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Figure 5. Continued

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 3and 5).
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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/elLife.01479.023

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 pm/hr, which then declines to 9 um/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 pm/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
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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/elLife.01479.028

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 x 10°> and 1 x 107 cells per milliliter.

Cells were prepared for electron tomography by high pressure freezing or chemical fixation
followed by epon embedding as described previously (Hé6g et al., 2010).
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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 (Hé6g 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 500xg 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 500xg, 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% OsO, 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 x 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 Hé6g et al. (2007, 2011, 2013).
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