sphere, respectively, the surface velocity u
may be decomposed into u ¼ vθ̂þ wϕ̂. We interpret u as the ve-
locity at the edge of the flagellar layer (32); for practical reasons
experimental measurements of u are made just above that layer.
In the absence of a light stimulus, u ¼ u0 and we assume that the
ratio v0ðθÞ∕w0ðθÞ is constant on the colony surface because of the
precise orientational order of somatic cells (9). Following step
changes in light intensity, measurements of vðθ;ϕ;tÞ at fixed ϕ
show that in each region, the surface velocity displays a photo-
response of the form shown in Fig. 2A but that the overall
magnitude varies with θ (Fig. 5A). We thus model uðθ;ϕ;tÞ by
allowing the quantities β, p, and h to depend on position:

uðθ;ϕ;tÞ ¼ u0ðθÞ½1 − βðθÞpðθ;ϕ;tÞ&: [6]

The measured βðθÞ is shown in the inset in Fig. 5A.
To define the stimulus s on the colony surface, we make use of

the angle ψðθ;ϕ;ÎÞ defined through cosψ ¼ −n̂ · Î, where n̂ is the
unit normal to the surface. When ψ ¼ 0 (π), the light is directly
above (behind) a given surface patch. The light-shadow asymme-
try in s can therefore be modeled by a factor HðcosψÞ. Superim-
posed on this factor may be another functional dependence on ψ
to account for the eyespot sensitivity in the forward direction,
with experiments on Chlamydomonas (28) supporting a depen-
dence f ðψÞ ¼ cosψ . The class of models we consider for the
dimensionless s is therefore

sðθ;ϕ;ÎÞ ¼ f ðψÞHðcosψÞ: [7]

With the above specification of the dynamics of the surface
velocity, the angular velocity of the colony is (31)

ΩðtÞ ¼ 1

τbh
ĝ × k̂ −
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n̂ × uðθ;ϕ;tÞdS; [8]

where ĝ and k̂ are the directions of gravity and the posterior-
anterior axis, respectively. The first term in Eq. 8 arises from
bottom-heaviness and represents a balance between the torque
that acts when the posterior-anterior axis is not parallel to gravity
and the rotational drag of the sphere (20). The second term is
responsible for phototactic steering, where the integral is taken
over the surface of the sphere of radius R. In a reference frame
where the Volvox is at the origin with a fixed orientation, the light
direction evolves as dÎ∕dt ¼ −Ω × Î.

The above coupled equations can be solved numerically (see
SI Text), e.g., to determine the angle αðtÞ of the organism axis
with the light direction. It is interesting to consider two special
cases of the model class outlined above. In the biologically faith-
ful “full model,” we use the measured βðθÞ and the realistic eye-
spot directionality f ðψÞ ¼ cosψ . In the “reduced model,” we
consider only a light-shadow response asymmetry—i.e., f ðψÞ ¼
1—and use the mean of the measured βðθÞ—i.e., βðθÞ ¼ 0.3. All
other features are shared between the models.

A phototactic turn of a hypothetical non-bottom-heavy Volvox
simulated by the reduced model is shown in Fig. 6, indicating an
intricate link between organism rotation, adaptation, and
steering. In reality, however, Volvox is bottom-heavy, which is par-
ticularly important when the light direction is horizontal. In this
case, we previously observed (33) that the organisms reach a final
angle αf set by the balance of the bottom-heaviness torque and the
phototactic torque. We therefore define the “phototactic abil-
ity” A ¼ ðswimming speed toward the lightÞ∕ðswimming speedÞ.

Both models predict that as the viscosity η is increased, while
keeping the internal parameters τr and τa fixed, the phototactic
ability decreases dramatically (Fig. 7). Qualitatively, an increase
in η reduces ωr , which leads to a reduced photoresponse (Fig. 3A)

Fig. 5. Anterior-posterior asymmetry. (A) The anterior-posterior component
of the fluid flow, measured 10 μm above the beating flagella, following a
step up in illumination at time t ¼ 0 s. The dashed line indicates the approx-
imation to v0ðθÞ used in the numerical model. (Inset) βðθÞ is blue (with p nor-
malized to unity), and the mean β is red. (B) The probability of flagella to
respond to light correlates with the size of the somatic cell eyespots. The
light-induced decrease in fluid flow occurs beyond the region of flagellar
response because of the nonlocality of fluid dynamics.
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‘Simple’ squirmer model

and therefore a reduced phototactic torque. The sharp transition
in Fig. 7 occurs when the phototactic torque becomes comparable
to the other torques in the system. The simulations neglected
torques due to ambient fluid motion and included only the
bottom-heaviness torque.

