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Microtubule organizing centers guide the formation of complex cytoskeletal arrange-

ments in eukaryotic cells by controlling the initiation ofmicrotubules. Thus, a careful

study of their structure and function can benefit from three-dimensional (3D)
/07 $35.00
(06)79005-7



126 Eileen T. O’Toole et al.
imaging methods such as electron tomography (ET). We have used improved meth-

ods of specimen preparation and dual-axis ET to study the structure and organiza-

tion of one type of microtubule organizing center, the basal body complex in the

unicellular alga, Chlamy domon as reinhardt ii (O’T oole et al ., 2003a) . In this chapter ,

we de scribe our methods for rap id freez ing and freeze-subs tituti on of whole

Chlamydomonas cells and the use of ET to study the 3D organization of the

basal body complex in intact cells. Using these methods, we compare this complex

in wild-type cells with the one from a mutant strain that carries a basal body

assembly defect. This use of ET to compare mutants with wild-type cells permits

the identification of defects in specific structural components and furthers

our understanding of the assembly and function of the basal body complex in

Chlamydomonas.
I. Introduction

Microtubule organizing centers (MTOCs) are responsible for the initiation of cyto-

plasmic and spindle microtubules (MTs), and they play essential roles in many critical

biological processes (as reviewed in Doxsey et al., 2005). Examples of MTOCs

include the centrosome that nucleates the growth of most spindle MTs in animal

cells, the spindle pole body in yeast, and the basal body that initiates the MTs of

cilia and flagella. MTOCs can form complex, three-dimensional (3D) arrange-

ments in cells. This complexity is perfectly illustrated in the basal body complex

from the biflagellate green alga, Chlamydomonas reinhardtii. In this organism, the

basal body complex consists of two mature basal bodies, two immature or proba-

sal bodies, four sets of rootlet MT bundles, and several fiber systems that connect

the individual components (Cavalier-Smith, 1974; Johnson and Porter, 1968;

Ringo, 1967). The basal body complex can be isolated (Dutcher, 1995). These

preparations, which are enriched for basal bodies, contain 150–250 polypeptides.

However, despite intensive research on MTOCs, little is known about that factors

that regulate the duplication, assembly, and function of this complex organelle.

C. reinhardtii is an excellent model organism for the study of MTOCs because a

combination of genetic and molecular analyses can be used to identify the genes

that are important for basal body assembly and function (reviewed in Dutcher,

2003; Preble et al., 2000). For example, it is known that the UNI3 gene, which

encodes d-tubulin, and the BLD2 gene, which encodes e-tubulin, are needed for the

proper assembly of triplet MTs in basal bodies (Dutcher and Trabuco, 1998;

Dutcher et al., 2002; Goodenough and St. Clair, 1975). In addition, mutations at

three loci called VFL (variable flagellar number) result in defects in basal body

segregation (Adams et al., 1985; Salisbury et al., 1988; Silflow et al., 2001; Taillon

et al., 1992; Wright et al., 1983, 1985). Mutations in the centrin gene, VFL2, results

in defects in the assembly of fibers that connect mature basal bodies to the nucleus

and to each other, resulting in segregation defects (Salisbury et al., 1988; Wright

et al., 1985). Thus, the component structures of the basal bodies themselves as
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well as the connecti ng fibe rs in the basal complex are important for the proper

assembly, segreg ation, and func tion of this org anelle.

The basal body complex, like other MTOCs, is a 3D structure, and a careful

examination of its structure can therefore benefit from 3D imaging methods such

as electron tomography (ET). ET has been shown to be a powerful method with

which to study the 3D structure of complex biological structures (reviewed in

Baumeister, 2002; Frank, 1992; Lucic et al., 2005; Mc Intosh et al ., 2005 ). It results

in compu ter-generat ed reco nstructions that can be sliced and imaged in any

orientati on at � 6-nm resol ution in 3D. ET has be en used to study the 3D geomet ry

of MTO Cs such as centroso mes isol ated from Drosophi la and Spisul a (Mo ritz

et al ., 1995a,b ; Sc hnacken berg et al., 1998; Vogel et al., 1997 ), the yeast spindl e

pole body ( Bulli tt et al ., 1997; O’Tool e et al., 1999 ), and the mitoti c centros ome in

Caenorhabd itis elegans (O’Too le et al ., 2003b ). In additio n, severa l chapter s in this

volume illustr ate the util ity of ET to study the struc ture an d organ ization of

organel les in intact cell s, an d the read er is referred to these chapter s for specific

examples in other systems.

