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are added in later assembly steps. In the proximal part of the growing flagellum, the basal plate is  
first arranged into two electron-dense rings close to which capped CP ends can be found. In the  
corresponding area of a mature flagellum, the basal plate is a loose electron-dense area in which one, 
sometimes two, open or closed CP minus ends are found.

In C. reinhardtii, the growing axoneme is not very different (on this ultrastructural level) from the 
mature axoneme as the circular arrangement, with the associated axonemal proteins, is maintained all 
the way to the growing tip (Figure 7E). This holds true also for the central structure of the transition 
zone, the only maturation of which seems to be a lengthwise extension.

Discussion
Despite the remarkable conservation of the axonemal structure, we have shown two ways to build a 
flagellum; flagellar growth occurs in both species and length-dependent manner. Whereas, we see no 
difference in growth in short T. brucei and C. reinhardtii flagella, T. brucei long flagella appear to first 
elongate their axonemal MTs in a disordered manner, which is then stabilized to a circular arrangement 
by the addition of associated protein complexes such as the radial spokes. In contrast, our study  
suggests that the axonemal dMTs and structural proteins are assembling simultaneously in long  
C. reinhardtii. What regulates such differences in the assembly pathways? Dentler (1980) showed that 
the growing axoneme in C. reinhardtii had structures linking from the tips of the microtubules to the 
membrane. Woolley et al. (2006) failed to see such linking structures in growing flagella of Leishmania 
major (but did see them in mature flagella), a close relative to T. brucei. We speculate that the presence 
of such anchorage in C. reinhardtii could provide structural clues for the growing axoneme, holding it 
into a close-to-circular arrangement. This arrangement could then facilitate the incorporation of the 
associated axonemal proteins such as radial spokes.

Another explanation for the apparent difference in axonemal growth mechanism between T. brucei 
and C. reinhardtii could be that these flagella are elongating at different rates: snapshots of a fast-
growing axoneme might capture disordered intermediates that are not seen in a more slowly elongating 
structure. However, the initial growth rate of regrowing C. reinhardtii flagella (shed by ionic shock) is 
approximately 12–24 µm/hr, which then declines to 9 µm/hr as the flagellum gets longer (Rosenbaum 
et al., 1969; Flavin and Slaughter, 1974). The growth rate of their flagella after mitosis remains 
unknown, but we assume equal or faster assembly because of the pre-mitotic reabsorbtion of the  
flagellar components that could then be utilized in the construction of the next flagellum. In T. brucei, 
we deduced the flagellum growth rate from the growth rate of the PFR to be a constant ∼4 µm/hr 
(Bastin et al., 1999). These growth rates indicate that the structural differences we see are not caused 
by a slower flagellar growth rate, and therefore more organized growth, in C. reinhardtii.

The differences in growth mechanics may not be so surprising, since the two species grow their 
flagella in different circumstances. In T. brucei, the new flagellum is not necessary for cell motility since 
the old flagellum is still present and active. In C. reinhardtii on the other hand, both flagella have been 

left show outlines of the flagellar pocket region in the cells studied, the cartoons are oriented so that the anterior 
end of the cell points to the right. (D) 10-nm thick tomographic slices of the new flagella showing the bilayered 
electron-dense material forming the basal plates, with the capped minus end (e.g., turquoise arrow) of one of the 
CP MTs nucleated on the proximal surface. Cell 1 has such a short flagellum that no CPs has grown yet, but an early 
basal plate is evident. (E) The CP MTs were modeled and the basal plates visualized using electron density 
thresholding. The bi-layered structure of the basal plate is clearly visible until cell 4, where the two flagella have 
separated into two separate flagellar pockets in preparation for cell division. (F) A selection of the models 
displayed in D and F show how the basal plate is formed of two stacked rings early in the cell cycle, which is then 
lost as the flagellum matures. (G) The tomographic slices of basal plates in the old flagella (OF) of the same cell as 
the new flagellum shown to the left. The bilayered structure is mostly lost, the basal plate is longer and the CP 
microtubule now has an open end (e.g., red arrow) i.e. inserted further into the basal plate. (H) The 3D models of 
the basal plate region in the old flagella reveal amorphous structures that sometimes only anchor one CP MT  
(cell 3 and 5).
DOI: 10.7554/eLife.01479.022
The following figure supplements are available for figure 5:

Figure supplement 1. The ring structure of the new flagellum basal plate in T. brucei. 
DOI: 10.7554/eLife.01479.023

Figure 5. Continued
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monitored by using a CASY DT cell counter (Sedna Scientific, UK), and cultures were diluted on a daily 
basis to maintain a density between 5 × 105 and 1 × 107 cells per milliliter.

