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Our web collection on statistics for biologists contains articles on many of the points above.
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Policy information about availability of computer code
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Policy information about availability of data
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- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability
- For clinical datasets or third party data, please ensure that the statement adheres to our policy 
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Reporting for specific materials, systems and methods
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Animals and other research organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in Research
Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.
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Hazards
Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented in the manuscript, pose a threat to:
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Yes
For examples of agents subject to oversight, see the United States Government Policy for Institutional Oversight of Life Sciences Dual Use Research of Concern.
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	CurrentPageNumber: 
	Double-blind peer review submissions: write DBPR and your manuscript number here instead of author names.: Khanh Huy Bui
	YYYY-MM-DD: 2023-03-22
	na: 
	y: 
	Provide a description of all commercial, open source and custom code used to collect the data in this study, specifying the version used OR state that no software was used.: SerialEM 4.0 (David N. Mastronarde, https://bio3d.colorado.edu/SerialEM/)
	Provide a description of all commercial, open source and custom code used to analyse the data in this study, specifying the version used OR state that no software was used.: MotionCor2 V_1.4.0 (Zheng, S., Palovcak, E., Armache, JP. et al. MotionCor2: anisotropic correction of beam-induced motion for improved cryo-electron microscopy. Nat Methods 14, 331–332 .2017. https://doi.org/10.1038/nmeth.4193)Relion V_3.0 and V_3.1.2 (Jasenko Zivanov Takanori Nakane Björn O Forsberg Dari Kimanius Wim JH Hagen Erik Lindahl Sjors HW Scheres. 2018. New tools for automated high-resolution cryo-EM structure determination in RELION-3 eLife 7:e42166.)Relion V_4.0 (Zivanov, J., Oton, J., Ke, Z., von Kugelgen, A., Pyle, E., Qu, K., . . . Scheres, S. H. W. (2022). A Bayesian approach to single-particle electron cryo-tomography in RELION-4.0. Elife, 11. doi:10.7554/eLife.83724)Gctf  V_1.06 (Zhang K. 2016. Gctf: Real-time CTF determination and correction. Journal of structural biology, 193;1, 1–12. https://doi.org/10.1016/j.jsb.2015.11.003)e2helixboxer EMAN2 V_2.31 (Tang, G., Peng, L., Baldwin, P. R., Mann, D. S., Jiang, W., Rees, I., & Ludtke, S. J. 2007. EMAN2: an extensible image processing suite for electron microscopy. Journal of structural biology, 157;1, 38–46. https://doi.org/10.1016/j.jsb.2006.05.009)IMOD V_4.11 (Mastronarde, D. N. 2005. Automated electron microscope tomography using robust prediction of specimen movements. J Struct Biol, 152;1, 36-51. doi:10.1016/j.jsb.2005.07.007)Alignframes V_1 (Mastronarde, D. N., & Held, S. R. 2017. Automated tilt series alignment and tomographic reconstruction in IMOD. J Struct Biol, 197;2, 102-113. doi:10.1016/j.jsb.2016.07.011)Topaz V_0.2.4 (Bepler, T., Morin, A., Rapp, M. et al. Positive-unlabeled convolutional neural networks for particle picking in cryo-electron micrographs. Nat Methods 16, 1153–1160. 2019. https://doi.org/10.1038/s41592-019-0575-8)Iterative Helical Real Space Reconstruction V_0 (Egelman E. H. 2007. The iterative helical real space reconstruction method: surmounting the problems posed by real polymers. Journal of structural biology, 157;1, 83–94. https://doi.org/10.1016/j.jsb.2006.05.015)Frealign V_9.11 (Grigorieff N. 2016. Frealign: An Exploratory Tool for Single-Particle Cryo-EM. Methods in enzymology, 579, 191–226. https://doi.org/10.1016/bs.mie.2016.04.013)DeepEmhancer V_0.13 (Sanchez-Garcia, R., Gomez-Blanco, J., Cuervo, A. et al. DeepEMhancer: a deep learning solution for cryo-EM volume post-processing. Commun Biol 4, 874. 