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Ken-ichi Wakabayashi,2,4 and Kenjiro Yoshimura1,5,*

SUMMARY

Cilia are organelles involved inmotility and sensory transduction, but how these two functions coexist has
not been elucidated in depth. Here, the involvement of the ciliary transient receptor potential (TRP) chan-
nel TRP11 inmechanoresponses is studied inChlamydomonas reinhardtii using a TRP11-knockoutmutant.
Themutant has defects in the conversion of the bendingmode of the cilium from forward to reversewhen
tapped with a glass rod, the detachment of cilia when shear is applied, the increase in ciliary beat fre-
quency upon application of mechanical agitation by vortex mixing, and the initiation of gliding while
both cilia are attached in opposite directions to a glass surface. These observations indicate that TRP11
can perceive mechanical stimuli with distinct intensities and durations and induce various types of ciliary
responses.

INTRODUCTION

The natural environment is full of mechanical stresses such as wind, flow, vibration, acceleration, and osmotic challenge. Living organisms

have ways of sensing mechanical stimuli to cope with or make use of them. Examples of mechanosensation include hearing, sense of touch,

and gravity sensing in animals, gravitropism in plants, and osmotic response in bacteria.

Mechanoresponses in protists have attracted interest for more than 100 years since becoming readily observable under a microscope.1,2

For example, when swimming microorganisms collide with an obstacle, they show transient backward swimming, without which they might

push against the obstacle until their energy runs out. In Paramecium, this avoiding reaction is initiated by amechanoreceptor potential, which

triggers an action potential in cilia.3 The influx of Ca2+ ions caused by the action potential increases the intraciliary Ca2+ concentration and

converts the ciliary bending motility from the forward mode to the reverse mode.4 Mechanical stimulation on the anterior end of the cell de-

polarizes themembrane potential, leading to the avoiding reaction, whereas, on the posterior end, it hyperpolarizes themembrane potential

and augments, rather than reverses, ciliary beating.3 The molecular entities of the anterior and posterior mechanoreceptors have not been

identified in Paramecium; however, a variety of mechanoresponses have been reported in protists, such as mechanosensitive contraction in

Stentor coeruleus and Vorticella convallaria, gravitaxis in Euglena, mechanoshock response in Spermatozopsis similis, and osmoregulation in

Trypanosoma cruzi.5–9 Membrane excitability and mechanoreception in protists have previously been reviewed.10,11

Chlamydomonas cells also show a wide range of mechanoresponses. Like Paramecium cells, they display an avoiding reaction when they

collide with an obstacle.12 On application of mechanical vibration, Chlamydomonas cells increase their ciliary beat frequency and swimming

velocity.13 Chlamydomonas cells also increase the power of their ciliary motility when the viscosity of the medium increases.14 Because the

increase in ciliary power does not occur in cells that have been demembranated and reactivated, some membrane components such as

ion channels are likely to be involved in this response. Harsher mechanical stimulation by mechanical shear causes detachment of cilia

from the cell body.15 The deciliation might be due to activation of severing machinery located at the base of the cilia, or it might simply

be a mechanical consequence rather than a physiological process.16 Chlamydomonas cells also display negative gravitaxis and accumulate

toward the upper surface of the medium, although the specific gravity of the cell is larger than that of the medium.17 Physical factors and

physiological factors may both be involved in this negative gravitaxis.18,19 Besides swimming, Chlamydomonas cells show gliding behavior

in which they attach to a solid surface with their cilia and glide along the surface. This gliding movement is generated by retrograde (i.e., to-

ward the base of the cilia) movement of an array of intraflagellar transport (IFT) particles that interact with axonemal microtubules and contain

amotor protein, dynein.20–23 Given that the force generated by dynein is unidirectional, when the two cilia are attached to the surface in oppo-

site directions, the force generated by one cilium should be antagonized by the force generated by the other cilium, resulting in a ‘‘tug-of-

war’’ condition.20,24 Therefore, one cilium must cease its force generation to initiate gliding in the direction of the other cilium. The cell then
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glides in the direction of the leading cilium, which generates force, while the trailing cilium is passively dragged by the force of the leading

cilium. The cessation of force generation in the trailing cilium is due to an increase in the intraciliary Ca2+ concentration.24 This rise in Ca2+

concentration has been proposed to bemediated by amechanosensitive channel because the Ca2+ concentration increases when the trailing

cilium is pulled.