Cells were prepared for electron tomography by high pressure freezing or chemical fixation  
followed by epon embedding as described previously (Höög et al., 2010).

Figure 7. The axoneme is a timeline of flagellar assembly. (A) Because the new flagellum (*) grows at its distal tip, 
the axoneme is older closer to the basal body. This spatial assembly progress is used to reveal the order of structural 
additions to the growing axoneme. (B) Cross-sectional views from a tomogram of T. brucei flagella (old flagellum to 
the left and the growing new flagellum to the right). In (A) the slice is taken close to the tip of the growing flagellum. 
Only a few doublet microtubules have extended to here. (B) 100 nm in to the flagellum, dMTs and CPs are present 
but arranged in abnormal angles to each other. (C) The axoneme starts appearing normal ∼250 nm into the axoneme. 
However, note the almost complete ring around the CPs in the old flagellum (arrow), most likely formed by central 
pair projections and/or heads of radial spokes. This ring is still not to be found in this most proximal tomographic slice 
taken. (C) Measurements of axonemal component incooperation was done in a multitude of cross-sectional and 
longitudinal flagella tip tomography reconstructions. (D) T. brucei flagellum grows in a disorganized manner probably 
due to a lack of associated axonemal proteins in the distal tip, this model is made to approximate where the 
components are added in comparison to the distal tip. As the flagellum matures (right), the axoneme is organized 
all the way to the tip and the basal plate has altered structure from the two rings to an electron-dense cloud. 
Electron-dense structures are visible from the lumen of the CP and A-tubule extending towards the membrane. 
(E) In C. reinhardtii, growth is organized with the CP protruding slightly at the tip of the axoneme. As the 
flagellum matures, the transition zone central tube extends but no morphological changes were seen.
DOI: 10.7554/eLife.01479.028
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Preparation of T. brucei for cryo-electron tomography
Unperturbed procyclic T. brucei strain 427 was plunge frozen and imaged intact as in (Höög et al., 
2012).

Preparation of C. reinhardtii for electron tomography
Wild-type Chlamydomonas reinhardtii strain 137C mt+ was grown at room temperature in liquid cul-
ture (Sagar and Granick medium) using a 10/14 dark/light cycle. After the cultures were shifted to the 
dark cycle, the cells were prepared for electron microscopy by HPF followed by freeze substitution as 
essentially described in O’Toole et al. (2003, 2007). Briefly, the liquid culture was spun at 500×g for 
5 min and the loose pellet was resuspended in a medium containing 150 mM mannitol for 1 hr.  
The samples were then spun at 500×g, the supernatant decanted and the loose pellet frozen using a 
BAL-TEC HPM-010 high-pressure freezer. The frozen samples were freeze substituted in 1% OsO4 and 
0.1% uranyl acetate in acetone for 3 days then embedded in epon/araldite resin.

Serial sectioning and on-section staining
Semi-thick (300–400 nm) serial sections of the samples were cut using an ultracut UCT ultramicrotome 
(Leica Microsystems Ltd, UK). The sections were flattened by chloroform gas exposure whilst floating 
on the water surface. Ribbons of serial sections were put centered on 2 × 1 mm copper palladium slot 
grids (Agar Scientific Ltd, UK).

The sections were stained for 5 min on 2% uranyl acetate followed by 30 s Reynold’s lead citrate. 
15-nm colloidal gold particles were applied to both sides of the grid, to be used for image alignment.

Electron tomography and image analysis
Tilt series of serial sections from flagella distal tips were acquired using the serialEM software 
(Mastronarde, 2005) operating a Tecnai TF30 300 kV IVEM microscope (FEI Co., The Netherlands). 
Images were collected about two orthogonal axes in 1° increments (±60°) using a Gatan CCD camera 
(pixel size 0.76–1.3 nm). Tomographic reconstructions were calculated, the two axis combined, serial 
sections stitched together and models were created using the IMOD software package (Kremer et al., 
1996; Mastronarde, 1997).

