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Materials and Methods 

 

Animal Care 

Animal handling and procedures adhere to the National Institutes of Health (NIH) Guide for the 

Care and Use of Laboratory Animals and were approved by the Massachusetts General Hospital 5 

Institutional Animal Care and Use Committee. Zebrafish (Danio rerio) adults and zebrafish 

embryos were raised and maintained according to established protocols (51). Wild-type (WT) 

embryos were collected from TUAB or NHGRI-1 adult crosses (52). The pkd2 mutant embryos 

(hi4166) were collected from crosses between heterozygous adult carriers and genotyped at the 

end of the experiment by PCR as previously reported (53). pkd2 mutant experiments and analysis 10 

were performed blindly of genotype. Embryos were staged by somite numbers and previously 

established criteria (54).  Small variations in the developmental timeline of the left-right organizer 

(LRO) might exist between various WT line backgrounds.  

 

Optical deflection of primary cilia in cultured porcine kidney cells  15 

WT LLC-PK1 cells were obtained from and validated by American Type Culture Collection. Cells 

were cultured in DMEM:F12 growth medium (Life Technologies) containing 5% fetal bovine 

serum (Life Technologies) and incubated at 37°C with 5% CO2. Cells were grown to 70% 

confluency onto coverglass, coverglass-bottom dishes (Mattek) or Cytodex 3 microcarrier beads 

(Cytiva), and transfected utilizing Lipofectamine 2000 (Life Technologies) according to the 20 

manufacturer’s protocol in serum-free OptiMEM medium (Life Technologies). After 8 hours, 

transfection media was replaced with DMEM:F12 media and the cells were serum-starved for 48 

hours to induce cilia formation. On the day of imaging, media was replaced with fresh DMEM:F12 

media lacking phenol red and serum. During live imaging, cells were mounted and incubated on 

an inverted stage fitted with an environmental chamber (OKOlab) that maintained conditions at 25 

37°C throughout the experiment or at room temperature. For differential interference contrast 

(DIC) videomicroscopy studies, cells were imaged on one of two microscopes: (1) an inverted 

Nikon Eclipse TiE microscope equipped with an add-on home-built optical tweezer unit consisting 

of a 1064 nm laser (YLR-10-1064-LP, IPG) and a piezo mirror (TT2.10, Piezoconcept) and 

coupled to the epi-port of the microscope. Trapping was done using a 60x/1.2 water immersion 30 

objective (CFI Plan Apo, Nikon). (2) A custom optical tweezers was built around a 135TV 

Axiovert microscope (Zeiss) as previously described (55). Briefly, a 1.5 W diode pumped 1064 

nm laser (Smart Laser Systems) was used for trapping. At the sample plane, the trap was controlled 

in 3D using two piezo mirrors (S-226.00, Physik Instrumente) and a movable lens. The sample 

was mounted on a coarse positioning stage which was mounted on a nano-positioning stage (P-35 

733.3DD, Physik Instrumente). Trapping was done with either a 100x/1.3 oil immersion (Plan-

Neofluar, Zeiss) or a 63x/1.2 water immersion objective (C-Apochromat, Zeiss). For fluorescent 

cilia studies, cells were transfected with a pCSDest plasmid containing arl13b:EGFP (56) and 

imaged on the above Zeiss microscope with an epi-fluorescence LED lamp (Lumencor) or a Nikon 

spinning disk confocal microscope (Yokogawa W1) with a 488 nm excitation laser. Oscillatory 40 

bending of renal primary cilia was applied at a displacement frequency between 0.5 to 2.0 Hz. 

Cilia were kept in the optical trap and bent for as long as possible, before moving to the next one. 

 

CiliaSPOT: Ciliary Selective Plane Illumination Microscope with Optical Tweezers 

The hybrid instrument (Fig. S3) combined light sheet microscopy and optical tweezers to enable 45 

simultaneous high-speed two-color fluorescence imaging and optomechanical manipulation of 

LRO cilia in zebrafish embryos. For light sheet fluorescence imaging, a 488 nm diode laser (OBIS, 



 

Submitted Manuscript: Confidential 

3 

 

Coherent) and a diode pumped 561 nm laser (06-DPL 561, Hubner-photonics) were used for 

excitation. Both lasers were mounted and combined in a laser combiner (C-Flex, Hubner-

photonics). Next, the combined beam was expanded to a final diameter of 7.5 mm using a 

Keplerian telescope (Thorlabs). Then, a graduated iris diaphragm (Thorlabs) was used to adjust 

the beam diameter depending on the desired light sheet thickness (32, 57). To form two excitation 5 

arms, the beam was split using a 50/50 non-polarizing beam splitter (Thorlabs). In each excitation 

arm, a light sheet was generated by a cylindrical lens (Achromat, Thorlabs). The light sheet was 

then coupled to the illumination objective (10x/0.2 LSM objective, Zeiss) and projected into the 

sample. To reduce stripping effects, a resonant mirror (SC- 30-10x10-20-1000, EOPS) was placed 

at the front focal plane of the cylindrical lens to pivot the sheet around the optical axis (32). The 10 

position of the light sheet in the sample plane was controlled by a kinematic tip/tilt mirror 

(Thorlabs) placed in a conjugate plane with the back focal plane of the illumination objective. 

Embryos were embedded in a 1% low-melting point agarose column (Lonza) in a glass capillary 

(Drummond). The capillary was mounted on a 4D stage made of three orthogonal linear stages (12 

mm travel range, M-111.1DG1, PI) and a rotation stage (DDR25/M, Thorlabs). The sample was 15 

immersed in a custom machined aluminum chamber (total volume ~ 8 ml) filled with E3 media. 