Despite the various mechanoresponses in Chlamydomonas, the ion channel responsible for mechanoresponse has been explored only in

the avoiding reaction.Wepreviously reported that TRP11, amember of the transient receptor potential (TRP) groupof ion channels, is respon-

sible for the avoiding reaction.12 TRP11 is located mainly in the proximal end of cilia and may provide mechanosensitivity to cilia, but it is ab-

sent in the cell body.12 TRP channels are multimodal ion channels that are activated by various physical and chemical stimuli. Many TRP chan-

nels such as TRPA1, TRPC1, TRPC3, TRPC6, TRPV2, TRPV4, and TRPP2 have been reported to be involved inmechanoresponses.25–31 Because

these TRP channels cannot be activated by membrane stretching when they are purified and incorporated into a lipid bilayer, it is probable

that they are activated by the force delivered through tethers attached to them.32,33

In this study, we tested the hypothesis that TRP11 is universally involved in the mechanoresponses of Chlamydomonas reinhardtii using a

TRP11-knockout mutant. Our results show that TRP11 mediates many, but not all, mechanoresponses in Chlamydomonas.

RESULTS

TRP11 is involved in contact-induced ciliary waveform conversion

Swimming microorganisms show an avoiding reaction when they collide with a solid surface. When Chlamydomonas cells were placed be-

tween a slide and a cover glass separated by approximately 30 mm, they collided frequently with the glass surface and showed avoiding re-

action at a rate of around 0.11 times per second (Figure 1A). To examine the involvement of TRP11 in the avoiding reaction, we obtained

putative trp11 mutants from the CLiP.34 One of the mutants had an insertion of the transformation plasmid (CIB1) in the fifth exon of the

TRP11 gene (Figure 1B). We created strain trp11 (bc2) by backcrossing the mutant twice to wild-type Chlamydomonas cells to remove unrec-

ognized mutations. Absence of TRP11 expression in trp11 (bc2) was confirmed by RT-PCR (Figure 1C).

When tpr11 (bc2) cells were placed between a slide and cover glass, the rate of avoiding reaction was reduced by around 90% compared

with that of wild type (Figure 1A). The link between the reduction of avoiding reaction and the TRP11 mutation was confirmed by backcross

and rescue experiments.When tpr11 (bc2) was backcrossed to the wild type, two progenies (D1 andD2) of the resulting tetrad had amutation

in the TRP11 gene and showed defective avoiding reaction, while the other two progenies from the tetrad (D3 and D4) had an intact TRP11

gene and showedwild-type avoiding reaction (Figure 1A). D1was designated as strain trp11 (bc3) and used in subsequent experiments.When

the trp11mutation was compensated by transforming tpr11 (bc2) with intact, exogenous TRP11 cDNA, creating strain ‘‘trp11-r,’’ the defect in

avoiding reaction was ablated (Figure 1A). These observations show that the defective avoiding reaction was due to TRP11mutation, which is

in agreement with a previous experiment that used RNAi to suppress TRP11 expression.12

Dense localization of TRP11 in the proximal region of cilia has been shown by immunofluorescence studies; however, it is not known if the

localization coincides with mechanosensitivity.12 We examined the localization of mechanosensitivity by catching single Chlamydomonas

cells on a glass pipette and tapping the anterior end of each captured cell with a glass rod (Figure 2A). The rod approached the cell at a con-

stant speed, made contact with the anterior end of the cell, also hitting the cilia whose whole length is�15 mm, and then retracted quickly. In

the absence of stimulation, the cilia showed a bending pattern in the forward mode, beating in a breast-stroke pattern (Figure 2B).35,36 When

Figure 1. Avoiding reaction in TRP11 mutants

(A) The rate of avoiding reaction in wild type (WT) and TRP11mutants. trp11 (bc2) was created by backcrossing trp11 twice with theWT; D1 to D4 are from a tetrad

obtained by crossing trp11 (bc2) with the WT; trp11-r was created by restoring TRP11 in trp11 (bc2) by transformation. Each measurement is based on 70 to 80

cells and the average and standard deviation from 4 measurements are shown.

(B) Intron/exon map of TRP11 showing the position of the CIB1 insertion to create the knockout. The positions of the primers used to confirm the insertion and

expression are indicated by triangles.