Note that not all flagella tips are complete within the reconstructed volume in one tomogram. 
Many are reconstructed over serial sections. Measurements were only done within the same tomogram 
to ensure no error was introduced in the joining process. All flagella visualized were followed through 
the serial sections, taking lower magnification images of the entire cell to be able to reconstruct the 
flagellum length. Microtubule ends were classified as in Höög et al. (2007, 2011, 2013).

Acknowledgements
We thank Anthony Hyman, Mark Leaver, Per Widlund for critically reading the manuscript and Anthony 
Hyman for being a gracious host to JLH during the time of writing.

Additional information

Funding

Funder Grant reference number Author

Wellcome Trust Sir Henry Wellcome  
Postdoctoral Grant

Johanna L Höög

National Institutes of Health 8P41GM103431-42 Andreas Hoenger

EMBO Long term postdoctoral  
fellowship

Johanna L Höög

Human Frontier Science Program Keith Gull

EP Abraham Trust Keith Gull

Henry Goodger Sholarship Sylvain Lacomble

Wellcome Trust Keith Gull

The funders had no role in study design, data collection and interpretation, or the  
decision to submit the work for publication.

http://dx.doi.org/10.7554/eLife.01479


Cell biology | Microbiology and infectious disease

Höög et al. eLife 2014;3:e01479. DOI: 10.7554/eLife.01479 22 of 24

Research article

Author contributions
JLH, Conception and design, Acquisition of data, Analysis and interpretation of data, Drafting or 
revising the article; SL, Acquisition of data, Analysis and interpretation of data, Drafting or revising 
the article; ETO’T, Conception and design, Acquisition of data, Drafting or revising the article; AH, 
Drafting or revising the article, Contributed unpublished essential data or reagents; JRM, KG, Conception 
and design, Analysis and interpretation of data, Drafting or revising the article

References
Amos L, Klug A. 1974. Arrangement of subunits in flagellar microtubules. Journal of Cell Science 14:523–549.
Bastin P, MacRae TH, Francis SB, Matthews KR, Gull K. 1999. Flagellar morphogenesis: protein targeting and 

assembly in the paraflagellar rod of trypanosomes. Molecular and Cellular Biology 19:8191–8200.
Bastin P, Sherwin T, Gull K. 1998. Paraflagellar rod is vital for trypanosome motility. Nature 391:548. doi: 10.1038/

35300.
Bhogaraju S, Engel BD, Lorentzen E. 2013. Intraflagellar transport complex structure and cargo interactions. Cilia 

2:10. doi: 10.1186/2046-2530-2-10.
Briggs LJ. 2004. The flagella connector of Trypanosoma brucei: an unusual mobile transmembrane junction. 

Journal of Cell Science 117:1641–1651. doi: 10.1242/jcs.00995.
Brun R, Schönenberger. 1979. Cultivation and in vitro cloning or procyclic culture forms of Trypanosoma brucei in 

a semi-defined medium. Short communication. Acta Tropica 36:289–292.
Buisson J, Chenouard N, Lagache T, Blisnick T, Olivo-Marin JC, Bastin P. 2013. Intraflagellar transport proteins 

cycle between the flagellum and its base. Journal of Cell Science 126:327–338. doi: 10.1242/jcs.117069.
Chandok N. 2012. Polycystic liver disease: a clinical review. Annals of Hepatology 11:819–826.
Chilvers MA, Rutman A, O’Callaghan C. 2003. Ciliary beat pattern is associated with specific ultrastructural 

defects in primary ciliary dyskinesia. Journal of Allergy and Clinical Immunology 112:518–524. doi: 10.1016/
S0091-6749(03)01799-8.

Davidge JA. 2006. Trypanosome IFT mutants provide insight into the motor location for mobility of the 
flagella connector and flagellar membrane formation. Journal of Cell Science 119:3935–3943. doi: 10.1242/
jcs.03203.

Dawson SC, House SA. 2010. Life with eight flagella: flagellar assembly and division in Giardia. Current Opinion 
in Microbiology 13:480–490. doi: 10.1016/j.mib.2010.05.014.

Dentler WL. 1980. Structures linking the tips of ciliary and flagellar microtubules to the membrane. Journal of 
Cell Science 42:207–220.