We tested the above prediction by measuring the phototactic
ability of Volvox at various viscosities in a population assay at low
organism concentration and negligible ambient fluid motion. It is
important to note that, in the experiment, the phototactic ability
is a measure of a slightly different quantity than in the model. In
the model, a bottom-heavy Volvox swims in an infinite fluid to-
ward the light at an angle αf with the horizontal. A colony swim-
ming in the same direction in the experiment will collide with the
top surface of the sample and change direction. The phototactic
ability in the experiments is therefore a measure of the direction-
ality of the population swimming behavior (see SI Text), whereas
in the model it is solely a measure of αf . The data from several
populations are shown in Fig. 7 and are found to be in quantita-
tive agreement with the full model for realistic parameters (given
in SI Text) and in qualitative agreement with the reduced model.
The success of the reduced model highlights that spinning and
adaptation are the key ingredients for a qualitative understanding

of the fidelity of phototaxis in Volvox and that a quantitative
understanding can be obtained if a realistic eyespot direction-
ality and anterior-posterior response asymmetry are included.
These models further illustrate that if all somatic cells were
photoresponsive, the organism would have a higher phototactic
ability (Fig. 7). Yet it may be beneficial to keep a high translation
speed even during light stimulation, and there may be significant
metabolic and developmental costs associated with endowing all
cells with a photoresponse, which could make it advantageous to
have the photoresponse localized in the anterior.

In additional experiments, we found that very large Volvox
(Fig. 3B) have a much lower phototactic ability although they still
display the flagellar photoresponse. For such colonies, the hydro-
dynamic model (Eq. 8) reveals that their lower phototactic ability
arises from the increase in R and concomitant decrease in u0, and
the reduction in photoresponse p due to the lower ωr (Fig. 3A).
The model thus yields insight into which parameters determine
the phototactic torque and illustrates the intuitive result that this
torque must be significantly larger than competing torques to
achieve high-fidelity phototaxis.

Conclusion
We have shown how accurate phototaxis of the alga V. carteri, a
colonial organism lacking a central nervous system, is achieved by
autonomous cells on its anterior surface endowed with an adap-
tive flagellar photoresponse. The response and adaptation time
scales of this photoresponse determine an optimal frequency for
the characteristic spinning of Volvox about its swimming direc-
tion. Because the organisms naturally spin at this optimal fre-
quency, the flagellar orientation and photoresponse kinetics
seem to have coevolved to maximize the photoresponse. The
mathematical model of phototaxis developed here shows that
the phototactic fidelity decreases dramatically when the colony
does not spin at its natural frequency; the results of a phototaxis
assay in which spinning was slowed by increasing the fluid
viscosity are in excellent agreement with the model predictions.

This work raises a number of issues for further investigation.
Chief among them are the biochemical origin of the adaptive time
scale and the reason for displaying a photoresponse only in the
anterior part of the organism. Because the rotational frequency
of phototactically active V. carteri so closely matches the peak of
the frequency response function RðωÞ, and Chlamydomonas it-
self displays a coincidence of its photoresponse and rotation
period (34, 35), it is natural to ask whether other species in the
same evolutionary lineage, or indeed the larger class of phototac-
tic organisms, can be understood within the present formalism.
The allometry of the adaptation time is therefore a key feature
for study. It is also of considerable interest to ascertain the

Fig. 6. Colony behavior during a phototurn. A–E show the colony axis k (Red Arrow) tipping toward the light direction I (Aqua Arrow). Colors represent the
amplitude pðtÞ of the down-regulation of flagellar beating in a simplified model of phototactic steering. F shows the location of colonies in A–E along the
swimming trajectory.

Fig. 7. The phototactic ability A decreases dramatically as ωr is reduced by
increasing the viscosity. Results from three representative populations are
shown with distinct colors. Each data point represents the average phototac-
tic ability of the population at a given viscosity. Horizontal error bars are stan-
dard deviations, whereas vertical error bars indicate the range of population
mean values, when it is computed from 100 random selections of 0.1% of the
data. A blue continuous line indicates the prediction of the full hydrodynamic
model; the red line is obtained from the reduced model. (Inset) αðtÞ from the
full and reduced model at the lowest viscosity.
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and therefore a reduced phototactic torque. The sharp transition
in Fig. 7 occurs when the phototactic torque becomes comparable
to the other torques in the system. The simulations neglected
torques due to ambient fluid motion and included only the
bottom-heaviness torque.

We tested the above prediction by measuring the phototactic
ability of Volvox at various viscosities in a population assay at low
organism concentration and negligible ambient fluid motion. It is
important to note that, in the experiment, the phototactic ability
is a measure of a slightly different quantity than in the model. In
the model, a bottom-heavy Volvox swims in an infinite fluid to-
ward the light at an angle αf with the horizontal. A colony swim-
ming in the same direction in the experiment will collide with the
top surface of the sample and change direction. The phototactic
ability in the experiments is therefore a measure of the direction-
ality of the population swimming behavior (see SI Text), whereas
in the model it is solely a measure of αf . The data from several
populations are shown in Fig. 7 and are found to be in quantita-
tive agreement with the full model for realistic parameters (given
in SI Text) and in qualitative agreement with the reduced model.
The success of the reduced model highlights that spinning and
adaptation are the key ingredients for a qualitative understanding

of the fidelity of phototaxis in Volvox and that a quantitative
understanding can be obtained if a realistic eyespot direction-
ality and anterior-posterior response asymmetry are included.
These models further illustrate that if all somatic cells were
photoresponsive, the organism would have a higher phototactic
ability (Fig. 7). Yet it may be beneficial to keep a high translation
speed even during light stimulation, and there may be significant
metabolic and developmental costs associated with endowing all
cells with a photoresponse, which could make it advantageous to
have the photoresponse localized in the anterior.