(C) Expression of TRP11 and actin examined by RT-PCR.
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the anterior end of the cell was tapped at a speed close to the swimming velocity (�100 mm s�1), the bending pattern changed to the reverse

mode, propagating S-shaped waves toward the distal end (Figure 2B, Video S1). This waveform conversion is similar to the one observed in

the photoshock response, which results in transient backward swimming.36–38 The waveform conversion hardly ever occurred when the glass

rod approached a position 1–2 mm from the anterior end of the cell body but did not contact the cell body (Figure 2C). In contrast, when the

glass rod was used to push the cell body a distance of 1 mm, a slight flattening of the cell body was observed, but the rate of waveform con-

version did not increase. These observations indicate that the mechanosensitivity is localized in the proximal part of the cilia or the anterior

end of the cell body.

The ciliary response to tapping was nearly absent in tpr11 (bc3) cells (Figure 2C). Removal of extracellular Ca2+ also diminished the

response in wild-type cells. Therefore, TRP11 is likely responsible for the Ca2+-dependent waveform conversion after mechanical stimulation.

Because TRP11 is localized in the proximal end of the cilia,12 our observations suggest that the force resulting from collision activates TRP11

directly. There is another possibility that collision deforms the anterior end of the cell body and activates TRP11 indirectly.

When the cell was tapped at different speeds, the maximal response was observed with tapping at speeds of 100 mm s�1 or higher,

whereas the response was less frequent with tapping at 25 mm s�1 or 50 mm s�1 (Figure 2D). These observations imply that the threshold

for mechanosensitivity is set approximately at the speed of swimming.

Response to shear requires TRP11

Cilia become detached from the Chlamydomonas cell body when shear is applied by homogenization.15 It has not been established whether

this is a physical process or a physiological one. We applied shear to cell suspensions using a Dounce homogenizer. The space between the

Figure 2. Ciliary response to tapping at the anterior end of Chlamydomonas cells

(A) The design of the experiment.

(B) Bending pattern of cilia before (top) and after (bottom) the anterior end of the cell was tapped with a glass rod. The speed of the rod was 100 mm s�1. Bar:

10 mm. The interval between successive frames is 16 ms. See also Video S1.

(C) The probability of conversion of the bendingmode from forward to reverse in wild type (blue) and trp11 (bc3) (red). The glass rod approached the cell up to the

position indicated by the abscissa. The definition of the position is given in panel A. The response of the wild type in the absence of extracellular Ca2+ is shown in

green.

(D) The probability of bending mode conversion when the rod approached up to position 0 at different speeds. Each cell was tapped eight times. The average

and standard deviation from four cells are shown.

ll
OPEN ACCESS

iScience 26, 107926, October 20, 2023 3

iScience
Article



pestle and the cylindrical glass tube of the homogenizer is around 150 mm (according to the manufacturer), whereas the diameter of Chla-

mydomonas cells is around 10 mm. In wild-type cells, the application of shear resulted in detachment of cilia from the cell body at the ciliary

base, while the cell body remained intact. When the concentration of CaCl2 in the medium was 0.3 mM, the proportion of deciliated cells

increased with the number of pestle strokes (Figure 3A). When the CaCl2 concentration was increased to 5 mM, the proportion of deciliated

cells increased much more rapidly after the first 100 strokes (Figure 3B), suggesting that shear-induced deciliation is a physiological Ca2+-

dependent process.

When the same shear was applied to tpr11 (bc3) cells, the proportion of deciliated cells was reduced, especially at 5 mMCaCl2, compared

with the wild type (Figures 3A and 3B). The proportion of deciliated cells increased slightly with the number of strokes, and the slopes at

0.3 mM and 5 mM CaCl2 were similar (5.28% and 5.34% per 100 strokes at 0.3 and 5 mM, respectively, according to the regression lines).

This CaCl2 independence suggests that deciliation in tpr11 (bc3) cells is not a Ca2+-dependent physiological response; rather, deciliation

probably occurs as a result of physical tearing. A comparison between wild-type and tpr11 (bc3) cells showed that a large proportion of deci-

liation in the wild type was mediated by TRP11 in the presence of 5 mM CaCl2. A link between the defective shear response and the TRP11

mutation was confirmed by tetrad and rescue experiments: D1 and D2 showed defective shear-induced deciliation, whereas D3, D4, and

trp11-r showed the same deciliation in response to shear as the wild type (Figure 3C).