For coarse positioning, the sample was imaged with a USB microscope camera with LED lights 

(Plugable Technologies) mounted opposite to the detection objective. The sample was imaged by 

a water immersion detection objective (60x/1.1 LUMFLN60XW, WD = 1.5 mm, Olympus) 

orthogonal to the light sheet. Images were spectrally separated to GCaMP6s (green) and mApple 20 

(red) channels using a dichroic (T570lpxr, Chroma) and two emission filters (ET 525/50, ET 

630/75, Chroma). The images were projected onto a pair of high sensitivity sCMOS cameras 

(Prime 95B, 95% QE, Photometrics) using a tube lens (f = 180 mm, Olympus). Image acquisition 

was controlled by µManager (58) and Thorlabs software. For optomechanical manipulation of 

cilia, a near infrared 1064 nm laser (YLR-10-1064-LP, IPG) was used to form an optical trap. The 25 

laser had a minimal operational intensity of 1 W and was adjusted to lower levels using an intensity 

control unit made of a rotatable half wave plate (CVI laser optics), a polarizing beam splitter and 

a beam dump (Thorlabs) (59). Next, the trapping laser was split using a second polarizing beam 

splitter (Thorlabs) to create dual independent traps. For each trap, the lateral position at the sample 

plane was controlled with a two-axis piezo tilt mirror (Nano-MTA2X10, MadCity Labs) placed in 30 

a conjugate plane with the back focal plane of the objective (59, 60). Axial position of the trap was 

adjusted by a telescope with a moving lens (Thorlabs) (59, 60). For this work, only one of the traps 

was used. The trapping beam diameter was adjusted by a telescope (Thorlabs) to a final diameter 

of 6.3 mm to achieve a filling ratio of ~1 (filling ratio = trap beam diameter / imaging objective 

diameter) (61). The trapping laser was coupled to the detection objective using a dichroic mirror 35 

(ZT1064rdc, Chroma). The detection objective focused the trapping laser into a diffraction limited 

spot thus forming the optical trap. Back scattered trapping laser light was filtered out using a short 

pass filter (ET750sp-2p8, Chroma). The optical trap position was dynamically controlled with a 

custom LabView (National Instruments) routine (amplitude, frequency and angle of bending). All 

other optics and optomechanics used including lenses, mirrors, holders, rails and cage systems 40 

were purchased from Thorlabs unless mentioned otherwise. The entire instrument was built on a 

vibration isolation optical table (TMC). Throughout this study, we used 100 mW trap power at the 

sample plane as it was sufficient to trap LRO cilia. Note that our approach is well beneath the 

trapping power used in the literature for zebrafish optical tweezer studies, which reported up to 

600 mW of trapping power without any negative reported side effects (62-64). In Fig. 1A, the 45 

excitation laser (blue line) is shaped into a light sheet by the cylindrical lens (CL) then is projected 

onto the sample by the illumination objective (IO). A resonant mirror (RM) pivots the light sheet 

around the optical axis (z direction) to reduce striping artifacts. The fluorescence signal (orange 
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line) is collected by the detection objective (DO) and projected onto two cameras (CAM) using a 

tube lens (TL) and a dichroic mirror (DM). Optical trapping laser (OT, red line) is coupled to the 

objective by a second dichroic mirror then is focused into the sample plane. A programmable piezo 

mirror (PM) controls the lateral position of the trap in the sample plane. The sample is mounted in 

a glass capillary (C) that can be positioned in 4D (x,y,z and rotation). 5 

 

Estimation of bending forces on LRO cilia by CiliaSPOT 

A shape analysis approach was used to estimate the forces exerted by the CiliaSPOT optical 

tweezers to bend LRO cilia. The cilium was approximated by an elastic micro-rod with a fixed end 

in a low Reynolds number environment (i.e., inertia is negligible) (65). Exerting a force on the free 10 

end of the cilium perpendicular to the long axis will cause the cilium to bend (Fig. S5). The exerted 

force can then be calculated as previously described (65):  

 

𝐹 = 3𝐸𝐼 
𝑑

𝐿3
 

 15 

Where F is the optical bending force, EI is the flexural rigidity of the cilium, d is the deflection 

distance, and L is the length of the cilium. Both L and d are measured from the acquired images. 

Randomly selected immotile LRO cilia from c21orf59 knockdown embryos at 1-4 ss were 

analyzed. The length, bending amplitude, and bending angle for each cilium were measured from 

30 images representing ~4 bending cycles. The flexural rigidity was set to 36x10-24 N.m2, 20 

measured as previously described (34). The calculated bending force was 0.6 ± 0.4 pN (mean ± 

S.D., n = 73 immotile LRO cilia from 25 c21orf59 knockdown embryos), in line with previous 

results (34, 35).  

 

Estimation of in vivo fluid flow forces on LRO cilia 25 

To estimate the in vivo forces exerted by fluid flow to bend LRO cilia, we used the same equation 

above with d as the average cilium tip displacement (0.7 µm, measured from fast DIC imaging of 

LRO cilia from wildtype embryos, Fig. S2 and Movie S3), and L as the length of the cilium (7.3 

µm, measured average LRO cilia length from c21orf59 knockdown embryos). The calculated in 

vivo flow force was 0.1 pN, which was within the same order of magnitude as the estimated 30 

CiliaSPOT bending force of 0.6 pN described above. Thus, the applied trap forces were in line 

with the in vivo flow forces that a cilium is exposed to in the LRO. 