Dentler WL, Rosenbaum JL. 1977. Flagellar elongation and shortening in Chlamydomonas. III. structures 
attached to the tips of flagellar microtubules and their relationship to the directionality of flagellar microtubule 
assembly. Journal of Cell Biology 74:747–759. doi: 10.1083/jcb.74.3.747.

Diener DR, Yang P, Geimer S, Cole DG, Sale WS, Rosenbaum JL. 2011. Sequential assembly of flagellar radial 
spokes. Cytoskeleton 68:389–400. doi: 10.1002/cm.20520.

Engel BD, Ludington WB, Marshall WF. 2009. Intraflagellar transport particle size scales inversely with flagellar 
length: revisiting the balance-point length control model. Journal of Cell Biology 187:81–89. doi: 10.1083/
jcb.200812084.

Escudier E, Duquesnoy P, Papon JF, Amselem S. 2009. Ciliary defects and genetics of primary ciliary dyskinesia. 
Paediatric Respiratory Reviews 10:51–54. doi: 10.1016/j.prrv.2009.02.001.

Euteneuer U, McIntosh JR. 1981. Polarity of some motility-related microtubules. Proceedings of the National 
Academy of Sciences of the United States of America 78:372–376. doi: 10.1073/pnas.78.1.372.

Farr H, Gull K. 2009. Functional studies of an evolutionarily conserved, cytochrome b5 domain protein reveal a 
specific role in axonemal organisation and the general phenomenon of post-division axonemal growth in 
trypanosomes. Cell Motility and the Cytoskeleton 66:24–35. doi: 10.1002/cm.20322.

Fisch C, Dupuis-Williams P. 2012. Ultrastructure of cilia and flagella - back to the future! Biology of the Cell 
103:249–270. doi: 10.1042/BC20100139.

Flavin M, Slaughter C. 1974. Microtubule assembly and function in Chlamydomonas: inhibition of growth and 
flagellar regeneration by antitubulins and other drugs and isolation of resistant mutants. Journal of Bacteriology 
118:59–69.

Fliegauf M, Benzing T, Omran H. 2007. When cilia go bad: cilia defects and ciliopathies. Nature Reviews 
Molecular Cell Biology 8:880–893. doi: 10.1038/nrm2278.

Gadelha C, Wickstead B, McKean PG, Gull K. 2006. Basal body and flagellum mutants reveal a rotational constraint 
of the central pair microtubules in the axonemes of trypanosomes. Journal of Cell Science 119:2405–2413. 
doi: 10.1242/jcs.02969.

Gherman A, Davis EE, Katsanis N. 2006. The ciliary proteome database: an integrated community resource for 
the genetic and functional dissection of cilia. Nature Genetics 38:961–962. doi: 10.1038/ng0906-961.

Ginger ML, Portman N, McKean PG. 2008. Swimming with protists: perception, motility and flagellum assembly. 
Nature Reviews Microbiology 6:838–850. doi: 10.1038/nrmicro2009.

Heddergott N, Krüger T, Babu SB, Wei A, Stellamanns E, Uppaluri S, Pfohl T, Stark H, Engstler M. 2012. 
Trypanosome motion represents an adaptation to the crowded environment of the vertebrate bloodstream. 
PLOS Pathogens 8:e1003023. doi: 10.1371/journal.ppat.1003023.

http://dx.doi.org/10.7554/eLife.01479
http://dx.doi.org/10.1038/35300
http://dx.doi.org/10.1038/35300
http://dx.doi.org/10.1186/2046-2530-2-10
http://dx.doi.org/10.1242/jcs.00995
http://dx.doi.org/10.1242/jcs.117069
http://dx.doi.org/10.1016/S0091-6749(03)01799-8
http://dx.doi.org/10.1016/S0091-6749(03)01799-8
http://dx.doi.org/10.1242/jcs.03203
http://dx.doi.org/10.1242/jcs.03203
http://dx.doi.org/10.1016/j.mib.2010.05.014
http://dx.doi.org/10.1083/jcb.74.3.747
http://dx.doi.org/10.1002/cm.20520
http://dx.doi.org/10.1083/jcb.200812084
http://dx.doi.org/10.1083/jcb.200812084
http://dx.doi.org/10.1016/j.prrv.2009.02.001
http://dx.doi.org/10.1073/pnas.78.1.372
http://dx.doi.org/10.1002/cm.20322
http://dx.doi.org/10.1042/BC20100139
http://dx.doi.org/10.1038/nrm2278
http://dx.doi.org/10.1242/jcs.02969
http://dx.doi.org/10.1038/ng0906-961
http://dx.doi.org/10.1038/nrmicro2009
http://dx.doi.org/10.1371/journal.ppat.1003023