The shear generated by the homogenizer was estimated to be roughly 0.34 Pa based on the values of the clearance (150 mm), the speed of

the pestle (85 mm/1.5 s), and the viscosity coefficient (0.00089 Pa s). When a designated amount of shear was applied with a cone-and-plate

viscometer for 5 min in a medium containing 5 mMCaCl2, deciliation was increased at 0.4 Pa or higher in wild-type cells but not in trp11 (bc3)

cells (Figure 3D), supporting the idea that shear-induced deciliation requires TRP11.

TRP11 generates the response to agitation

When cell suspensions were subjected to mechanical agitation by vortex mixing, the ciliary beat frequency in wild-type cells increased by

around 20 Hz (Figure 4), as reported previously.13 However, no significant increase was observed in tpr11 (bc3) cells. A link between defective

motility augmentation and the TRP11mutation was confirmed by tetrad and rescue experiments: D1 and D2 had defective agitation-induced

motility augmentation, whereas D3, D4, and trp11-r showed the same agitation-induced motility augmentation as the wild type (Figure 4).

Figure 3. Ciliary detachment after application of shear

(A) The proportion of deciliated cells after application of shear to wild type (WT; blue) or trp11 (bc3) (red) by a homogenizer in the presence of 0.3 mMCaCl2. The

number of strokes is shown on the abscissa.

(B) As in panel A but with 5 mM CaCl2.

(C) The proportion of deciliated cells in WT, tetrad cells (D1 to D4), and rescued cells (trp11-r) after 0 (gray) or 500 strokes (color) with 5 mM CaCl2.

(D) The percentage of deciliated cells after application of shear for 5mwith a cone-and plate viscometer. The average and standard deviation of five experiments

are shown.
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TRP11 is responsible for the initiation of gliding

Chlamydomonas cells tend to attach via their two cilia to a smooth surface and then glide along the surfacewhile their cilia remain attached to

it. We focused on stationary cells whose cilia were oriented in opposite directions on the surface because the forces generated by the two cilia

in these cells are in the tug-of-war condition. When we observed wild-type cells, most cells started gliding in the direction of one of the two

cilia after a brief stationary period (Video S2, Figures 5A and 5C). In contrast, tpr11 (bc3) cells did not start gliding while both cilia were

attached to the surface. Instead, they started gliding only when one of the two cilia became detached from the surface (Video S3,

Figures 5B and 5C). The detached cilium jiggled while gliding but did not beat as in swimming cells. These observations suggest that

TRP11 is required for cilia to enter the trailing state, in which they remain attached to the surface but do not exert motive force.

TRP11 is not involved in the responses to viscosity and gravity

Wild-typeChlamydomonas cells generated greater propulsive force for swimming when the viscosity of the medium increased from 1 cP to 2

or 3 cP (Figure 6A), as reported previously by Minoura and Kamiya.14 We observed a similar increase in propulsive force generated by tpr11

(bc2) cells when the viscosity of the medium was increased. As for gravitaxis, wild-type cells and tpr11 (bc3) cells showed similar capacities for

negative gravitaxis (Figure 6B). These observations suggest that TRP11 is not involved in the mechanoresponses to viscosity or gravity.

DISCUSSION

TRP11 mutation caused defects in multiple mechanoresponses, including avoiding reaction, contact-induced ciliary waveform conversion,

shear-induced deciliation, agitation-induced motility augmentation, and initiation of gliding. On the other hand, the responses to increased

viscosity and gravity were not affected by TRP11mutation. Therefore, a wide range of mechanoresponses are mediated by TRP11, although

some other mechanoresponses are likely brought about by a still unknown mechanoreceptor.

It is not clear how TRP11, as a single protein, canmediate various responses depending on the type of mechanical stimulation.We surmise

that the response differences derive from differences in the intensity and duration of the stimuli as well as the ciliary motility state. Waveform

conversion to the reverse mode probably occurs when a single instantaneous mechanical stimulus is applied to beating cilia by a collision,

whereas an increase in beat frequency occurs when repeated stimuli are applied at moderate intensity by vortex mixing. In contrast, decilia-

tion occurs when intense repeated stimuli are applied with a homogenizer. The generation of gliding force stops when a single instantaneous

mechanical stimulus is applied to a quiescent cilium. These differences in the mode of mechanical stimulus probably result in variation in the

degree and time course of Ca2+ concentration increase, which determines the type of response, together with the motility state.