 

CiliaNet: Ciliary Neural Network image-analysis platform 

CiliaNet is based on the neural network architecture previously described for automated cardiac 35 

functional analysis in zebrafish embryos (66). The network was trained to detect LRO cilia from 

background for each channel of the raw CiliaSPOT datasets. Training datasets were generated 

from 30 cilia and created via manual segmentation of each cilium in a total of 21,571 images using 

Fiji (67). Image brightness was not normalized prior to training. CiliaNet uses the underlying 

architecture of SegNet (66), with an encoder depth of 4 and an input image matrix of 50x50 pixels 40 

to reduce the time required for training. Using the SegNet architecture, images of moving LRO 

cilia were deconstructed by the encoder to extract local features at varying resolutions, which were 

then upsampled by the decoder to map each feature weight back to their correct positions relative 

to the input image. The final decoder layer data was then fed to a multi-class Softmax classifier, 

which assigns each pixel to their respective label of cilium (white mask) or background (black). 45 

Validation of CiliaNet image segmentation accuracy is described in Fig. S6. CiliaNet was designed 
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to process raw datasets of 1200x1200 pixel resolution composed of two channels (GCaMP6s and 

mApple) and to apply the same segmentation on top of both channels, allowing our ratiometric 

approach. For each recording, a region of interest, defined by a square box of varying size which 

depends on the cilium of interest, is apposed on top of the optically bent cilium and segmentation 

is performed only on this region. For each analyzed cilium, CiliaNet outputs are the following: the 5 

segmented annotation of the moving cilium (mask), the extracted mean pixel value of the regions 

of interest annotated by CiliaNet for GCaMP6s signal, and the extracted mean pixel value of the 

same regions for the mApple signal. 

 

Zebrafish microinjection of calcium indicators and morpholinos 10 

All transcripts and morpholinos (MO) were microinjected at the one-cell stage using standard 

protocols (51). Procedures for injection of cilia-targeted genetically encoded calcium indicators 

and morpholinos were followed as previously described (20, 68, 69). In brief, arl13b:GCaMP6s 

and arl13b:mApple in vitro transcribed mRNA were co-injected with sterile water at a dose of 130 

pg each. The previously published c21orf59 MO (37) was injected at a dose of 16 ng (the dose that 15 

we previously identified as the minimum one to obtain a strong penetrant phenotype with minimal 

toxicity), and pkd2 (53) at a dose of 5 ng. The Control MO (CMO) used was a standard control 

oligo, which also served as a control for developmental delay. All morpholinos were obtained from 

Gene Tools, LLC. Morphants refer to embryos injected with MOs. For analysis of mesendodermal 

activity in response to LRO cilia optomechanical stimulation, in addition to the arl13b:GCaMP6s 20 

and arl13b:mApple reporters, WT embryos were co-injected with HA:GCaMP6s at a dose of 25 

pg. 

 

In vivo imaging of ciliary calcium-responses to optical bending in the zebrafish LRO 

Imaging of intraciliary calcium dynamics in response to optical bending was performed using 25 

CiliaSPOT. Embryos were mounted in a capillary filled with 1% low-melting agarose (Lonza) and 

imaged in our custom chamber filled with E3 filtered media. Simultaneous two-channel 

(GCaMP6s and mApple) recordings were captured at an acquisition rate of 7 Hz at 1200x1200 

pixel resolution with no binning and an exposure time of 130 ms. For each embryo, a 900 frame-

time window was first recorded to determine the sample’s activity at rest (OFF). Next, recordings 30 

of 3000 frames each were acquired while LRO cilia were optically bent. Optical bending of LRO 

cilia was performed with a 1 Hz oscillatory displacement frequency in order to mimic in vivo LRO 

cilia behavior (Fig. S2D to F). 

 

Analysis of intraciliary and cytosolic calcium responses in the zebrafish LRO 35 

For analysis of ciliary calcium response to bending, after acquisition, datasets were first cropped 

to a 350x350 pixel resolution to isolate the LRO. Movies were next registered using the Fiji plugin 

NanoJ (70) to re-align GCaMP6s and mApple signals for optimal ratiometric analysis (Fig. S4). 

Data were then background subtracted. Movies were subsequently analyzed using CiliaNet to 

generate an intensity over time plot for all bent cilia for both GCaMP6s and mApple signals. For 40 

each imaged LRO, we tweezed as many cilia as technically possible. Cilia were randomly selected 

for tweezing. However, as ciliary tweezing in vivo in the LRO is an immense technical challenge, 

we were not always successful in manipulating every LRO cilium due to various limitations 

(orientation, focal plane, tissue depth, signal-to-noise, etc). We kept in our dataset only the 

embryos for which we were able to tweeze and analyze the responses for at least 4 cilia. Responses 45 

were estimated based on the ratiometric trace of the analyzed cilium. For analysis of cytosolic 

calcium activity in response to optical bending of LRO cilia, 1200x1200 pixel resolution movies 

were analyzed. Regions of interest surrounding responding cells were manually defined and their 
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fluorescence over time was extracted in Fiji. ∆F/F and ∆R/R for both ciliary and cytosolic calcium 

responses were then calculated using MATLAB (Mathworks) as previously described (71). In 

brief, they were calculated as ∆F/F= (F[t]-F0) or ∆R/R= (R[t]-R0), with F0 and R0 being the 

average fluorescence of the cilium prior to start of the bending. The total number of cilia per 

embryo, and number of cilia per LRO quadrant analyzed in our study are summarized in Table S1 5 

and Table S2.  

 

Analysis of CiliaSPOT optical tweezers laser power on calcium activity in the zebrafish LRO  

To test the potential effect of our CiliaSPOT trap laser power (100 mW of in plane laser power) 

on aberrant calcium activity, c21orf59 embryos expressing (arl13b:GCaMP6s/mApple) at 1-4 ss 10 

were exposed to a stationary optical trap centered in the LRO. Embryos were embedded in 1% 

agarose then imaged before and after application of the stationary optical trap using CiliaSPOT. 

For each condition, the embryos were imaged between 3.5 to 5.0 min and the frequencies of 

cytosolic calcium transients were manually measured. Note that 100 mW in plane trapping power 

had no significant impact on calcium activity (p = 0.25, paired t-test, n = 11 embryos, Fig. S9). 15 

Further, prior studies have demonstrated that the heat-induced by 100 mW of in plane trapping 

power is negligible and safe for biophysical studies (72). 