2021. https://doi.org/10.1038/s42003-021-02399-1)Modeller V_10.3 (Webb, B., & Sali, A. 2016. Comparative Protein Structure Modeling Using MODELLER. Current protocols in bioinformatics, 54, 5.6.1–5.6.37. https://doi.org/10.1002/cpbi.3)ColabFold V_0 (Mirdita, M., Schütze, K., Moriwaki, Y. et al. ColabFold: making protein folding accessible to all. Nat Methods 19, 679–682. 2022. https://doi.org/10.1038/s41592-022-01488-1)AlphaFold2 V_2.3.0 (Jumper, J., Evans, R., Pritzel, A., Green, T., Figurnov, M., Ronneberger, O., . . . Hassabis, D. (2021). Highly accurate protein structure prediction with AlphaFold. Nature, 596(7873), 583-589. doi:10.1038/s41586-021-03819-2)UCSF ChimeraX V_1.4 (Goddard, T. D., Huang, C. C., Meng, E. C., Pettersen, E. F., Couch, G. S., Morris, J. H., & Ferrin, T. E. 2018. UCSF ChimeraX: Meeting modern challenges in visualization and analysis. Protein science : a publication of the Protein Society, 27;1, 14–25. https://doi.org/10.1002/pro.3235)DeepTracer V_0 (J. Pfab, N. M. Phan, D. Si, “DeepTracer for fast de novo cryo-EM protein structure modeling and special studies on CoV-related complexes”, Proceedings of the National Academy of Sciences PNAS, Jan 2021, 118;2, e2017525118; DOI: 10.1073/pnas.2017525118.)Coot V_0.9.8.3 (Emsley, P., Lohkamp, B., Scott, W. G., & Cowtan, K. 2010. Features and development of Coot. Acta crystallographica. Section D, Biological crystallography, 66;Pt 4, 486–501. https://doi.org/10.1107/S0907444910007493)WARP V_1.0.9 (Tegunov, D., Cramer, P. Real-time cryo-electron microscopy data preprocessing with Warp. Nat Methods 16, 1146–1152. 2019. https://doi.org/10.1038/s41592-019-0580-y)Phenix 1.20.1-4487 (Liebschner, D., Afonine, P. V., Baker, M. L., Bunkoczi, G., Chen, V. B., Croll, T. I., Hintze, B., Hung, L.-W., Jain, S., McCoy, A. J., Moriarty, N. W., Oeffner, R. D., Poon, B. K., Prisant, M. G., Read, R. J., Richardson, J. S., Richardson, D. C., Sammito, M. D., Sobolev, O. V., Stockwell, D. H., Terwilliger, T. C., Urzhumtsev, A. G., Videau, L. L., Williams, C. J. & Adams, P. D. 2019. Acta Cryst. D75, 861-877. https://doi.org/10.1107/S0907444909052925)Pymol V_2.5.2 (Schrodinger, LLC)CafeMol software V_2.1 (https://www.cafemol.org)Scaffold V_4.8.4 (Proteome Software Inc.)ImageJ2 V_2.3.0 (Rasband, W.S., ImageJ, U. S. National Institutes of Health, Bethesda, Maryland, USA, https://imagej.nih.gov/ij/, 1997-2018.)Python V_3.10.10 (Van Rossum, G., & Drake Jr, F. L. (1995). Python reference manual. Centrum voor Wiskunde en Informatica Amsterdam.)Axoneme Align V_0 (Bui, K. H., & Ishikawa, T. (2013). 3D structural analysis of flagella/cilia by cryo-electron tomography. Methods Enzymol, 524, 305-323. doi:10.1016/B978-0-12-397945-2.00017-2)
	Note the sampling procedure. Describe the statistical methods that were used to predetermine sample size OR if no sample-size calculation was performed, describe how sample sizes were chosen and provide a rationale for why these sample sizes are sufficient.: The data generated in this study are available in the following databases:8G2Z [http://doi.org/10.2210/pdb8G2Z/pdb] (48-nm Tetra WT doublet)8G3D [http://doi.org/10.2210/pdb8G3D/pdb] (48-nm Tetra K40R doublet)EMD-29685 [https://www.ebi.ac.uk/emdb/EMD-29685] (48-nm Tetra WT doublet)EMD-29692 [https://www.ebi.ac.uk/emdb/EMD-29692] (48-nm Tetra K40R doublet)EMD-29693 [https://www.ebi.ac.uk/emdb/EMD-29693] (96-nm Tetra combined doublet)EMD-29667 [https://www.ebi.ac.uk/emdb/EMD-29667] (96-nm Tetra WT doublet subtomo)EMD-29666 [https://www.ebi.ac.uk/emdb/EMD-29666] (96-nm Tetra CFAP77A/B-KO doublet subtomo)All data used but not produced in this study are available in the following databases:6U0H [http://doi.org/10.2210/pdb6U0H/pdb] (48-nm Tetra WT doublet)6U42 [http://doi.org/10.2210/pdb6U42/pdb] (48-nm Chlamydomonas WT doublet)7RRO [http://doi.org/10.2210/pdb7RRO/pdb] (48-nm Bovine WT doublet)EMD-20602 [https://www.ebi.ac.uk/emdb/EMD-20602] (48-nm Tetra WT doublet)EMD-20631 [https://www.ebi.ac.uk/emdb/EMD-20631] (48-nm Chlamydomonas WT doublet)EMD-24664 [https://www.ebi.ac.uk/emdb/EMD-24664] (48-nm Bovine WT doublet)The cilia length measurement, swimming speed, waveform and polyglutamylation quantification data, original gel and blot, and mass spectrometry of WT, RIB72B-KO, RIB72A/B-KO cilia generated in this study are provided in the Supplementary Information/Source Data file.
	Note the sampling procedure. Describe the statistical methods that were used to predetermine sample size OR if no sample-size calculation was performed, describe how sample sizes were chosen and provide a rationale for why these sample sizes are sufficient.: There were no statistical methods used to predetermine sample size. For mass spectrometry experiments, we included three or more independent biological replicates prepared under the same conditions. Three biological replicates is the standard sample size for mass spectrometry. For each biological replicate, we used the same strain grown from separate Tetrahymena bean stocks. For each biological replicate, we grew the strains in freshly prepared media to very similar densities for small scale growth, large scale growth, as well as the density at harvest. For each biological replicate, fresh buffers were prepared. For all cryoEM experiments, each map was obtained from data acquisition of tens (cryoET) to thousands (cryoEM) of movies of ciliary sample. For all datasets, the ciliary sample was purified from approximately 10 L of Tetrahymena culture. 
	Describe the covariate-relevant population characteristics of the human research participants (e.g. age, genotypic information, past and current diagnosis and treatment categories). If you filled out the behavioural & social sciences study design questions and have nothing to add here, write "See above.": this information has not been collected
	Describe the covariate-relevant population characteristics of the human research participants (e.g. age, genotypic information, past and current diagnosis and treatment categories). If you filled out the behavioural & social sciences study design questions and have nothing to add here, write "See above.": n/a
	Describe how participants were recruited. Outline any potential self-selection bias or other biases that may be present and how these are likely to impact results.: n/a
	Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance was required and explain why not.: n/a
	life: 
	behavioural: 
	eee: 
	If no data were excluded from the analyses, state so OR if data were excluded, describe the exclusions and the rationale behind them, indicating whether exclusion criteria were pre-established.: No data were excluded from analysis.
	Describe the measures taken to verify the reproducibility of the experimental findings. If all attempts at replication were successful, confirm this OR if there are any findings that were not replicated or cannot be reproduced, note this and describe why.: For mass spectrometry experiments, our three biological replicates were in agreement. For our cryoEM experiments, our two half-maps generated from randomly selected data were in agreement. For Molecular Dynamics simulations, we performed 20 times independent simulations for each setup. In all cases, replication was successful.
	Describe how samples/organisms/participants were allocated into groups. If allocation was not random, describe how covariates were controlled. If this is not relevant to your study, explain why.: Randomization was not performed because the cryoEM, MS, and genetics analyses was done according to strain/condition, and also it is not typical for those aforementioned studies.