Our results suggest that TRP11 is a mechanosensitive channel; however, no mammalian mechanoresponsive TRP channels can be acti-

vated by membrane stretching after purification and incorporation into a lipid bilayer.33 Considering that there are two types of mechano-

sensitive channels, those activated by force from the lipid bilayer and those activated by an attached tether, TRP channels might represent

the latter type.32 TRPN (NompC) inDrosophila is likely activated by force transmitted frommicrotubules.39 TRP11may also be tethered, as will

be discussed below.

In the avoiding reaction, a mechanoreceptor potential is generated in response to a collision, triggering an action potential in cilia. This

scheme has been established in Paramecium and is probably also applicable to Chlamydomonas.3,40 The current study and previous studies

indicate that TRP11 produces the mechanoreceptor potential, and CAV2, a voltage-dependent calcium channel, produces the action poten-

tial.12,41 It is noteworthy that TRP11 localization and CAV2 localization are mutually exclusive (Figure 7A). TRP11 is concentrated at the prox-

imal end of cilia, where the curvature due to bending motion for swimming is smallest and misactivation by active bending is unlikely to

occur.42 The response to tapping by a glass rod in our experiments indicates that the mechanosensitivity is also localized at the proximal

end of the cilia, although there remains a possibility that TRP11 is activated indirectly by the deformation of the anterior end of the cell

body. On the other hand, CAV2 is present in the middle-to-distal region of the cilia. The absence of robust Ca2+ influx in the proximal region

might prevent activation of the Ca2+-dependent cilia-severing machinery at the ciliary base.41,43 The fixed localizations of TRP11 and CAV2

Figure 4. Augmentation of ciliary motility after mechanical agitation

Ciliary beat frequency in wild-type (WT), tetrad (D1 to D4), and rescued cells (trp11-r) before (gray) and after

(color) 5 s of vortex mixing. The average and standard deviation are shown. Asterisks indicate significant

difference at p < 0.05 (t-test, n = 10).

ll
OPEN ACCESS

iScience 26, 107926, October 20, 2023 5

iScience
Article



suggest the presence of a transport mechanism and an anchor for tethering the two types of ion channels. Such a tether may be involved in

mechanoreception by TRP11.

Agitation by vortex mixing results in increased ciliary beating and swimming velocity.13 The augmentation of ciliary beating occurs when

the Ca2+ concentration increases in a range of 10�8 to 10�7 M.13 Sustained mechanical stimulation by vortex mixing might induce this small

increase in Ca2+ concentration through activation of TRP11. An increase in swimming velocity in response to mechanical stimulation has also

been reported in Paramecium cells, which respond to mechanical stimulation at their posterior end.3 In Paramecium, the mechanical stimu-

lation hyperpolarizes the membrane potential and increases the cAMP concentration via an adenylate cyclase-coupled potassium chan-

nel.44,45 The ciliary beat frequency then rises in a cAMP-dependent manner.46 Mechanoreception at the posterior end is unlikely to occur

in Chlamydomonas, however, because the cell body is covered by a stiff cell wall.

Shear force delivered by a homogenizer induces cilia detachment independently of the TRP channel ADF1 and calmodulin, which are

required for acid-induced deciliation.15 Our results show that TRP11 is responsible for shear-induced deciliation. Given that deciliation occurs

at Ca2+ concentrations higher than 10�6M, the shear force induced by the homogenizer, which is harsher than vortexmixing, likely produces a

larger increase in Ca2+ concentration than the force induced by vortex mixing.16 When we applied shear quantitatively, deciliation occurred

with a shear of 0.4 Pa or higher, which is comparable to the shear due to venous blood flow (0–1 Pa). Considering that the shear force in the

bed of small andmedium-sized streams reaches 7 Pa and 30 Pa, respectively,Chlamydomonas cells probably shed cilia in response to shear in

natural streams.47,48 Loss of cilia may be advantageous for survival under conditions of severe mechanical stress because the cell body is pro-

tected by the cell wall, whereas the cilia are directly exposed to the environment.