 

Optical thermometer temperature calibration 

We utilized the temperature sensitive fluorescent dye, Rhodamine B, as an optical thermometer. 20 

Rhodamine B (Sigma) was dissolved in ultrapure water (18.2 MΩ.cm resistivity, Milli-Q, 

Millipore) to a final concentration of 100 µM. 4 mL of the Rhodamine B solution was added to a 

35 mm glass bottom dish (D35-20-1.5H, Cellvis) in a temperature-controlled microscope stage 

(UNO stage incubator, OKOlab) fitted onto an inverted Zeiss Axiovert 200M microscope. Dishes 

were incubated for 10 minutes to thermally equilibrate and were covered to reduce evaporation. 25 

The stage temperature was then increased to 32°C after which it was allowed to passively cool 

down to room temperature, while Rhodamine B temperature was concurrently measured using a 

thermocouple sensor. Widefield epi-fluorescence images of Rhodamine B solution were acquired 

every 2.5 minutes during heating and cooling cycles using a 20x/0.8 objective (Plan Apo, Zeiss), 

a Rhodamine filter set (filter set 20, Zeiss), a pE-300ultra epi-fluorescent LED light source 30 

(CoolLED), and an sCMOS camera (Prime BSI, Photometrics). Rhodamine B fluorescence signal 

was measured as a function of temperature and showed a linear dependence with a sensitivity of –

0.0200 ± 0.0005 (mean ± S.D., n = 6 replicates, Fig. S10A). 

 

Optical thermometer measurements of temperature changes in CiliaSPOT  35 

Optical thermometer probe was prepared by dissolving 100 µM Rhodamine B in 1% low melt 

agarose and MQ water. The probe was submerged into the imaging chamber of CiliaSPOT 8 mL 

of 100 µM Rhodamine B solution (described as above). The probe was imaged for 30 seconds at 

10 frames/second. At t = 10 seconds the optical tweezers were allowed to irradiate the sample for 

10 seconds. This led to a change in Rhodamine B signal which was converted to temperature 40 

change based on the Rhodamine B temperature calibration described above. This experiment was 

repeated three times at different laser powers (Fig. S10B). The temperature increased linearly with 

the trap laser power at a rate of 9.7 ± 0.5°C/W, in line with prior reports (72, 73).  

 

Physical thermometer measurements of temperature changes in CiliaSPOT 45 

We inserted the needle probe of a self-calibrated thermometer with a digital readout near the 

trapping plane inside the specimen chamber of CiliaSPOT filled with MQ water. The measurement 

was repeated three times and each recording lasted for a 6-minute total duration, which 
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corresponds to the duration of our CiliaSPOT LRO cilia deflection recordings. We found the heat 

elevation by our 100 mW optical tweezers laser to be at 0.1ºC, which was within the margin of 

error of the thermometer used (± 0.1º C). 

 

Brightfield microscopy, DIC microscopy, and optical trapping of zebrafish LRO cilia   5 

For brightfield or DIC videomicroscopy studies of zebrafish LRO cilia, embryos were imaged on 

one of two microscopes. The first was an optical trap built as an add-on module to an upright 

commercial confocal microscope (Zeiss LSM 780). Infrared laser light (laser: JDSU S27-7602-

340, 980 nm, 300 mW maximum; controller: Thorlabs CLD1015) was directed into the microscope 

through the top camera mount. The laser beam was adjusted to have diameter of ~ 4.1 mm, passed 10 

through a 200-mm lens (Thorlabs AC254-200-B) to come into focused at the nominal image plane 

of the camera port, and went on to pass through the built-in tube lens of the microscope and the 

microscope objective (40X/1.1 Apochromat, water immersion, Zeiss), to form an optical trap of 

diameter ~ 1.3 microns at the sample. A short-pass dichroic beamsplitter (Semrock FF749-SDi01-

25x36x3.0) was used to reflect the laser beam into the camera port, thus allowing the visible light 15 

collected by the objective to be routed onto an imaging camera (Zeiss AxioCam MRm). The optical 

trap was operated simultaneously with the wide-field mode of the microscope, in either bright-

field or fluorescence, and observed with the camera. The second was an inverted Zeiss Axiovert 

200M microscope equipped with an add-on home-built optical tweezer unit consisting of a 1064nm 

laser (YLR-10-1064-LP, IPG) and a piezo mirror (TT2.10, Piezoconcept) coupled to the epi-port 20 

of the microscope. Trapping was done with a 63x/1.2 water immersion objective (C-Apochromat, 

Zeiss), a motorized XY stage (AMS2000, ASI), a sCMOS scientific camera (Prime BSI, 

Photometrics). The setup was controlled by a combination of µManager (58) and LabVIEW 

software (National Instruments). 

 25 

dand5 in situ hybridization   

Whole mount in situ hybridization was performed as previously described (20). Briefly, zebrafish 

embryos were fixed in 4 % paraformaldehyde (in PBS- Tween 0.1 %) overnight at 4°C. The dand5 

probe (gifted from H. Hashimoto, Nagoya University; also referred to as charon) was digoxigenin-

UTP-labeled and synthesized in vitro (47). The hybridized probe was localized using an alkaline 30 

phosphatase-coupled anti-digoxigenin antibody (Roche). BM Purple AP substrate (Roche) was 

used as the chromogenic substrate to produce purple/blue precipitates. Stained embryos were 

mounted in 1 % low-melting point agarose (Lonza) and images were taken on an upright Leica 

DM6B microscope with a color camera. 