In additional experiments, we found that very large Volvox
(Fig. 3B) have a much lower phototactic ability although they still
display the flagellar photoresponse. For such colonies, the hydro-
dynamic model (Eq. 8) reveals that their lower phototactic ability
arises from the increase in R and concomitant decrease in u0, and
the reduction in photoresponse p due to the lower ωr (Fig. 3A).
The model thus yields insight into which parameters determine
the phototactic torque and illustrates the intuitive result that this
torque must be significantly larger than competing torques to
achieve high-fidelity phototaxis.

Conclusion
We have shown how accurate phototaxis of the alga V. carteri, a
colonial organism lacking a central nervous system, is achieved by
autonomous cells on its anterior surface endowed with an adap-
tive flagellar photoresponse. The response and adaptation time
scales of this photoresponse determine an optimal frequency for
the characteristic spinning of Volvox about its swimming direc-
tion. Because the organisms naturally spin at this optimal fre-
quency, the flagellar orientation and photoresponse kinetics
seem to have coevolved to maximize the photoresponse. The
mathematical model of phototaxis developed here shows that
the phototactic fidelity decreases dramatically when the colony
does not spin at its natural frequency; the results of a phototaxis
assay in which spinning was slowed by increasing the fluid
viscosity are in excellent agreement with the model predictions.

This work raises a number of issues for further investigation.
Chief among them are the biochemical origin of the adaptive time
scale and the reason for displaying a photoresponse only in the
anterior part of the organism. Because the rotational frequency
of phototactically active V. carteri so closely matches the peak of
the frequency response function RðωÞ, and Chlamydomonas it-
self displays a coincidence of its photoresponse and rotation
period (34, 35), it is natural to ask whether other species in the
same evolutionary lineage, or indeed the larger class of phototac-
tic organisms, can be understood within the present formalism.
The allometry of the adaptation time is therefore a key feature
for study. It is also of considerable interest to ascertain the

Fig. 6. Colony behavior during a phototurn. A–E show the colony axis k (Red Arrow) tipping toward the light direction I (Aqua Arrow). Colors represent the
amplitude pðtÞ of the down-regulation of flagellar beating in a simplified model of phototactic steering. F shows the location of colonies in A–E along the
swimming trajectory.

Fig. 7. The phototactic ability A decreases dramatically as ωr is reduced by
increasing the viscosity. Results from three representative populations are
shown with distinct colors. Each data point represents the average phototac-
tic ability of the population at a given viscosity. Horizontal error bars are stan-
dard deviations, whereas vertical error bars indicate the range of population
mean values, when it is computed from 100 random selections of 0.1% of the
data. A blue continuous line indicates the prediction of the full hydrodynamic
model; the red line is obtained from the reduced model. (Inset) αðtÞ from the
full and reduced model at the lowest viscosity.
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‘Full’ squirmer model

Fig. S7. The photoresponse p may be decomposed into the spherical harmonics Ym
l ðθ;ϕÞ via the equation pðθ;ϕ;tÞ ¼ ∑l;malmðtÞYm

l ðθ;ϕÞ. The decomposition
was done for the photoresponse shown in Fig. 6 of the main text–i.e., using the reduced model. For this model, the dominant modes are the constant Y0

0, the
Y$1

1 modes that give a ϕ dependence similar to the light-shadow asymmetry, and Y0
1, which gives an anterior-posterior asymmetry that becomes important in

this model when the organism has turned significantly toward the light. B–G display the spherical harmonics on a sphere.

Fig. S8. The behavior of the photoresponse pðθ;ϕ;tÞ during a phototactic turn, using the full model defined in the main text, neglecting bottom-heaviness. A–
E show the colony axis (Red Arrow) tipping toward the direction of light (Aqua Arrow) over time. The color scheme illustrates the magnitude of p. F shows the
location of colonies in A–E along the swimming trajectory.
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If the stimulus angular frequency ωs is very low (ωs ≪ 2π∕τa), the
adaptive process has sufficient time to keep up with the changing
light levels and the amplitude of the response vanishes. At very
high frequencies, ωs ≫ 2π∕τr , the response is limited to short-
time behavior and also vanishes.

Using the setup in Fig. 1B, we measured the flagellar photo-
response to sinusoidal light stimuli of various temporal frequen-
cies. In Fig. 3A, these measurements are compared with the
theoretical RðωsÞ, showing excellent agreement. The maximum
response is obtained at stimulus frequencies that correspond to
the natural angular rotation frequencies of Volvox about its swim-
ming direction. The frequency dependence of the photoresponse
is like a band pass filter that removes high frequency noise, e.g.,
light fluctuations from ripples on the water surface (26), but
retains the key feature of adaptation.

Heuristic Mechanism of Phototaxis.We proceed to a qualitative dis-
cussion of how an adaptive response translates into phototactic
turning and the ingredients required for a simple yet realistic
mathematical model with predictive power.