	Describe the extent of blinding used during data acquisition and analysis. If blinding was not possible, describe why OR explain why blinding was not relevant to your study.: Blinding is not applicable to cryoEM, MS, or genetics analyses as performed in this manuscript. Our data are entirely based on quantitative analysis and are not subjective. Furthermore, there was no blinding in this study because it was not a clinical trial and there were no drugs or animal/human subjects. Our data analyses include equivalent measures to blinding: we ensure all of our findings are representative of randomly selected subsets of the entire dataset.
	Briefly describe the study type including whether data are quantitative, qualitative, or mixed-methods (e.g. qualitative cross-sectional, quantitative experimental, mixed-methods case study). : 
	State the research sample (e.g. Harvard university undergraduates, villagers in rural India) and provide relevant demographic information (e.g. age, sex) and indicate whether the sample is representative. Provide a rationale for the study sample chosen. For studies involving existing datasets, please describe the dataset and source.: 
	Describe the sampling procedure (e.g. random, snowball, stratified, convenience). Describe the statistical methods that were used to predetermine sample size OR if no sample-size calculation was performed, describe how sample sizes were chosen and provide a rationale for why these sample sizes are sufficient. For qualitative data, please indicate whether data saturation was considered, and what criteria were used to decide that no further sampling was needed.: 
	Provide details about the data collection procedure, including the instruments or devices used to record the data (e.g. pen and paper, computer, eye tracker, video or audio equipment) whether anyone was present besides the participant(s) and the researcher, and whether the researcher was blind to experimental condition and/or the study hypothesis during data collection.: 
	Indicate the start and stop dates of data collection, noting the frequency and periodicity of sampling and providing a rationale for these choices. If there is a gap between collection periods, state the dates for each sample cohort. Specify the spatial scale from which the data are taken: 
	State how many participants dropped out/declined participation and the reason(s) given OR provide response rate OR state that no participants dropped out/declined participation.: 
	If participants were not allocated into experimental groups, state so OR describe how participants were allocated to groups, and if allocation was not random, describe how covariates were controlled.: 
	Briefly describe the study. For quantitative data include treatment factors and interactions, design structure (e.g. factorial, nested, hierarchical), nature and number of experimental units and replicates.: 
	Describe the research sample (e.g. a group of tagged Passer domesticus, all Stenocereus thurberi within Organ Pipe Cactus National Monument), and provide a rationale for the sample choice. When relevant, describe the organism taxa, source, sex, age range and any manipulations. State what population the sample is meant to represent when applicable. For studies involving existing datasets, describe the data and its source.: 
	Describe the data collection procedure, including who recorded the data and how.: 2
	Describe the measures taken to verify the reproducibility of experimental findings. For each experiment, note whether any attempts to repeat the experiment failed OR state that all attempts to repeat the experiment were successful.: 
	Describe the study conditions for field work, providing relevant parameters (e.g. temperature, rainfall).: 
	State the location of the sampling or experiment, providing relevant parameters (e.g. latitude and longitude, elevation, water depth).: 
	Describe the efforts you have made to access habitats and to collect and import/export your samples in a responsible manner and in compliance with local, national and international laws, noting any permits that were obtained (give the name of the issuing authority, the date of issue, and any identifying information).: 
	Describe any disturbance caused by the study and how it was minimized.: 