 35 

Functional analysis of ciliary mechanosensation in c21orf59 and pkd2 knockdown embryos 

Embryos were dechorionated using 5 mg/mL pronase (Roche) for 5 minutes and then thoroughly 

washed 5 times with E3 embryo medium. Embryos were submerged in 1 % low melting point 

agarose (Lonza) and mounted into a coverglass-bottom petri dish (Mattek or Cellvis) covered by 

a cover glass with the tailbud mounted towards the imaging objective. Immotile LRO cilia in 40 

c21orf59 and pkd2 morphant embryos were visualized by brightfield or DIC illumination starting 

at the 1-somite stage until the 4-somite stage (~1 hour at 28.5°C), which is the critical window for 

asymmetric intraciliary calcium signaling in the zebrafish LRO (20). Each cilium was maintained 

in the optical trap and bent in an oscillatory fashion at 1 Hz (to mimic in vivo LRO cilia dynamics, 

Fig. S2) for a total of 1 hour in duration. For each embryo, a single LRO cilium was selected and 45 

optically bent based on the following criteria: (1) placement on the middle of the dorsal-ventral 

plane, (2) clear localization to either the left or right side of the LRO, and (3) complete lack of 

ciliary motility throughout the experiment. For each cilium tweezed, DIC videomicroscopy 
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recordings were acquired to document the position and deflection. After cilia trapping, embryos 

were excised from the agarose, raised normally in E3 embryo medium at 28.5°C and either fixed 

at 8-10 ss for dand5 expression scoring (when asymmetric expression of dand5 is robust (46)), or 

scored at 1 dpf for cardiac laterality (as illustrated in Fig. S11 and Movie S11).  

 5 

In vivo cilia dynamics analysis in the LRO of wildtype zebrafish 

Images of the zebrafish LRO cilia were acquired using a customized inverted Zeiss Axiovert 200M 

microscope equipped with a 63x 1.2 NA water immersion objective (Zeiss, Plan C-Apochromat), 

DIC illumination and an sCMOS camera (Prime BSI, Photometrics). Wildtype embryos were 

imaged between bud and 2-somite stages. Recordings were performed at ~40 Hz for ~12.5 10 

seconds. Analysis of the ciliary displacement angle, and displacement frequency were done using 

Fiji (67). For the displacement frequency analysis, the reported value is the mean out of 4 

measurements done every 3.125s. 

 

Zebrafish cardiac laterality analysis 15 

Heart jogging was scored at ~30-32 ss (24-26 hpf) by examining heart jogging position across the 

left-right axis under a standard dissection microscope (Leica) (Fig. S11 and Movie S11) with 

brightfield illumination as previously described (20).  

 

Statistics 20 

Criteria for statistical significance was defined as p < 0.05. Data with a p > 0.05 was denoted as 

not significant (ns). Statistical significance is defined as: * p < 0.05, ** p < 0.01, *** p < 0.001, 

and **** p < 0.0001. All statistical tests used to compare datasets are defined in figure legends. 

All graphs were prepared, and statistical analyses performed using Prism8 (GraphPad), Origin 

(OriginLab) and Excel (Microsoft), except for ∆F/F and ∆R/R traces that were generated using 25 

MATLAB (Mathworks).  
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Fig. S1. Optical tweezers enable controlled mechanical manipulation of cilia. (A-F) Optical 

tweezing of pig renal cilia with differential interference contrast (DIC) and fluorescent imaging. 

(A) A single primary cilium from a wildtype LLC-PK1 pig renal cell is visualized by DIC, trapped 5 

with optical tweezers and oscillated back and forth by steering the trapping laser with a computer-



 

Submitted Manuscript: Confidential 

10 

 

controlled piezoelectric-actuated mirror. Scale: 5 µm. (B) Illustration of oscillatory motion applied 

in (A). (C) Representative kymograph of the cilium displayed in (A), before (OFF) and during 

trapping by the optical tweezers (ON, starting at orange arrow). Scales: vertical: 2 µm; horizontal: 

1 s. (D) A single pig renal primary cilium expressing the fluorescence ciliary marker arl13b:EGFP 

is tweezed and oscillated. Scale: 2 µm. (E) Illustration of oscillatory motion applied in (D). (F) 5 

Representative kymograph of the cilium optically bent in (D) showing its oscillatory motion in 

response to the different frequencies induced by the optical tweezers (starting at orange arrow, 

ON, white arrow). Note that the time points highlighted in magenta and in cyan in (D) are 

associated to the regions of the kymograph highlighted in magenta and cyan respectively. Scales: 

vertical: 2 µm; horizontal: 2 s. Orange circles indicate where the optical tweezers are targeted. 10 

STD represents the standard deviation Z-projection of the montage. 
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Fig. S2. In vivo imaging of LRO cilia dynamics reveal that left-sided cilia are subject to a 

higher angle displacement. (A) Representative DIC image of the left-right organizer (LRO) of a 

WT embryo at 1-somite stage. White arrows indicate immotile cilia with kymographs highlighted 5 

in A’ and A’’. Scale: 5 µm. (A’) Representative kymograph of a left-sided immotile LRO cilium. 

(A’’) Representative kymograph of a right-sided immotile LRO cilium. Scale: vertical: 1 µm, 

horizontal: 0.5 s. (B) Quantification of the mean angle displacement of LRO cilia on the left side 

(67 cilia from 9 embryos) of the LRO versus the right side (47 cilia from 9 embryos). Mean angle 

displacement on the left side = 23.83° ± 1.47. Mean angle displacement on the right side = 19.45° 10 

± 1.29. Unpaired two-tailed t-test, * p < 0.05 (p = 0.0361); Mean ± SEM. (C) Spatial mapping of 

the mean angle displacement of LRO cilia. The rose diagram represents the mean angle 

displacement of cilia in each depicted region of the LRO. (D) Quantification of the mean 

displacement frequency (freq.) of all LRO cilia analyzed (89 cilia from 9 embryos). Mean 

displacement frequency of all LRO cilia = 1.32 Hz ± 0.11; Mean ± SEM. (E) Quantification of the 15 

mean displacement frequency of LRO cilia on the left side (56 cilia from 9 embryos) of the LRO 

versus the right side (33 cilia from 9 embryos). Mean displacement frequency on the left side = 