Recent ly, genetic analys es have been combined with ET to study MTO C struc-

ture an d functi on. The spindle pole body of Saccharom yces cerevi siae has be en

studied in wi ld-type and mutant strains to analyze defects in spindl e pole body

assembly and spindl e organiz ation ( Bulli tt et al ., 1997; Yoder et al ., 2005 ). ET has

also been used to asses s the e Vect of TPX L-1 deplet ion on the organ ization of

spindle MTs in the mitotic centrosome in C. elegans (Ozlu et al., 2005). Specific to

this chapter, ET has been used to determine the roles of particular tubulin isoforms

in the structure an d functio n of basal bodies from Chlamy domon as (O’T oole et al .,

2003a). The combination of mutant analys is and ET sho uld help us to unde rsta nd

the assembly and function of this MTOC.

Here we describe the steps necessary to prepare Chlamydomonas for ET and

provide examples that illustrate how these methods can be used to compare the 3D

morphology of both basal bodies and basal body-associated structures in wild-type

and mutant strains.

II. Rationale

The rationale for this chapter is to describe a detailed method of specimen

preparation involving rapid freezing, followed by freeze-substitution fixation to

optimally preserve the structure of the basal body complex. Because the basal

body complex is a 3D organelle, we also outline the steps required for tomograph-

ic analysis to image/examine these structures in 3D. These methods are then

applied to strains with defects in basal body assembly to characterize the pheno-

types of mutant strains relative to wild type. The figures we present are selected,

single frames, extracted from complete tomographic volumes or models. Several

movies of complete tomographic reconstructions and models have been posted as
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video supplements on our laboratory’s Web site (http://bio3d.colorado.edu); these

will illustrate the data with more scope and detail for the interested reader.
III. Methods
A. High-Pressure Freezing, Freeze-Substitution, and Embedding
For 3D structure studies of organelles within their cellular context, optimum

cell preservation is the critical first step. Conventional chemical fixation involves

diVusion of chemical fixatives into the cell, followed by room temperature or 0 �C
dehydration and embedding. This method can lead to artifacts, particularly in

organisms that have natural barriers to diVusion, such as the cell wall in Chlamy-

domon as (see also Chapter 1 by Dubo chet, Chapt er 2 by McDonal d, and Chapter 3

by Hess, this volume). We have therefore developed an improved fixation protocol

that use s high-pr essure freezing followe d by freeze-subs titu tion fixati on (O’To ole

et al ., 2003a; Preble et al ., 2001 ). A compari son of Chlamy domon as cells fixed wi th

a standard chemical fixation (A) and by high-pressure freezing and freeze-

substitution (B) is shown in Fig. 1. The cell fixed by conventional chemical fixation

shows dramatic artifacts, such as extraction of the nucleoplasm and collapse of the

membrane-bounded compartments, like the contractile vacuole and chloroplasts.
Fig. 1 High-pressure freezing followed by freeze-substitution results in excellent preservation of

cellular fine structure. (A)Chlamydomonas cell prepared by routine room temperature chemical fixation.

Organelles such as the nucleus and contractile vacuole appear extracted and collapsed, thus compromis-

ing the 3D organization of the cell. (B) Cells prepared by high-pressure freezing followed by freeze-

substitution and embedding are well preserved, as indicated by the round nucleus and intact membranes

of the contractile vacuole. The 3D integrity of the region containing the basal body complex is

preserved. Scale bar ¼ 500 nm.

http://bio3d.colorado.edu
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Such eVects distort the cell and compromise the 3D organization of the region

where the basal body complex resides. The cell fixed by high-pressure freezing and

freeze-substitution, on the other hand, appears well preserved, particularly in the

apical region of the cell where the basal body complex is found (Fig. 1B).