In general, phototactic orientation is due to an asymmetry of
the flagellar behavior between the illuminated and shaded sides
of the organism. The mechanism that achieves this asymmetry is
species-dependent, but it is instructive to consider a hierarchy of
ingredients. First, consider a nonspinning spherical organism that

can display a nonadaptive photoresponse on its entire surface but
will do so only on the illuminated side, as in Fig. 4A. This organ-
ism will achieve perfect antialignment of its posterior-anterior
axis k with the light direction unit vector Î (i.e., face the light)
on a turning time scale τt, which is determined by the balance
between the torques due to asymmetric flagellar activity and ro-
tational viscous drag. Adaptation to light is a desirable property
for such an organism, because it allows a response to light inten-
sities over several orders of magnitude and because it allows the
organism to swim at full speed once a good orientation has been
reached. If the photoresponse of the above model organism now
has the desirable property of being adaptive, it will initially turn
towards the light as in Fig. 4A, but adaptation may cause the re-
sponse to decay before k reaches antialignment with Î (Fig. 4B),
depending on the relative magnitude of τa and τt. If, however, the
adaptive organism would spin about k, new surface area would
continuously be exposed, thus maintaining an asymmetric photo-
response until perfect antialignment of k with Î has been reached.
For Volvox, which generally have τa ∼ τt, the spinning about the
posterior-anterior axis is therefore not just optimized for the
photoresponse kinetics, as shown in the previous section, but also
essential for high-fidelity phototactic orientation in the presence
of adaptation. Spinning may also mitigate the deleterious effects
of unsymmetrical colony development and injury (27), and for
organisms with a restricted field of view due to a small number
of eyespots, such as Chlamydomonas and Platynereis, spinning is
also required for detecting the light direction (3, 7).

In Volvox colonies, the flagellar photoresponse is localized
near the anterior pole (Fig. 5), yet the importance of spinning
outlined above remains. However, having only a small photore-
sponsive region complicates the heuristic picture: If the eyespots
could only direct an all-or-nothing response as they move from
the shaded to the illuminated side of the sphere, the best possible
phototactic orientation is drawn in Fig. 4C. Such a mechanism

Fig. 3. Photoresponse frequency dependence and colony rotation. (A) The
normalized flagellar photoresponse for different frequencies of sinusoidal
stimulation, with minimal and maximal light intensities of 1 and 20 μmol
PAR photonsm−2 s−1 (Blue Circles). The theoretical response function (Eq. 5,
Red Line) shows quantitative agreement, using τr and τa from Fig. 2B for
16 μmol PAR photonsm−2 s−1. (B) The rotation frequency ωr of V. carteri
as a function of colony radius R. The highly phototactic organisms for which
photoresponses were measured fall within the range of R indicated by the
purple box, and the distribution of R can be transformed into an approxi-
mate probability distribution function (PDF) of ωr (Inset), by using the noisy
curve of ωrðRÞ. The purple box in A marks the range of ωr in this PDF (green
line indicates the mean), showing that the response time scales and colony
rotation frequency are mutually optimized to maximize the photoresponse.

Fig. 4. Heuristic analysis of the phototactic fidelity. A–C illustrate simplified
phototaxis models. Photoresponsive regions are colored green, the region
that actually displays a photoresponse is in shades of red, and shaded regions
are gray. (A) If τa ¼ ∞, ωr ¼ 0, and the responsive region is as drawn, the
posterior-anterior axis k will achieve perfect antialignment with the light di-
rection I. The time scale for turning τt ∼ 3.3 s can be estimated by assuming
that the fluid velocity on the illuminated side is reduced to 0.7 of its baseline
value and using Eq. 8without bottom-heaviness. (B) If τa < τt , and ωr ¼ 0, the
photoresponse may decay before the optimal orientation has been reached.
After the initial transient in A has decayed, the largest photoresponse (i.e.,
flagellar down-regulation) is in the region that just turned into the light. As
an illustration, the configuration drawn in this panel surprisingly implies that
the organism would turn away from the light, indicating that before this or-
ientation is reached the steering is stopped at a suboptimal orientation of k
with I. A remedy against this orientational limitation would be ωr ≠ 0. (C) The
best attainable orientation towards the light is drawn, if the photoresponse
is localized in a small anterior region, and the eyespots display an all-
or-nothing response as they move from the shaded to the illuminated side.
(D) Measurements of the eyespot (Orange) placement yield κ ¼ 57°$ 7° (see
SI Text). (E) Volvox is bottom-heavy, because the center of mass (Pink) is offset
from the geometric center of the colony as indicated.
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Îh
as