Chlamydomonas cells typically attach to surfaces with their two cilia oriented in opposite directions, but this creates a tug-of-war condition

between the two cilia (Figure 7B).23,24 Therefore, one ciliummust stop generating force so that gliding can be initiated in the direction of the

other cilium. The generation of force halts when an increase in intraciliary Ca2+ concentration induces detachment of the intraflagellar dynein

complex from the membrane glycoprotein.24,49 Our finding that trp11 cells did not glide when both cilia were attached to a glass surface

suggests that those cells did not end the tug-of-war condition by stopping the force generation in one of the cilia. This is consistent with

the idea that TRP11 senses the force of tug-of-war and allows Ca2+ influx once activated. When the Ca2+ level exceeds the threshold in

one cilium, the cilium stops generating force (Figure 7B).24,49 However, several reports have shown that Ca2+ is required for the generation,

rather than the cessation, of gliding force.21–23,50 These studies indicate that a link between IFT particles and FMG1-B, a membrane glyco-

protein that adheres to the substrate, is formed in the presence of mM levels of extracellular Ca2+ but is lost at lower Ca2+ concentrations.

We speculate that the TRP11-induced cessation of force generation occurs at higher Ca2+ concentrations than those needed for crosslink

formation between IFT particles and FMG1-B. In support of this idea, redistribution of FMG1-B along the cilium was shown to occur in a

normal culture medium but was inhibited upon addition of excess Ca2+.21

Figure 5. Initiation of gliding

(A and B) (A) Wild-type and (B) trp11 (bc3) cells attached to a glass surface. Images at 2 s intervals are shown. The cell starts gliding in the third frame. The position

of the tip of the leading cilium is indicated by arrowheads. Asterisks in (B) denote the cilium detached from the glass surface. Bar: 10 mm. See also Videos S2 and

S3.

(C) Proportions of cells gliding with two flagella attached in opposite directions (gray) and with one cilium detached from the glass (white). Cells that did not start

gliding during the observation period (10 s) are indicated by black. Data for wild type and trp11 (bc3) are from 41 to 42 cells (9 and 7 experiments), respectively.
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Although gliding is a slow movement, an imbalance of force generated by two cilia may occur abruptly because the number of active IFT

arrays in each cilium is not large and the number of IFT particles in each array varies from a few to >40.22,50 Thus, the force generated by each

cilium may change stochastically with the number of arrays and dynein molecules.23 Detection of gliding force requires that the detector is

connectedmechanically to the substrate and the axoneme. It is possible that tethers link TRP11 to the substrate, and TRP11 is activated by the

force delivered through the tethers.

When one cilium of a trp11 cell was detached from the substrate while the other was still attached, the detached cilium jiggled and did not

beat as that in swimming cells. This observation suggests that immobilization of one cilium suppresses the bendingmotion of the other cilium.

Ciliary beating is possibly inhibited by a mechanism that regulates the activity of the outer dynein arm, and its mutation results in a lack of

quiescence while gliding.51

Because viscosity and gravity are physical parameters, it is possible that the responses to them involvemechanosensation. Elevation of the

propulsive force in a high-viscosity medium requires an intact cell membrane, but our results indicate that TRP11 is not responsible for this

response.14 Likewise, membrane excitability is possibly responsible for gravitaxis, but our results indicate that TRP11 is not related to grav-

itaxis.18 The responses to viscosity and gravity may be brought about by a TRP channel or mechanosensitive channels other than TRP11. Alter-

natively, it is possible that these responses are caused by a dynein regulatory factor, Lis1, which increases the ciliary beat frequency under high

load conditions.52

Given that several of our results support the idea that TRP11 is attached to a tether, TRP11may be amechanosensitive channel activated by

force delivered through a tether, althoughmore thorough experiments are needed for a definite conclusion.We speculate that TRP11 is con-

nected to the axoneme and extracellular structure in a manner similar to the Chlamydomonas PKD2 (TRPP2) complex, which binds to the

axoneme and the mastigoneme, an extracellular hair-like structure.11 TRP11, similar to PKD2, has a long amino acid sequence between

the first and second transmembrane segments. This structure resembles the extracytosolic domain of the TRPP and TRPML channels, which

are in the same group of ion channels as algal and unicellular TRP channels.53,54 A candidate for the intracellular tether is the ankyrin repeats,

Figure 6. Responses to viscosity or gravity

(A) Propulsive force of swimming cells in solutions with different viscosities (n = 4).

(B) Gravitaxis as assessed by accumulation in the upper half of a glass tube (n = 3). The average and standard deviation are shown.

Figure 7. Models of the membrane excitation during avoiding reaction and gliding initiation

(A) In the avoiding reaction, TRP11 produces a receptor potential upon collision. The depolarization activates the voltage-dependent calcium channel CAV2 and

triggers an action potential. The influx of calcium ions through CAV2 elevates the intraciliary calcium concentration and converts the bendingmode from forward

to reverse.