To begin, whole cells grown in liquid cultures are used for high-pressure

freezing, so the basal body complex is preserved within its cellular context. Cells

are inoculated into 150-ml sterile flasks containing 50 ml of Sagar and Granick

medium I ( 1953 ) supplem ented with 8-mM sodium a cetate ( Preble et al ., 2001 ).

The liquid cultures are then grown at 25 �C under constant illumination on top of a

light box, generally for 2–3 days or until the cultures are in log phase growth.

In preparation for high-pressure freezing, aliquots of the liquid cultures are trans-

ferred to 50-ml conical centrifuge tubes and spun at 500� g for 5 min. The resulting

pellets are gently resuspended in a medium containing 150-mM mannitol, which

acts as a cryoprotectant, minimizing the growth of ice crystals during freezing.

Mannitol was chosen as it has very minor eVects on cell viability compared to a

variety of other cryoprotectants tested at similar molarities. The cells are then

transferred to 1.5-ml Eppendorf tubes at room temperature for 1 h. The samples

are spun again at 500 � g for 5 min and the supernatant decanted. The resulting

loose cell pellet is then transferred to the bottom half of an aluminum sample

planchette (Technotrade, Intl., Manchester, NH) and the top half is placed flat-

side down on top of the sample. The sample is then transferred to the freezer

transfer tool and rapidly frozen using a high-pressure freezer. The work described

in this chapter has been performed with a BAL-TEC HPM-010 high-pressure

freezer (Boeckeler Instruments, Inc., Tucson, AZ), although other models of

high-pressure freezers are available (Section IV). After freezing, the two halves

of the specimen-containing planchette are separated, and the samples are quickly

transferred to liquid nitrogen and stored in those conditions until further use.

In preparation for electronmicroscopy (EM), the frozen cells are freeze-substituted

at low temperature in a solvent that contains fixative, and then embedded in resin

(Chapter 2 by McDonald, this volume). For freeze-substitution, the frozen samples

are transferred under liquid nitrogen to cryovials (NalgeNunc, Intl., Rochester, NY)

containing 1 ml of a frozen, freeze-substitution cocktail. We have obtained good

structural preservation ofChlamydomonas by freeze-substituting into 2% OsO4 and

0.1% uranyl acetate in anhydrous acetone for 3 days at �90 �C, then gradually

warming the sample to room temperature. Another method that works well to

contrast membranes and MTs is to freeze-substitute for 3 days at �90 �C in 0.5%

glutaraldehyde and 0.1% tannic acid in acetone, rinse in acetone, followed by

freeze-substitution in 2% OsO4 in acetone at �20 �C for 1 day, then warm to

4 �C. Before embedding, the samples are removed from the high-pressure freezer

hats using the pointed end of a number 5 forceps and rinsed three times in acetone.

The freeze-substituted cells are then infiltrated with resin, using several graded

dilutions of resin and acetone. We generally use Epon/Araldite but Spurr’s resin

can also be used. The samples are infiltrated for 60 min in each resin concentration

at room temperature on a rocking platform, beginning at 3:1 (acetone:resin), then
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going to 1:1, 1:3, and 100% resin. Samples are then kept overnight in 100% resin.

The final step involves transfer of the samples into BEEM capsules containing

100% resin with an accelerator (DMP30 for Epon/Araldite). The samples are then

transferred to a 60 �C oven for polymerization.
B. Preparation of Sections for EM
Because the samples contain pellets of cells in random orientations, it is useful to

collect serial sections. We typically trim a block face that is a wide trapezoid of small

height to maximize the number of serial sections that will fit on each EM grid.