	Describe all antibodies used in the study; as applicable, provide supplier name, catalog number, clone name, and lot number.: HA-Tag (C29F4) Rabbit mAb, catalog number #3724 (Cell Signaling Technology)Goat anti-Mouse IgG, catalog number #A-10680 (Invitrogen)Goat anti-Rabbit IgG, catalog number #A-21428 (Invitrogen)Rabbit polyglyG from Gorovsky lab (Duan, J., & Gorovsky, M. A. 2002)GT335 anti-polyglutamate primary antibody (detect all side chains' length), catalog number #AG-20B-0020 (Adipogen life sciences)polyE anti-polyglutamate primary antibody, no catalog number available from Gorovsky lab (Wolff, A., et al. 1992)12G10 anti-alpha-tubulin was deposited to the DSHB by Frankel, J. / Nelsen, E.M. (DSHB Hybridoma Product 12G10 anti-alpha-tubulin, catalog number #nAB_1157911)
	Describe the validation of each primary antibody for the species and application, noting any validation statements on the manufacturer’s website, relevant citations, antibody profiles in online databases, or data provided in the manuscript.: All commercial antibodies were validated by the supplier. All lab-generated antibodies have been thoroughly tested and are commonly used in Western Blot and immunofluorescence studies.HA-Tag (C29F4) Rabbit mAb (#3724; Cell Signaling Technology) (https://www.cellsignal.com/products/primary-antibodies/ha-tag-c29f4-rabbit-mab/3724)Goat anti-Mouse IgG (#A-10680, Invitrogen) (https://www.thermofisher.com/antibody/product/Goat-anti-Mouse-IgG-IgM-H-L-Secondary-Antibody-Polyclonal/A-10680)Goat anti-Rabbit IgG (#A-21428, Invitrogen) (https://www.thermofisher.com/antibody/product/Goat-anti-Rabbit-IgG-H-L-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A-21428)Rabbit anti-polygly (Alpha Diagnostic International, San Antonio, TX; Duan, J., & Gorovsky, M. A. 2002. doi:10.1016/s0960-9822(02)00651-6). R-polygly was raised commercially against a Cys(Gly)9 peptide coupled to keyhole limpet hemocyanin; it reacts only with alpha- and beta-tubulin and with one other protein of 150 kDa on Western blots of Tetrahymena whole-cell protein (J. Bowen and M.A.G., unpublished data)PolyE anti-polyglutamate primary antibody (Wolff, A., de Néchaud, B., Chillet, D., Mazarguil, H., Desbruyères, E., Audebert, S., Eddé, B., Gros, F., & Denoulet, P. 1992. Distribution of glutamylated alpha and beta-tubulin in mouse tissues using a specific monoclonal antibody, GT335. European journal of cell biology, 59;2, 425–432. PMID: 1493808). GT335, anti-polyglutamate primary antibody (catalog number #AG-20B-0020 (Adipogen life sciences)(https://adipogen.com/ag-20b-0020-anti-polyglutamylation-modification-mab-gt335.html/)12G10 Mouse anti-α-tubulin mAb (Janke, C., Rogowski, K., Wloga, D., Regnard, C., Kajava, A. V., Strub, J. M., Temurak, N., van Dijk, J., Boucher, D., van Dorsselaer, A., Suryavanshi, S., Gaertig, J., & Eddé, B. 2005. Tubulin polyglutamylase enzymes are members of the TTL domain protein family. Science, New York, N.Y., 308;5729, 1758–1762. https://doi.org/10.1126/science.1113010).  12G10 has been validated by several independent labs including the Developmental Studies Hyberdoma Bank and is specific to alpha-tubulin from several model organisms. (https://dshb.biology.uiowa.edu/12G10-anti-alpha-tubulin)
	State the source of each cell line used and the sex of all primary cell lines and cells derived from human participants or vertebrate models.: The wildtype CU428, mutant RIB72B-KO, and mutant RIB72AB-KO Tetrahymena strains were obtained from the Tetrahymena Stock Center (Cornell University, Ithaca, NY, USA). The wildtype CU428 strain was used to generate CFAP77A-3HA, CFAP77B-3HA, CFAP77A-KO, CFAP77B-KO, and CFAP77AB-KO strains.
	Describe the authentication procedures for each cell line used OR declare that none of the cell lines used were authenticated.: The wildtype CU428, mutant RIB72BKO, and mutant RIB72ABKO Tetrahymena strains were authenticated by the Tetrahymena Stock Center (Cornell University, Ithaca, NY, USA). The CFAP77A-3HA, CFAP77B-3HA, CFAP77A-KO, CFAP77B-KO, and CFAP77AB-KO strains were authenticated by the Wloga lab using a variety of genetic and biochemical screens. (https://www.nencki.edu.pl/laboratories/laboratory-of-cytoskeleton-and-cilia-biology/)
	Confirm that all cell lines tested negative for mycoplasma contamination OR describe the results of the testing for mycoplasma contamination OR declare that the cell lines were not tested for mycoplasma contamination.: The cell lines tested negative for mycoplasma contamination.