(B) Cilia oriented in opposite directions generate forces in opposing directions, resulting in no netmovement (top).When Ca2+ influx occurs through TRP11 in one

cilium (middle), the cilium stops generating force and the cell starts gliding (bottom).
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with which TRPN is tethered to microtubules, but TRP11 has no ankyrin motif.55 A long a-helical domain may compose a beam on the intra-

cellular side of the channel, as predicted byAlphaFold (F2Z8J6).56 This and other extracellular and intracellular structuresmay act as or interact

with tethers.

To conclude, TRP11 senses mechanical stimuli with different characteristics and controls cell behavior accordingly. Thus, TRP11 is a me-

chanotransduction mediator between the sensory and motility functions of cilia. Chlamydomonas cilia are sensitive not only to mechanical

stimuli but also to chemical and thermal stimuli. ADF1, also called TRP15, is a ciliary TRP channel that induces deciliation upon application

of organic acid, capsaicin, or gingerol.12,57,58 TRP1 is a thermosensitive TRP channel that is possibly present in cilia because the expression

is upregulated upon deciliation.12,59 Therefore, the previous studies and the present study show that Chlamydomonas cilia are a multimodal

sensor that monitors various environmental conditions.

Limitations of the study

Although this study shows the involvement of TRP11 in various mechanoresponses, it is not clear whether TRP11 is a mechanosensitive chan-

nel. Amutational study of the ion-conducting pore will be required to show that TRP11 is an ion channel, and an electrophysiological study will

be required to show that TRP11 excites the membrane potential.
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8. Häder, D.-P., Lebert, M., Richter, P., and
Ntefidou, M. (2003). Gravitaxis and
graviperception in flagellates. Adv. Space
Res. 31, 2181–2186. https://doi.org/10.1016/
s0273-1177(03)00242-4.

9. Dave, N., Cetiner, U., Arroyo, D., Fonbuena,
J., Tiwari, M., Barrera, P., Lander, N., Anishkin,
A., Sukharev, S., and Jimenez, V. (2021). A
novel mechanosensitive channel controls
osmoregulation, differentiation, and
infectivity in Trypanosoma cruzi. Elife 10,
e67449. https://doi.org/10.7554/eLife.67449.
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KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Kenjiro Yoshimura

(kenjiroy@shibaura-it.ac.jp).

Materials availability

This study did not generate any new or unique reagents.

Data and code availability

� All data reported in this paper will be shared by the lead contact upon request.

� This study does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

A strain of C. reinhardtii CC124 whose agg1 mutation is removed was used as the wild type.60,61 A TRP11 mutant (LMJ.RY0402.150923),

referred to as ‘‘trp11,’’ was obtained from the Chlamydomonas Library Project (CLiP),34 which generates mutants by random insertion of a

CIB1 cassette. The trp11mutant was backcrossed twice to the wild type to obtain ‘‘trp11 (bc2).’’ A tetrad (containing cells D1 to D4) was ob-

tained by crossing trp11 (bc2) with the wild type. D1 andD2 retained the trp11mutation, whereas D3 andD4 did not, as revealed by PCR using

primers encompassing the CIB1 insertion. D1 was designated as ‘‘trp11 (bc3),’’ a TRP11 mutant backcrossed three times to the wild type.

Chlamydomonas cells were grown in Tris-acetate-phosphate (TAP) medium at 25�C under 12 h light-12 h dark conditions.62 Cells were

washed three times with an experimental solution containing 1 mM KCl, 0.3 mM CaCl2, 0.2 mM EGTA, and 5 mM Hepes, with pH adjusted

to 7.4 with KOH. Where indicated, the concentration of CaCl2 was 5 mM.

METHOD DETAILS

Expression of exogenous TRP11

The open reading frame of TRP11 was obtained by RT-PCR and cloned into pChlamy4 (Invitrogen). The construct was linearized by ScaI and

transformed into trp11 (bc2) cells by electroporation, as reported previously.63 Cells were washed with MAX Efficiency Transformation Re-

agent for Algae (Thermo Fisher Scientific, A24229) and 400 ng of DNA was added. Pulses for transformation was applied with an electropo-

rator (Nepa Gene, NEPA21). Cells were recovered overnight in 40 mM sucrose TAP solution and spreaded on 15 mg/ml zeocin TAP agar

plates. Successful transformation was assessed by PCR using primers encompassing the bleomycin resistance gene and TRP11. Expression

of intact TRP11 was confirmed by RT-PCR using primers encompassing CIB1.