be
en

re
ac
he

d.
Fo

r
Vo

lv
ox
,w

hi
ch

ge
ne

ra
lly

ha
ve

τ a
∼
τ t
,t
he

sp
in
ni
ng

ab
ou

tt
he

po
st
er
io
r-
an

te
rio

r
ax
is

is
th
er
ef
or
e
no

t
ju
st

op
tim

iz
ed

fo
r
th
e

ph
ot
or
es
po

ns
e
ki
ne

tic
s,
as

sh
ow

n
in

th
e
pr
ev
io
us

se
ct
io
n,

bu
ta

lso
es
se
nt
ia
lf
or

hi
gh

-fi
de

lit
y
ph

ot
ot
ac
tic

or
ie
nt
at
io
n
in

th
e
pr
es
en

ce
of

ad
ap

ta
tio

n.
Sp

in
ni
ng

m
ay

al
so

m
iti
ga
te

th
e
de

le
te
rio

us
ef
fe
ct
s

of
un

sy
m
m
et
ric

al
co
lo
ny

de
ve
lo
pm

en
t
an

d
in
ju
ry

(2
7)
,a

nd
fo
r

or
ga
ni
sm

s
wi
th

a
re
st
ric

te
d
fie

ld
of

vi
ew

du
e
to

a
sm

al
ln

um
be

r
of

ey
es
po

ts
,s
uc
h
as

C
hl
am

yd
om

on
as

an
d
Pl
at
yn
er
ei
s,
sp
in
ni
ng

is
al
so

re
qu

ire
d
fo
r
de

te
ct
in
g
th
e
lig

ht
di
re
ct
io
n
(3
,7

).
In

Vo
lv
ox

co
lo
ni
es
,
th
e
fla

ge
lla

r
ph

ot
or
es
po

ns
e
is

lo
ca
liz
ed

ne
ar

th
e
an

te
rio

r
po

le
(F
ig
.5

),
ye
t
th
e
im

po
rt
an

ce
of

sp
in
ni
ng

ou
tli
ne

d
ab

ov
e
re
m
ai
ns
.H

ow
ev
er
,h

av
in
g
on

ly
a
sm

al
lp

ho
to
re
-

sp
on

siv
e
re
gi
on

co
m
pl
ic
at
es

th
e
he

ur
ist
ic
pi
ct
ur
e:

If
th
e
ey
es
po

ts
co
ul
d
on

ly
di
re
ct

an
al
l-o

r-
no

th
in
g
re
sp
on

se
as

th
ey

m
ov
e
fr
om

th
e
sh
ad

ed
to

th
e
ill
um

in
at
ed

sid
e
of

th
e
sp
he

re
,t
he

be
st
po

ss
ib
le

ph
ot
ot
ac
tic

or
ie
nt
at
io
n
is

dr
aw

n
in

Fi
g.

4C
.S

uc
h
a
m
ec
ha

ni
sm

Fi
g.

3.
Ph

ot
or
es
po

ns
e
fr
eq

ue
nc

y
de

pe
nd

en
ce

an
d
co

lo
ny

ro
ta
ti
on

.(
A
)T

he
no

rm
al
iz
ed

fl
ag

el
la
r
ph

ot
or
es
po

ns
e
fo
r
di
ff
er
en

t
fr
eq

ue
nc

ie
s
of

si
nu

so
id
al

st
im

ul
at
io
n,

w
it
h

m
in
im

al
an

d
m
ax

im
al

lig
ht

in
te
ns
it
ie
s
of

1
an

d
20

μm
ol

PA
R
ph

ot
on

sm
−2

s−
1
(B
lu
e
Ci
rc
le
s)
.T

he
th
eo

re
ti
ca
lr
es
po

ns
e
fu
nc

ti
on

(E
q.

5,
Re

d
Li
ne

)
sh
ow

s
qu

an
ti
ta
ti
ve

ag
re
em

en
t,

us
in
g

τ r
an

d
τ a

fr
om

Fi
g.

2B
fo
r

16
μm

ol
PA

R
ph

ot
on

sm
−2

s−
1
.
(B
)
Th

e
ro
ta
ti
on

fr
eq

ue
nc

y
ω
r
of

V.
ca
rt
er
i

as
a
fu
nc

ti
on

of
co

lo
ny

ra
di
us

R.
Th

e
hi
gh

ly
ph

ot
ot
ac

ti
c
or
ga

ni
sm

s
fo
r
w
hi
ch

ph
ot
or
es
po

ns
es

w
er
e
m
ea

su
re
d
fa
ll
w
it
hi
n
th
e
ra
ng

e
of

R
in
di
ca
te
d
by

th
e

pu
rp
le

bo
x,

an
d
th
e
di
st
ri
bu

ti
on

of
R
ca
n
be

tr
an

sf
or
m
ed

in
to

an
ap

pr
ox

i-
m
at
e
pr
ob

ab
ili
ty

di
st
ri
bu

ti
on

fu
nc

ti
on

(P
D
F)

of
ω
r
(In

se
t)
,b

y
us
in
g
th
e
no

is
y

cu
rv
e
of

ω
rð
RÞ
.T

he
pu

rp
le

bo
x
in

A
m
ar
ks

th
e
ra
ng

e
of

ω
r
in

th
is
PD

F
(g
re
en

lin
e
in
di
ca
te
s
th
e
m
ea

n)
,s
ho

w
in
g
th
at

th
e
re
sp
on

se
ti
m
e
sc
al
es

an
d
co

lo
ny

ro
ta
ti
on

fr
eq

ue
nc

y
ar
e
m
ut
ua

lly
op

ti
m
iz
ed

to
m
ax

im
iz
e
th
e
ph

ot
or
es
po

ns
e.

Fi
g.

4.
H
eu

ri
st
ic
an

al
ys
is
of

th
e
ph

ot
ot
ac
ti
c
fi
de

lit
y.
A
–C

ill
us
tr
at
e
si
m
pl
if
ie
d

ph
ot
ot
ax

is
m
od

el
s.