1.27 Hz ± 0.14. Mean displacement frequency on the right side = 1.39 Hz ± 0.2096. Two-sample 

t-test, p = 0.6340; Mean ± SEM. (F) Summary of the quantification of in vivo ciliary dynamics in 

the LRO. Numbers are the mean ± SEM for the displacement frequency (orange), and the 75% 20 

percentiles for each LRO side (blue). A, anterior; P, posterior; L, left; R, right. 
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Fig. S3. CiliaSPOT instrument schematic. Light sheet: 488: 488 nm excitation laser, 561: 561 

nm excitation laser, C-flex: laser combiner, f1= 19 mm lens, f2= 200 mm lens, I: graduated iris, 

BS: 50/50 beam splitter, RM: resonant mirror, CL: 50 mm cylindrical lens, f3-4: 75 mm lens, IO1-5 

2: 10x illumination objective, S: sample, DO: 60x detection objective, CF: clean up filter, TL: tube 

lens, EMG-R: emission filters, CAM1-2: sCMOS cameras. All lenses used are achromats. Numbers 

are the lenses focal lengths. * denotes optical conjugate planes. Optical tweezers: 1064:  1064 nm 

infrared trapping laser, fO1-2: 40 mm lens, λ/2: half wave plate, PBS: polarizing beam splitter, BD: 

beam dump, PM: piezo mirror, S: shutter, fO3: 150 mm lens, fO4: 200 mm lens, M: mirror, DM: 10 

dichroic mirror. All lenses and mirrors are 1064 nm optimized. Numbers are the lenses focal 

lengths. # denotes optical conjugate planes. 
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Fig. S4. Tunable bending of LRO cilia by CiliaSPOT and registration for ratiometric 

intensity analysis. (A, B) Representative kymographs of a single LRO cilium from a c21orf59 

knockdown embryo expressing (arl13b:GCaMP6s/mApple) being bent by the optical tweezers 5 

(starting at orange arrow, ON, white arrow) between 1-4 ss. Note here that in (B), the two signals 

GCaMP6s and mApple are aligned after registration (see Materials and Methods). Scales: vertical: 

2 µm; horizontal: 2 s. 
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Fig. S5. Measurement of bending force applied to LRO cilia by CiliaSPOT. (A) An optical 

force FOT applied on the tip of a cilium of length L leading to the bend displacement d (half of the 

peak-to-peak oscillation p-p) can be calculated if the flexural rigidity EI of the cilium is known. 5 

(B) Raw and automatically segmented montages of a immotile LRO cilium from c21orf59 

knockdown embryos labeled by (arl13b:GCaMP6s/mApple) during one bending cycle with 

CiliaSPOT between 1-4 ss. Cilium length, bending amplitude and angle can be measured from 

sum images. (C) The average bending force was 0.6 ± 0.4 pN (mean ± S.D., n = 73 immotile LRO 

cilia from 25 c21orf59 knockdown embryos).  10 
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Fig. S6. Training and validation of CiliaNet neural network.  (A) Representative images of the 

segmentation generated manually, with CiliaNet version 1 (v1, trained with 1000 manually 

segmented images), and CiliaNet version 2 (v2, trained with a total of 21571 manually segmented 5 

images). (B) CiliaNet training and validation accuracy. (C) CiliaNet training and validation loss. 

Each epoch represents 1632 iterations. (D) Correlation plot with linear fit of the mean pixel 

intensity of annotated region between manual and CiliaNet segmentation. **** p < 0.0001, 

Pearson’s linear correlation test. R is the linear correlation coefficient. (E) Representative 

intraciliary calcium intensity (∆F/F) over time plot of a single cilium generated from manual (grey 10 

trace) and from CiliaNet segmentation (magenta trace) Scales: vertical: 20% ∆F/F; horizontal: 2 

s. (F) Representative image of the CiliaNet graphical user interface. 
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Fig. S7. Features of the LRO ciliary calcium response. (A) Representative GCaMP6s 

intraciliary intensity over time plot of a single immotile LRO cilium from a c21orf59 knockdown 

embryo expressing (arl13b:GCaMP6s/mApple) between 1-4 ss responding to optical bending 5 

annotated with quantified features displayed in (B-D). Optical tweezing starts at orange arrow and 

white arrow (“ON”). Scales: vertical: 50% ∆F/F; horizontal: 2.5 s. (B-D) Ciliary responses to 

optical bending are characterized by an amplitude of 69.99 ± 7.09 ∆F/F (B), their response lasts 

on average 15.54 ± 2.36 s (C), and these responses start after the cilium has been bent in an 

oscillatory manner 34.18 ± 3.45 times (D). Mean ± S.E.M. 10 
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Fig. S8. Optical bending of LRO cilia triggers cytosolic calcium waves in the mesendoderm. 

(A) Representative montage of a cytosolic calcium wave (numbers indicate cells responding by an 

elevation of calcium) following the optical bending of a single immotile LRO cilium (orange 5 

arrow) in a c21orf59 knockdown embryo expressing (arl13b:GCaMP6s/mApple) between 1-4 ss. 