Cell biology | Microbiology and infectious disease

Höög et al. eLife 2014;3:e01479. DOI: 10.7554/eLife.01479 23 of 24

Research article

Höög JL, Bouchet-Marquis C, McIntosh JR, Hoenger A, Gull K. 2012. Cryo-electron tomography and 3-D analysis 
of the intact flagellum in Trypanosoma brucei. Journal of Structural Biology 178:189–198. doi: 10.1016/j.
jsb.2012.01.009.

Höög JL, Gluenz E, Vaughan S, Gull K. 2010. Ultrastructural investigation methods for Trypanosoma brucei. 
Methods in Cell Biology 96:175–196. doi: 10.1016/S0091-679X(10)96008-1.

Höög JL, Huisman SM, Brunner D, Antony C. 2013. Electron tomography reveals novel microtubule lattice and 
microtubule organizing centre defects in +TIP mutants. PLOS ONE 8:e61698. doi: 10.1371/journal.pone.0061698.

Höög JL, Huisman SM, Sebö-Lemke Z, Sandblad L, McIntosh JR, Antony C, Brunner D. 2011. Electron 
tomography reveals a flared morphology on growing microtubule ends. Journal of Cell Science 124:693–698. 
doi: 10.1242/jcs.072967.

Höög JL, Schwartz C, Noon AT, O’Toole ET, Mastronarde DN, McIntosh JR, Antony C. 2007. Organization of 
interphase microtubules in fission yeast analyzed by electron tomography. Developmental Cell 12:349–361. 
doi: 10.1016/j.devcel.2007.01.020.

Huber C, Cormier-Daire V. 2012. Ciliary disorder of the skeleton. American Journal of Medical Genetics 
160C:165–174. doi: 10.1002/ajmg.c.31336.

Ishikawa H, Marshall WF. 2011. Ciliogenesis: building the cell’s antenna. Nature Reviews Molecular Cellular 
Biology 12:222–234. doi: 10.1038/nrm3085.

Ishikawa H, Thompson J, Yates JR III, Marshall WF. 2012. Proteomic analysis of mammalian primary cilia. Current 
Biology 22:414–419. doi: 10.1016/j.cub.2012.01.031.

Kozminski KG, Johnson KA, Forscher P, Rosenbaum JL. 1993. A motility in the eukaryotic flagellum unrelated to 
flagellar beating. Proceedings of the National Academy of Sciences of the United States of America 90:5519–5523. 
doi: 10.1073/pnas.90.12.5519.

Kremer JR, Mastronarde DN, McIntosh JR. 1996. Computer visualization of three-dimensional image data using 
IMOD. Journal of Structural Biology 116:71–76. doi: 10.1006/jsbi.1996.0013.

Li Z, Li W, Song L, Zhu W. 2012. Cilia, adenomatous polyposis coli and associated diseases. Oncogene 31:1475–1483. 
doi: 10.1038/onc.2011.351.

Marshall WF. 2001. Intraflagellar transport balances continuous turnover of outer doublet microtubules: 
implications for flagellar length control. Journal of Cell Biology 155:405–414. doi: 10.1083/jcb.200106141.

Marshall WF, Qin H, Rodrigo Brenni M, Rosenbaum JL. 2005. Flagellar length control system: testing a simple 
model based on intraflagellar transport and turnover. Molecular Biology of the Cell 16:270–278. doi: 10.1091/
mbc.E04-07-0586.

Mastronarde DN. 1997. Dual-axis tomography: an approach with alignment methods that preserve resolution. 
Journal of Structural Biology 120:343–352. doi: 10.1006/jsbi.1997.3919.

Mastronarde DN. 2005. Automated electron microscope tomography using robust prediction of specimen 
movements. Journal of Structural Biology 152:36–51. doi: 10.1016/j.jsb.2005.07.007.

Mitchell DR. 2003. Orientation of the central pair complex during flagellar bend formation in Chlamydomonas. 
Cell Motility and the Cytoskeleton 56:120–129. doi: 10.1002/cm.10142.

Moreira-Leite FF. 2001. A trypanosome structure involved in transmitting cytoplasmic information during cell 
division. Science 294:610–612. doi: 10.1126/science.1063775.