Ph
ot
or
es
po

ns
iv
e
re
gi
on

s
ar
e
co

lo
re
d
gr
ee

n,
th
e
re
gi
on

th
at

ac
tu
al
ly

di
sp
la
ys

a
ph

ot
or
es
po

ns
e
is
in

sh
ad

es
of

re
d,

an
d
sh
ad

ed
re
gi
on

s
ar
e
gr
ay
.
(A

)
If

τ a
¼

∞
,
ω
r
¼

0,
an

d
th
e
re
sp
on

si
ve

re
gi
on

is
as

dr
aw

n,
th
e

po
st
er
io
r-
an

te
ri
or

ax
is
k
w
ill

ac
hi
ev

e
pe

rf
ec
t
an

ti
al
ig
nm

en
t
w
it
h
th
e
lig

ht
di
-

re
ct
io
n
I.
Th

e
ti
m
e
sc
al
e
fo
r
tu
rn
in
g
τ t

∼
3.
3
s
ca
n
be

es
ti
m
at
ed

by
as
su
m
in
g

th
at

th
e
fl
ui
d
ve

lo
ci
ty

on
th
e
ill
um

in
at
ed

si
de

is
re
du

ce
d
to

0.
7
of

it
sb

as
el
in
e

va
lu
e
an

d
us
in
g
Eq

.8
w
it
ho

ut
bo

tt
om

-h
ea

vi
ne

ss
.(
B)

If
τ a

<
τ t
,a

nd
ω
r
¼

0,
th
e

ph
ot
or
es
po

ns
e
m
ay

de
ca
y
be

fo
re

th
e
op

ti
m
al

or
ie
nt
at
io
n
ha

s
be

en
re
ac
he

d.
A
ft
er

th
e
in
it
ia
lt
ra
ns
ie
nt

in
A

ha
s
de

ca
ye

d,
th
e
la
rg
es
t
ph

ot
or
es
po

ns
e
(i.
e.
,

fl
ag

el
la
r
do

w
n-
re
gu

la
ti
on

)i
s
in

th
e
re
gi
on

th
at

ju
st

tu
rn
ed

in
to

th
e
lig

ht
.A

s
an

ill
us
tr
at
io
n,

th
e
co

nf
ig
ur
at
io
n
dr
aw

n
in

th
is
pa

ne
ls
ur
pr
is
in
gl
y
im

pl
ie
st

ha
t

th
e
or
ga

ni
sm

w
ou

ld
tu
rn

aw
ay

fr
om

th
e
lig

ht
,i
nd

ic
at
in
g
th
at

be
fo
re

th
is
or
-

ie
nt
at
io
n
is
re
ac
he

d
th
e
st
ee

ri
ng

is
st
op

pe
d
at

a
su
bo

pt
im

al
or
ie
nt
at
io
n
of

k
w
it
h
I.
A
re
m
ed

y
ag

ai
ns
tt
hi
so

ri
en

ta
ti
on

al
lim

it
at
io
n
w
ou

ld
be

ω
r
≠
0.

(C
)T

he
be

st
at
ta
in
ab

le
or
ie
nt
at
io
n
to
w
ar
ds

th
e
lig

ht
is
dr
aw

n,
if
th
e
ph

ot
or
es
po

ns
e

is
lo
ca
liz

ed
in

a
sm

al
l
an

te
ri
or

re
gi
on

,
an

d
th
e

ey
es
po

ts
di
sp
la
y

an
al
l-

or
-n
ot
hi
ng

re
sp
on

se
as

th
ey

m
ov

e
fr
om

th
e
sh
ad

ed
to

th
e
ill
um

in
at
ed

si
de

.
(D

)M
ea

su
re
m
en

ts
of

th
e
ey

es
po

t
(O

ra
ng

e)
pl
ac
em

en
t
yi
el
d
κ
¼

57
°$

7°
(s
ee

SI
Te

xt
).
(E
)V

ol
vo

x
is
bo

tt
om

-h
ea

vy
,b

ec
au

se
th
e
ce
nt
er

of
m
as
s(
Pi
nk

)i
so

ff
se
t

fr
om

th
e
ge

om
et
ri
c
ce
nt
er

of
th
e
co

lo
ny

as
in
di
ca
te
d.

D
re
sc
he

r
et

al
.

PN
A
S

∣
Ju
ne

22
,2

01
0

∣
vo

l.
10

7
∣

no
.2

5
∣

11
17

3

BIOPHYSICSAND
COMPUTATIONALBIOLOGY

APPLIEDPHYSICAL
SCIENCES

Optimal response !

except here

mailto:dunkel@math.mit.edu


dunkel@math.mit.edu

Phototactic ability decreases with 
rotation frequency

Fig. S4. The amplitude of the photoresponse for top-hat stimuli of frequency 0.25 Hz, at different stimulus light intensities.

Fig. S5. (A) The V. carteri somatic cells at the anterior pole have their orange eyespots facing away from the fluid-mechanical anterior pole. (B) The somatic
cells and eyespots at polar angle θ ¼ 50° from the anterior. (Scale bars: 20 μm.) (C) Illustration of the eyespot placement in the somatic cells and the relation to
the posterior-anterior axis k. In contrast to this schematic drawing, V. carteri colonies consist of thousands of somatic cells, as shown in Fig. 1A of the main text
and as measured in ref. 20.

Fig. S6. (A) Schematic diagram of the apparatus used for the population assay. B and C show distributions of the swimming angle with the light direction σ as
measured for a population at the viscosity of water (B) and at 40 times the viscosity of water (C).
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and therefore a reduced phototactic torque. The sharp transition
in Fig. 7 occurs when the phototactic torque becomes comparable
to the other torques in the system. The simulations neglected
torques due to ambient fluid motion and included only the
bottom-heaviness torque.