Numbers indicate time points after start of the bend. LRO is outlined with dashed circle. Scale: 20 

µm. (B) Ratiometric intensity over time plots of the cytosolic calcium activity in cells highlighted 

in (A). Each colored trace corresponds to the numbered cells in (A). Scales: vertical: 50% ∆R/R; 

horizontal: 7 s. A, anterior; P, posterior; L, left; R, right. 10 
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Fig. S9. CiliaSPOT does not induce aberrant calcium activity in the zebrafish LRO. (A) Mean 

frequency of cytosolic activity (number of calcium transients per minute) at rest before (Trap OFF) 

and after (Trap ON, 100 mW) applying static optical trap to the center of the LRO in c21orf59 5 

knockdown embryos expressing (arl13b:GCaMP6s/mApple) between 1-4 ss. At sample plane, no 

significant change was observed (p = 0.25, paired t-test, n = 11 embryos). ns: p ≥ 0.05. (B) 

Representative fluorescent images of calcium activity in the LRO (dashed circle) when the optical 

trap is OFF and ON (100 mW). GCaMP6s signal is shown and false-colored with an intensometric 

scale. Notochord is outlined in solid white line. A, anterior; P, posterior; L, left; R, right. Scale: 20 10 

µm. 
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Fig. S10. Optical thermometer measurements of temperature changes in CiliaSPOT. (A) 

Representative Rhodamine B temperature sensitivity calibration curve. After reaching 32°C, 

Rhodamine B solution was allowed to cool down while fluorescent images were acquired at 2.5-5 

minute intervals and their signals were normalized (solid circles) by the maximum signal (prior to 

heating). From the linear fit (solid line), Rhodamine B sensitivity factor was measured to be -

0.02/°C. (B) Optical trap (OT) intensity (at the focal plane) in a 100 µM Rhodamine B sample was 

incrementally increased stepwise and the corresponding temperature changes were measured 

based on Rhodamine B temperature calibration. The temperature increased linearly with trap 10 

intensity at a rate of 9.7°C/W (n = 3 replicates). Orange line represents the 100 mW optical 

tweezers laser power used in all CiliaSPOT experiments. Dashed line represents y-intercept at 

0.2°C, which is factored into our temperature reporting. Error bars are smaller than the symbol 

size.  

  15 
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Fig. S11. LRO ciliary mechanical stimulation is not sufficient to restore proper cardiac 

laterality in pkd2 knockdown embryos. Representative images showing the heart jogging 5 

position (black arrowhead) in 1 dpf zebrafish embryos. Embryos are seen from the ventral side, 

showing normal left (blue) and abnormal middle (magenta) and right-sided (green) heart tubes. 

The graph represents percentage of uninjected and pkd2 morphants (MOs) displaying normal left-

sided (blue) and abnormal right-sided (green) or middle positioned (magenta) cardiac jogging. For 

uninjected (n = 57) embryos, 96.5% of embryos displayed normal left-sided heart position. For 10 

pkd2 morphants without cilia deflection (n = 91), 38.5% of embryos had normal left-sided heart 

jogging, 20.9% had middle positioned hearts and 40.6% had right-sided hearts, indicating a 

randomized LR defect when compared to uninjected controls (p = 0.0011). In pkd2 morphants 

with a single cilium deflected on the left-side of the LRO (n = 16), 37.5% of embryos had a left-

sided heart, 31.25% showed a middle positioned one, and 31.25% had their heart on the right-side, 15 

showing no statistical difference with the pkd2 embryos that were not optically tweezed (p = 

0.9999). n = total number of embryos analyzed. Statistical comparison was analyzed by one-way 

ANOVA with Tukey’s multiple comparison test; ** p < 0.01, *** p < 0.001 and ns: p ≥ 0.05. 

Scale: 100 µm. 

  20 



 

Submitted Manuscript: Confidential 

21 

 

Condition Embryo ID 
Total number of cilia 

analyzed per embryo 

c21orf59 MO 1 8 

c21orf59 MO 2 8 

c21orf59 MO 3 15 

c21orf59 MO 4 4 

c21orf59 MO 5 7 

c21orf59 MO 6 6 

c21orf59 MO 7 12 

c21orf59 MO 8 8 

c21orf59 MO 9 4 

c21orf59 MO 10 7 

c21orf59 MO 11 4 

c21orf59 MO 12 5 

pkd2 MO 1 9 

pkd2 MO 2 5 

pkd2 MO 3 9 

pkd2 MO 4 4 

pkd2 MO 5 4 

pkd2 MO 6 7 

pkd2 MO 7 8 

pkd2 MO 8 4 

pkd2 MO 9 8 

pkd2 MO 10 8 

pkd2 MO 11 9 

pkd2 MO 12 8 

pkd2 MO 13 6 

pkd2 MO 14 10 

pkd2 MO 15 7 

pkd2 MO 16 8 

pkd2 MO 17 5 

pkd2+/+ sibling 1 5 

pkd2+/+ sibling 2 9 

pkd2+/+ sibling 3 6 

pkd2+/+ sibling 4 12 

pkd2+/- sibling 1 8 

pkd2+/- sibling 2 14 

pkd2+/- sibling 3 8 

pkd2+/- sibling 4 18 

pkd2+/- sibling 5 4 

pkd2+/- sibling 6 17 

pkd2+/- sibling 7 6 

pkd2+/- sibling 8 6 

pkd2+/- sibling 9 10 

pkd2+/- sibling 10 4 
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pkd2-/- mutant 1 8 

pkd2-/- mutant 2 7 

pkd2-/- mutant 3 5 

pkd2-/- mutant 4 13 

pkd2-/- mutant 5 5 

WT for angle displacement 1 23 

WT for angle displacement 2 22 

WT for angle displacement 3 5 

WT for angle displacement 4 14 

WT for angle displacement 5 12 

WT for angle displacement 6 11 

WT for angle displacement 7 16 

WT for angle displacement 8 5 

WT for angle displacement 9 7 

 

Table S1. Summary of the number of cilia analyzed per embryo and experimental condition. 