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Organisms/strains

Chlamydomonas reinhardtii, wild type Ueki et al.60 Ide et al.61 N/A

Chlamydomonas reinhardtii, trp11 CLiP, Chlamydomonas Resource Center,

University of Minnesota

LMJ.RY0402.150923

Chlamydomonas reinhardtii, trp11 (bc2) This study N/A

Chlamydomonas reinhardtii, trp11 D1-D4 This study N/A

Oligonucleotides

Forward primer for checking CIB1 insertion

in TRP11 TGCTGCACGCATACAAGCTT

This study N/A

Reverse primer for checking CIB1 insertion

in TRP11 TCCCAGATGTTCAGCAGCCG

This study N/A

Forward Primer for actin AAGGCCAACCGCGAGAAGAT This study N/A

Reverse Primer for actin TAATCGGTGAGGTCGCGGC This study N/A
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Mechanical stimulation of Chlamydomonas cells with a glass rod

Single cells were caught on a glass pipette and poked with a glass rod (30 mm in diameter) attached to a Piezo unit (Thorlabs, PB4NB2S). The

Piezo unit was driven with a Piezo Driver (NF Corporation, PD-206-150P) controlled with Digidata 1320A and pClamp8 software (Molecular

Devices). A glass pipette was filled with the experimental solution and fit to a pipette holder for patch clamping. The holder was attached

to an electronic micromanipulator (Scientifica, PS-7000C). Cells were captured on the glass pipette by gentle suction applied through the

pipette holder. The glass pipette and glass rod were fabricated using a micropipette puller (Sutter Instrument, P-97) and then heat polished

(Narishige, MF-830). Ciliary movement was observed with an inverted microscope equipped with phase contrast optics (Olympus, IX71) and

recorded with a CMOS camera (Hamamatsu Photonics, ORCA Flash4.0 v2).

Mechanical stimulation by shear, agitation, increased viscosity, and gravity

Shear was applied to cell suspensions with a Dounce homogenizer (AS ONE, 358034) or a viscometer (Brookfield, LVDV-I Prime fitted with a

spindle CPA-40Z). The speed of the pestle was such that a single reciprocal stroke took 3 s. Agitation was applied with a vortex mixer at 3200

r.p.m. for 5 s. The ciliary beat frequency was recorded within 1 min using a fast Fourier transform (FFT)-based method.64 The cell suspension

was placed on an invertedmicroscope fitted with dark field optics and the image was projected on a photomultiplier (Hamamatsu Photonics,

H7710-3 with an amplifier C7319). The signal was subjected to FFT using a digital oscilloscope (Tektronix, TBS1052B). The peak on the spec-

trumwas determined by fitting to aGaussian distribution curve (OriginPro). The viscosity of themediumwas increased from 0.89mPa$s (cP) to

2, 3, or 4 cP by adding Ficoll 400 (Sigma, F9378) to a final concentration of 5.19%, 8.05%, or 10.35% respectively, as calibrated with an Ostwald

viscometer at 25�C. The force acting on the cell body, which equals the net force produced by the cilia, was estimated using Stokes’ formula,

F = 6phay, where h is the viscosity of themedium, a is the radius of the cell body, and y is the swimming velocity.14 Gravitaxis was assessed by

enclosing cell suspensions (13106 cells ml�1) in a glass tube and letting the tube stand under red light illumination for 90 min18 The tube was

then cut into halves, and the cell concentrations in the upper and lower halves were countedwith a cell counter (Olympus, R1). Themagnitude

of gravitaxis was expressed as the gravitactic index, GI = (nd – nu) / (nd + nu), where nd and nu are the cell density in the lower and upper halves

of the glass tube, respectively.

Observation of gliding

Cells were placed on a washed and rinsed glass slide. Gliding was observed with a microscope (Olympus, IX-50) fitted with a dark field

condenser. Images were recorded with a CMOS camera (Hamamatsu Photonics, ORCA-Spark).

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were analyzed using Microsoft Excel (Microsoft) or OriginPro (Origin). Two tailed T-test was used. Details of statistical analysis are

described in the figure legends.
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