We tested the above prediction by measuring the phototactic
ability of Volvox at various viscosities in a population assay at low
organism concentration and negligible ambient fluid motion. It is
important to note that, in the experiment, the phototactic ability
is a measure of a slightly different quantity than in the model. In
the model, a bottom-heavy Volvox swims in an infinite fluid to-
ward the light at an angle αf with the horizontal. A colony swim-
ming in the same direction in the experiment will collide with the
top surface of the sample and change direction. The phototactic
ability in the experiments is therefore a measure of the direction-
ality of the population swimming behavior (see SI Text), whereas
in the model it is solely a measure of αf . The data from several
populations are shown in Fig. 7 and are found to be in quantita-
tive agreement with the full model for realistic parameters (given
in SI Text) and in qualitative agreement with the reduced model.
The success of the reduced model highlights that spinning and
adaptation are the key ingredients for a qualitative understanding

of the fidelity of phototaxis in Volvox and that a quantitative
understanding can be obtained if a realistic eyespot direction-
ality and anterior-posterior response asymmetry are included.
These models further illustrate that if all somatic cells were
photoresponsive, the organism would have a higher phototactic
ability (Fig. 7). Yet it may be beneficial to keep a high translation
speed even during light stimulation, and there may be significant
metabolic and developmental costs associated with endowing all
cells with a photoresponse, which could make it advantageous to
have the photoresponse localized in the anterior.

In additional experiments, we found that very large Volvox
(Fig. 3B) have a much lower phototactic ability although they still
display the flagellar photoresponse. For such colonies, the hydro-
dynamic model (Eq. 8) reveals that their lower phototactic ability
arises from the increase in R and concomitant decrease in u0, and
the reduction in photoresponse p due to the lower ωr (Fig. 3A).
The model thus yields insight into which parameters determine
the phototactic torque and illustrates the intuitive result that this
torque must be significantly larger than competing torques to
achieve high-fidelity phototaxis.

Conclusion
We have shown how accurate phototaxis of the alga V. carteri, a
colonial organism lacking a central nervous system, is achieved by
autonomous cells on its anterior surface endowed with an adap-
tive flagellar photoresponse. The response and adaptation time
scales of this photoresponse determine an optimal frequency for
the characteristic spinning of Volvox about its swimming direc-
tion. Because the organisms naturally spin at this optimal fre-
quency, the flagellar orientation and photoresponse kinetics
seem to have coevolved to maximize the photoresponse. The
mathematical model of phototaxis developed here shows that
the phototactic fidelity decreases dramatically when the colony
does not spin at its natural frequency; the results of a phototaxis
assay in which spinning was slowed by increasing the fluid
viscosity are in excellent agreement with the model predictions.

This work raises a number of issues for further investigation.
Chief among them are the biochemical origin of the adaptive time
scale and the reason for displaying a photoresponse only in the
anterior part of the organism. Because the rotational frequency
of phototactically active V. carteri so closely matches the peak of
the frequency response function RðωÞ, and Chlamydomonas it-
self displays a coincidence of its photoresponse and rotation
period (34, 35), it is natural to ask whether other species in the
same evolutionary lineage, or indeed the larger class of phototac-
tic organisms, can be understood within the present formalism.
The allometry of the adaptation time is therefore a key feature
for study. It is also of considerable interest to ascertain the

Fig. 6. Colony behavior during a phototurn. A–E show the colony axis k (Red Arrow) tipping toward the light direction I (Aqua Arrow). Colors represent the
amplitude pðtÞ of the down-regulation of flagellar beating in a simplified model of phototactic steering. F shows the location of colonies in A–E along the
swimming trajectory.

Fig. 7. The phototactic ability A decreases dramatically as ωr is reduced by
increasing the viscosity. Results from three representative populations are
shown with distinct colors. Each data point represents the average phototac-
tic ability of the population at a given viscosity. Horizontal error bars are stan-
dard deviations, whereas vertical error bars indicate the range of population
mean values, when it is computed from 100 random selections of 0.1% of the
data. A blue continuous line indicates the prediction of the full hydrodynamic
model; the red line is obtained from the reduced model. (Inset) αðtÞ from the
full and reduced model at the lowest viscosity.
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may be sufficient for Volvox in natural environments, because it
would robustly navigate Volvox closer to the light, even though the
organism does not swim directly toward the light. The orienta-
tional limit of this response mechanism can be overcome if, as
described for several green algae (3, 28, 29), the strength of the
photoresponse instead continuously changes with the angle at
which the eyespots receive light. Together with an appropriate
eyespot placement (Fig. 4D), this directionality leads to the
persistence of a response asymmetry between illuminated and
shaded regions until perfect orientation toward the light has been
achieved.

Phototactic orientation in natural environments can be op-
posed by ambient vorticity (30), which may be created by the
motion of other nearby organisms, convection, or wind-driven
surface waves. A mechanism that can counteract phototaxis even
in well-controlled laboratory experiments is due to a property
that Volvox shares with its unicellular ancestor Chlamydomonas
and other algae: Their center of mass is offset from their center
of buoyancy. For Volvox, this bottom-heaviness is due to cluster-
ing of germ cells in the posterior (Fig. 4E) and leads to a torque
tending to align the swimming direction with the vertical on a
time scale τbh ∼ 14 s (20). A faithful theory of phototaxis in Volvox
must therefore include at least four features: self-propulsion,
bottom-heaviness, photoresponse kinetics, and photoresponse
spatial structure.