	Name any commonly misidentified cell lines used in the study and provide a rationale for their use.: No commonly misidentified lines were used in this study.
	Provide provenance information for specimens and describe permits that were obtained for the work (including the name of the issuing authority, the date of issue, and any identifying information). Permits should encompass collection and, where applicable, export.: 
	deposition: 0
	If new dates are provided, describe how they were obtained (e.g. collection, storage, sample pretreatment and measurement), where they were obtained (i.e. lab name), the calibration program and the protocol for quality assurance OR state that no new dates are provided.: 
	datescheck: 0
	For laboratory animals, report species, strain and age OR state that the study did not involve laboratory animals.: 
	Provide details on animals observed in or captured in the field; report species and age where possible. Describe how animals were caught and transported and what happened to captive animals after the study (if killed, explain why and describe method; if released, say where and when) OR state that the study did not involve wild animals.: 
	For laboratory work with field-collected samples, describe all relevant parameters such as housing, maintenance, temperature, photoperiod and end-of-experiment protocol OR state that the study did not involve samples collected from the field.: 
	Provide the trial registration number from ClinicalTrials.gov or an equivalent agency.: 
	Note where the full trial protocol can be accessed OR if not available, explain why.: 
	Describe the settings and locales of data collection, noting the time periods of recruitment and data collection.: 
	Describe how you pre-defined primary and secondary outcome measures and how you assessed these measures.: 
	Describe any other significant impacts.: 
	calculatehazards: 
	Please describe the agents/technologies/information that may pose a threat, including any agents subject to oversight for dual use research of concern.: 
	Describe any other potentially harmful combination(s) of experiments and agents.: 
	calculateexperiments: 
	calculatehazardsexperiments: 
	Describe the precautions that were taken during the design and conduct of this research, or will be required in the communication and application of the research, to minimise biosecurity risks. These may include bio-containment facilities, changes to the study design/methodology or redaction of details from the manuscript.: 
	Describe any evaluations and oversight of biosecurity risks of this work that you have received from people or organizations outside of your immediate team.: 
	Describe the benefits that application or use of this work could bring, including benefits that may mitigate risks to public health, national security, or the health of crops, livestock or the environment.: 
	Describe whether the benefits of communicating this information outweigh the risks, and if so, how.: 
	graphfiles: 0
	For "Initial submission" or "Revised version" documents, provide reviewer access links.  For your "Final submission" document, provide a link to the deposited data.: 
	Provide a list of all files available in the database submission.: 
	Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to enable peer review.  Write "no longer applicable" for "Final submission" documents.: 
	Describe the experimental replicates, specifying number, type and replicate agreement.: 
	Describe the sequencing depth for each experiment, providing the total number of reads, uniquely mapped reads, length of reads and whether they were paired- or single-end.: 
	Describe the antibodies used for the ChIP-seq experiments; as applicable, provide supplier name, catalog number, clone name, and lot number.: 2
	Specify the command line program and parameters used for read mapping and peak calling, including the ChIP, control and index files used.: 
	Describe the methods used to ensure data quality in full detail, including how many peaks are at FDR 5% and above 5-fold enrichment.: 
	Describe the software used to collect and analyze the flow cytometry data. For custom code that has been deposited into a community repository, provide accession details.: 
	axislabels: 0
	axisscales: 0
	plots: 0
	numberpercentage: 0
	Describe the sample preparation, detailing the biological source of the cells and any tissue processing steps used.: 
	Identify the instrument used for data collection, specifying make and model number.: 
	Describe the abundance of the relevant cell populations within post-sort fractions, providing details on the purity of the samples and how it was determined.: 
	Describe the gating strategy used for all relevant experiments, specifying the preliminary FSC/SSC gates of the starting cell population, indicating where boundaries between "positive" and "negative" staining cell populations are defined.: 
	gatingcheck: 0
	Indicate task or resting state; event-related or block design.: 
	Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial or block (if trials are blocked) and interval between trials.: 
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