Nicastro D, Fu X, Heuser T, Tso A, Porter ME, Linck RW. 2011. Cryo-electron tomography reveals conserved 
features of doublet microtubules in flagella. Proceedings of the National Academy of Sciences of the United 
States of America 108:E845–E853. doi: 10.1073/pnas.1106178108.

O’Toole ET, Giddings TH Jr, Dutcher SK. 2007. Understanding microtubule organizing centers by 
comparing mutant and wild-type structures with electron tomography. In: McIntosh JM, editor. Methods in 
Cell Biology. San Diego: Academic Press. p. 125–143.

O’Toole ET, Giddings TH, McIntosh JR, Dutcher SK. 2003. Three-dimensional organization of basal bodies from 
wild-type and delta-tubulin deletion strains of Chlamydomonas reinhardtii. Molecular Biology of the Cell 
14:2999–3012. doi: 10.1091/mbc.E02-11-0755.

O’Toole ET, Giddings TH Jnr, Porter ME, Ostrowski LE. 2012. Computer-assisted image analysis of human cilia 
and Chlamydomonas flagella reveals both similarities and differences in axoneme structure. Cytoskeleton 
69:577–590. doi: 10.1002/cm.21035.

Parker JDK, Hilton LK, Diener DR, Qasim Rasi M, Mahjoub MR, Rosenbaum JL, Quarmby LM. 2010. Centrioles 
are freed from cilia by severing prior to mitosis. Cytoskeleton 67:425–430. doi: 10.1002/cm.20454.

Pazour GJ. 2005. Proteomic analysis of a eukaryotic cilium. Journal of Cell Biology 170:103–113. doi: 10.1083/
jcb.200504008.

Pedersen LB, Rosenbaum JL. 2008. Chapter 2 Intraflagellar transport (IFT): role in ciliary assembly, resorption 
and signalling. In: Yoder BK, editor. Current Topics in Developmental Biology. Academic Press. doi: 10.1016/
S0070-2153(08)00802-8.

Portman N, Gull K. 2010. The paraflagellar rod of kinetoplastid parasites: from structure to components and 
function. International Journal for Parasitology 40:135–148. doi: 10.1016/j.ijpara.2009.10.005.

Qin H. 2004. Intraflagellar transport (IFT) cargo: IFT transports flagellar precursors to the tip and turnover 
products to the cell body. Journal of Cell Biology 164:255–266. doi: 10.1083/jcb.200308132.

Rasi MQ, Parker JDK, Feldman JL, Marshall WF, Quarmby LM. 2009. Katanin knockdown supports a role for 
microtubule severing in release of basal bodies before mitosis in Chlamydomonas. Molecular Biology of the Cell 
20:379–388. doi: 10.1091/mbc.E07-10-1007.

Ringo DL. 1967. Flagellar motion and fine structure of the flagellar apparatus in Chlamydomonas. Journal of Cell 
Biology 33:543–571. doi: 10.1083/jcb.33.3.543.

http://dx.doi.org/10.7554/eLife.01479
http://dx.doi.org/10.1016/j.jsb.2012.01.009
http://dx.doi.org/10.1016/j.jsb.2012.01.009
http://dx.doi.org/10.1016/S0091-679X(10)96008-1
http://dx.doi.org/10.1371/journal.pone.0061698
http://dx.doi.org/10.1242/jcs.072967
http://dx.doi.org/10.1016/j.devcel.2007.01.020
http://dx.doi.org/10.1002/ajmg.c.31336
http://dx.doi.org/10.1038/nrm3085
http://dx.doi.org/10.1016/j.cub.2012.01.031
http://dx.doi.org/10.1073/pnas.90.12.5519
http://dx.doi.org/10.1006/jsbi.1996.0013
http://dx.doi.org/10.1038/onc.2011.351
http://dx.doi.org/10.1083/jcb.200106141
http://dx.doi.org/10.1091/mbc.E04-07-0586
http://dx.doi.org/10.1091/mbc.E04-07-0586
http://dx.doi.org/10.1006/jsbi.1997.3919
http://dx.doi.org/10.1016/j.jsb.2005.07.007
http://dx.doi.org/10.1002/cm.10142
http://dx.doi.org/10.1126/science.1063775
http://dx.doi.org/10.1073/pnas.1106178108
http://dx.doi.org/10.1091/mbc.E02-11-0755
http://dx.doi.org/10.1002/cm.21035
http://dx.doi.org/10.1002/cm.20454
http://dx.doi.org/10.1083/jcb.200504008
http://dx.doi.org/10.1083/jcb.200504008
http://dx.doi.org/10.1016/S0070-2153(08)00802-8
http://dx.doi.org/10.1016/S0070-2153(08)00802-8
http://dx.doi.org/10.1016/j.ijpara.2009.10.005
http://dx.doi.org/10.1083/jcb.200308132
http://dx.doi.org/10.1091/mbc.E07-10-1007
http://dx.doi.org/10.1083/jcb.33.3.543