Hydrodynamic Model of Phototaxis. In the low Reynolds number
regime that Volvox inhabits, the swimming speed and angular
velocity Ω of an organism can be calculated if the fluid velocity
u on each point of its surface is known (31). Phototactic steering
of Volvox can therefore be modeled by specifying the response of
u to light stimulation. Rather than solving for the effects of each

of the thousands of individual flagella on the colony surface, we
adopt a continuum approximation in which there is a temporally
and spatially varying surface velocity. If θ and ϕ are the polar and
azimuthal angles on a sphere, respectively, the surface velocity u
may be decomposed into u ¼ vθ̂þ wϕ̂. We interpret u as the ve-
locity at the edge of the flagellar layer (32); for practical reasons
experimental measurements of u are made just above that layer.
In the absence of a light stimulus, u ¼ u0 and we assume that the
ratio v0ðθÞ∕w0ðθÞ is constant on the colony surface because of the
precise orientational order of somatic cells (9). Following step
changes in light intensity, measurements of vðθ;ϕ;tÞ at fixed ϕ
show that in each region, the surface velocity displays a photo-
response of the form shown in Fig. 2A but that the overall
magnitude varies with θ (Fig. 5A). We thus model uðθ;ϕ;tÞ by
allowing the quantities β, p, and h to depend on position:

uðθ;ϕ;tÞ ¼ u0ðθÞ½1 − βðθÞpðθ;ϕ;tÞ&: [6]

The measured βðθÞ is shown in the inset in Fig. 5A.
To define the stimulus s on the colony surface, we make use of

the angle ψðθ;ϕ;ÎÞ defined through cosψ ¼ −n̂ · Î, where n̂ is the
unit normal to the surface. When ψ ¼ 0 (π), the light is directly
above (behind) a given surface patch. The light-shadow asymme-
try in s can therefore be modeled by a factor HðcosψÞ. Superim-
posed on this factor may be another functional dependence on ψ
to account for the eyespot sensitivity in the forward direction,
with experiments on Chlamydomonas (28) supporting a depen-
dence f ðψÞ ¼ cosψ . The class of models we consider for the
dimensionless s is therefore

sðθ;ϕ;ÎÞ ¼ f ðψÞHðcosψÞ: [7]

With the above specification of the dynamics of the surface
velocity, the angular velocity of the colony is (31)

ΩðtÞ ¼ 1

τbh
ĝ × k̂ −

3

8πR3

Z
n̂ × uðθ;ϕ;tÞdS; [8]

where ĝ and k̂ are the directions of gravity and the posterior-
anterior axis, respectively. The first term in Eq. 8 arises from
bottom-heaviness and represents a balance between the torque
that acts when the posterior-anterior axis is not parallel to gravity
and the rotational drag of the sphere (20). The second term is
responsible for phototactic steering, where the integral is taken
over the surface of the sphere of radius R. In a reference frame
where the Volvox is at the origin with a fixed orientation, the light
direction evolves as dÎ∕dt ¼ −Ω × Î.

The above coupled equations can be solved numerically (see
SI Text), e.g., to determine the angle αðtÞ of the organism axis
with the light direction. It is interesting to consider two special
cases of the model class outlined above. In the biologically faith-
ful “full model,” we use the measured βðθÞ and the realistic eye-
spot directionality f ðψÞ ¼ cosψ . In the “reduced model,” we
consider only a light-shadow response asymmetry—i.e., f ðψÞ ¼
1—and use the mean of the measured βðθÞ—i.e., βðθÞ ¼ 0.3. All
other features are shared between the models.

A phototactic turn of a hypothetical non-bottom-heavy Volvox
simulated by the reduced model is shown in Fig. 6, indicating an
intricate link between organism rotation, adaptation, and
steering. In reality, however, Volvox is bottom-heavy, which is par-
ticularly important when the light direction is horizontal. In this
case, we previously observed (33) that the organisms reach a final
angle αf set by the balance of the bottom-heaviness torque and the
phototactic torque. We therefore define the “phototactic abil-
ity” A ¼ ðswimming speed toward the lightÞ∕ðswimming speedÞ.

Both models predict that as the viscosity η is increased, while
keeping the internal parameters τr and τa fixed, the phototactic
ability decreases dramatically (Fig. 7). Qualitatively, an increase
in η reduces ωr , which leads to a reduced photoresponse (Fig. 3A)

Fig. 5. Anterior-posterior asymmetry. (A) The anterior-posterior component
of the fluid flow, measured 10 μm above the beating flagella, following a
step up in illumination at time t ¼ 0 s. The dashed line indicates the approx-
imation to v0ðθÞ used in the numerical model. (Inset) βðθÞ is blue (with p nor-
malized to unity), and the mean β is red. (B) The probability of flagella to
respond to light correlates with the size of the somatic cell eyespots. The
light-induced decrease in fluid flow occurs beyond the region of flagellar
response because of the nonlocality of fluid dynamics.
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Open questions

• not all somatic cells photo-responsive ... why ?	

• what determines 𝜏a ?	

• chemotaxis vs phototaxis	

• effects of (intrinsic) noise	

• Chlamydomonas behave similarly ... generic ?	

• artificial steering devices
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