Detailed breakdown of the number of LRO cilia tweezed or imaged in each condition. MO, 

morphant 

  5 
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Condition 
Quadrant ID 

Total 

AL PL PR AR 

c21orf59 MO 36 12 18 22 88 

pkd2 MO 39 27 26 27 119 

pkd2+/+; +/- sibling 31 28 35 33 127 

pkd2-/- mutant 10 8 7 13 38 

WT for angle displacement 40 27 28 19 115 

 

Table S2. Summary of the number of cilia analyzed per LRO quadrant and experimental 

condition. Detailed breakdown of the number of LRO cilia tweezed or imaged per quadrant.  AL, 

anterior-left; PL, posterior-left; PR, posterior-right; AR, anterior-right; MO, morphant; WT, wild 

type.  5 
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Movie S1. Optical trapping and bending of primary cilia in LLCPK1 epithelial renal cells. A 

primary cilium (~18 µm) was trapped at the tip then bent at a frequency of 1 Hz and amplitude of 

~5 µm (peak to peak). Raw images were background subtracted and 1pixel Gaussian smoothed.  

The bright spot at the tip of the cilium is a trapped debris present in the culture medium. Data 

recorded at 25 Hz, displayed here at 25 frames per second (fps). Scale: 5 µm. 5 

 

Movie S2. Optical trapping and bending of Arl13b:EGFP positive cilia in LLCPK1 epithelial 

renal cells. A cilium was trapped at the tip then bent at different frequencies to demonstrate the 

versatility and full control of our system. Data recorded at 10 Hz, displayed here at 30 fps. Trap 

OFF and ON denote the state of the optical tweezers. Scale: 10 µm. 10 

 

Movie S3. In vivo ciliary dynamics in the zebrafish LRO at the 1-somite stage. Representative 

movie of in vivo cilia dynamics in a wild-type LRO at the 1 somite stage via high-resolution DIC 

microscopy. White boxes (A’ and A”) highlight the two immotile LRO cilia magnified in the upper 

part of the movie, and the two cilia displayed in Fig. S2. A, anterior; P, posterior; L, left; R, right. 15 

Scales: 10 µm; inset (A’’): 2 µm. Data recorded at 40 Hz, displayed here at 40 fps. 

 

Movie S4. Optical bending of cilia in the zebrafish LRO. Representative movie of a GCaMP6s 

positive immotile LRO cilium from a c21orf59 knockdown embryo expressing 

(arl13b:GCaMP6s/mApple) at the 1-4 somite stage being trapped and bent at a frequency of 1 Hz. 20 

Data recorded at 7 Hz, displayed here at 15 fps. Scale: 2 µm. OFF and ON denote the state of the 

optical tweezers. Time indicates the oscillatory bending induced by the optical tweezers.  

 

Movie S5. Tracking and segmentation of optically bent LRO cilia by CiliaNet. Representative 

movies of the segmentation generated manually, with CiliaNet version 1, and CiliaNet version 2 25 

compared to the movie of the optically bent cilium (raw). Data recorded at 7 Hz, displayed here at 

15 fps. Scale: 2 µm.  

 

Movie S6. LRO ciliary calcium transient in response to oscillatory optical bending. 

Representative movie of a intraciliary calcium transient observed in a immotile LRO cilium from 30 

a c21orf59 knockdown embryo expressing (arl13b:GCaMP6s/mApple) at the 1-4 somite stage 

after oscillatory optical bending generated at 1 Hz. Ratiometric signal is displayed here. Data 

recorded at 7 Hz, displayed here at 15 fps. Scale: 2 µm. Time indicates the oscillatory bending 

induced by the optical tweezers.  

 35 

Movie S7. Intraciliary calcium oscillations in response to oscillatory optical bending in LRO. 

Representative movie of intraciliary calcium oscillations observed in a immotile LRO cilium from 

a c21orf59 knockdown embryo expressing (arl13b:GCaMP6s/mApple) at the 1-4 somite stage 

after oscillatory optical bending generated at 1 Hz. Ratiometric signal is displayed here. Data 

recorded at 7 Hz, displayed here at 15 fps. Scale: 2 µm. Time indicates the oscillatory bending 40 

induced by the optical tweezers.  

 

Movie S8. Mesendodermal cytosolic calcium responses after LRO cilia optical bending. 

Representative movie of cytosolic calcium activity in the cells of the mesendoderm after optical 

bending of a immotile LRO cilium from a c21orf59 knockdown embryo expressing 45 

(arl13b:GCaMP6s;arl13b:mApple;HA:GCaMP6s) at the 1-4 somite stage. GCaMP6s (green) and 

mApple (red) signals are displayed here. Data recorded at 7 Hz, displayed here at 100 fps. Scale: 
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10 µm. White arrow indicates the LRO cilium optically bent by CiliaSPOT in an oscillatory 

motion. OFF and ON indicate when the oscillatory bending was induced by the optical tweezers.  

 

Movie S9. CiliaSPOT does not induce aberrant calcium activity in the zebrafish LRO. 

Representative movie of calcium activity when static optical trap is applied at 100 mW to the LRO 5 

a c21orf59 knockdown embryo expressing (arl13b:GCaMP6s/mApple) at the 1-4 somite stage. 

The movie shows the calcium activity before (Trap OFF) and after a stationary optical trap is 

applied at the center of the LRO (Trap ON). Data recorded at 7 Hz and averaged to 1 Hz, displayed 

here at 60 fps. GCaMP6s signal is shown and false-colored with an intensometric scale. 
 10 

Movie S10. Absence of intraciliary calcium transients in optically deflected LRO cilia in pkd2 

knockdown embryos. Representative movie of the absence of intraciliary calcium transients in a 

immotile LRO cilium from a pkd2 knockdown embryo expressing (arl13b:GCaMP6s/mApple) at 

the 1-4 somite stage while being optically tweezed. Data recorded at 7 Hz, displayed here at 15 

fps. Scale: 2 µm. Time indicates the oscillatory bending induced by the optical tweezers.  15 

 

Movie S11. Analysis of cardiac laterality in zebrafish embryos. Representative movies showing 

the heart position (cardiac jogging) in zebrafish embryos at 1 day post fertilization. Embryos are 

seen from the ventral side, with normal (left) and abnormal middle and right heart loops. Movies 

recorded and played in real time. Scale: 10 µm.  20 
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