Cell biology | Microbiology and infectious disease

Höög et al. eLife 2014;3:e01479. DOI: 10.7554/eLife.01479 24 of 24

Research article

Rosenbaum JL, Child FM. 1967. Flagellar regeneration in protozoan flagellates. Journal of Cell Biology 34:345–364. 
doi: 10.1083/jcb.34.1.345.

Rosenbaum JL, Moulder JE, Ringo DL. 1969. Flagellar elongation and shortening in Chlamydomonas. The use of 
cycloheximide and colchicine to study the synthesis and assembly of flagellar proteins. Journal of Cell Biology 
41:600–619. doi: 10.1083/jcb.41.2.600.

Sale WS, Satir P. 1976. Splayed Tetrahymena cilia. A system for analyzing sliding and axonemal spoke arrangements. 
Journal of Cell Biology 71:589–605. doi: 10.1083/jcb.71.2.589.

Satir P. 1968. Studies on cilia. 3. Further studies on the cilium tip and a ‘sliding filament’ model of ciliary motility. 
Journal of Cell Biology 39:77–94. doi: 10.1083/jcb.39.1.77.

Schmidt JA, Eckert R. 1976. Calcium couples flagellar reversal to photostimulation in Chlamydomonas reinhardtii. 
Nature 262:713–715. doi: 10.1038/262713a0.

Sherwin T, Gull K. 1989. The cell division cycle of Trypanosoma brucei brucei: timing of event markers and 
cytoskeletal modulations. Philosophical transactions of the Royal Society of London. Series B, Biological sciences 
323:573–588. doi: 10.1098/rstb.1989.0037.

Song YH, Mandelkow E. 1995. The anatomy of flagellar microtubules: polarity, seam, junctions, and lattice. 
Journal of Cell Biology 128:81–94. doi: 10.1083/jcb.128.1.81.

Sui H, Downing KH. 2006. Molecular architecture of axonemal microtubule doublets revealed by cryo-electron 
tomography. Nature 442:475–478. doi: 10.1038/nature04816.

Vickerman K. 1962. The mechanism of cyclical development in trypanosomes of the Trypanosoma brucei 
sub-group: an hypothesis based on ultrastructural observations. Transactions of the Royal Society of Tropical 
Medicine and Hygiene 56:487–495. doi: 10.1016/0035-9203(62)90072-X.

Warner FD, Satir P. 1973. The substructure of ciliary microtubules. Journal of Cell Science 12:313–326.
Woolley D, Gadelha C, Gull K. 2006. Evidence for a sliding-resistance at the tip of the trypanosome flagellum. 

Cell Motility and the Cytoskeleton 63:741–746. doi: 10.1002/cm.20159.
Woolley DM, Nickels SN. 1985. Microtubule termination patterns in mammalian sperm flagella. Journal of 

Ultrastructure Research 90:221–234. doi: 10.1016/S0022-5320(85)80001-0.

http://dx.doi.org/10.7554/eLife.01479
http://dx.doi.org/10.1083/jcb.34.1.345
http://dx.doi.org/10.1083/jcb.41.2.600
http://dx.doi.org/10.1083/jcb.71.2.589
http://dx.doi.org/10.1083/jcb.39.1.77
http://dx.doi.org/10.1038/262713a0
http://dx.doi.org/10.1098/rstb.1989.0037
http://dx.doi.org/10.1083/jcb.128.1.81
http://dx.doi.org/10.1038/nature04816
http://dx.doi.org/10.1016/0035-9203(62)90072-X
http://dx.doi.org/10.1002/cm.20159
http://dx.doi.org/10.1016/S0022-5320(85)80001-0