Individual cell profiles containing the basal body complex can then be identified

and tracked quickly through the serial sections. It is useful first to cut serial thin

(50–70 nm) sections to examine the quality of preservation of a particular sample.

We also use thin sections to collect serial images that help to document the phenotype

of a mutant strain and can aid in the interpretation of tomographic data. For

tomography, semithick (200–300 nm) sections are used, and the serial section ribbons

are collected onto Formvar-coated [0.7% (w/v)] copper slot grids.

Prior to imaging in the EM, the sections must first be additionally stained with

heavy metals. For thin sections, we typically use 2% uranyl acetate in 70% methanol

for 5 min followed by Reynold’s lead citrate for 3 min. Sections for tomography

require longer staining times due to their increased section thickness. These semithick

sections are stained for 8 min in 2% uranyl acetate in 70% methanol followed by

Reynold’s lead citrate for 5 min.

To prepare grids for tomography, alignment markers are placed on the top and

bottom of the sections. Grids are floated on �20 ml of a commercial solution of

15-nm colloidal gold particles (BBI, Intl., CardiV, UK) for 5 min and then rinsed

by dipping the grid in a drop of dH2O. The grid is then inverted, and the process is

repeated for the opposite side. The gold particles, aYxed to each surface, will serve

as fiducial markers for subsequent alignment of the tilted views necessary for ET

(Ladinsky et al., 1994; O’Toole et al., 1999).
C. Image Acquisition and Tomographic Reconstruction

1. EM and Tilt-Series Acquisition
It is useful to examine thick sections first in a standard TEM operating at 100 kV

to identify the profiles of cells that contain the basal body complex. These cells can

bemapped through the serial sections by imaging at lowmagnification, and themap

can then be used to locate the same cells in a higher voltage instrument where

contrast is greatly reduced, but the resolution of detail in the thick section is

improved.

For cellular ET, it is convenient to image a tilt series of thick (>200 nm) sections,

and this requires an intermediate (200–300 kV) or high-voltage (750–1000 kV)

EM equipped with a eucentric tilting stage. The increased acceleration voltage is
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important for allowing the beam electrons to penetrate the thick section without

plural or inelastic scattering, especially at high tilts (60�–70�) where the section

thickness doubles or nearly triples. In our laboratory, we currently record images

using a Tecnai F30 EM operating at 300 kV. It is useful to have automatic image

acquisition software to facilitate recording of the serial images. We use the SerialEM

software package developed in our laboratory (Mastronarde, 2005) although

other software packages are available (Section IV). The SerialEM software uses

Digital Micrograph (Gatan, Inc., Pleasanton, CA) to capture images on a 2048 �
2048 pixel CCD camera (Gatan, Inc., Pleasanton, CA) at a pixel size of �1 nm.

To begin, the slot grid containing the serial sections is placed in a high-tilt holder,

the region of interest is located, and the grid is tilted to 60� or 70�. Serial, tilted
views of the section are then collected every degree over a �60� or 70� range. After

the first tilt series has been acquired, the grid is rotated 90� and a second tilt series is

imaged. With the automated image acquisition software, it is possible to collect

one or more dual-axis tilt series in <2 h.
2. Tomographic Reconstruction and Image Analysis
We carry out dual-axis tomographic reconstruction using the IMOD software

package, as described in Kremer et al. (1996) and Mastronarde (1997) (see Section

IV for a list of other tomography software packages). This package contains all of

the programs needed to align serial tilt images, compute tomograms, combine

dual-axis tomograms, and join serial section tomograms. The IMOD suite of

programs is managed by a graphical user interface, eTomo, which allows the

user to step through a series of process control buttons to start a particular

program or set of programs and create a tomogram from the original tilt series

(Fig. 2). The eTomo control window is much like a flow chart, with the user

proceeding through each step from top to bottom. To begin, a Pre-processing

step runs a program to eliminate pixels with extreme intensity values, which are

created by x-rays during data collection. Next is a Coarse Alignment step, which

runs a program to find a set of translational alignment transforms by cross

correlation; these transforms are then applied to create the coarse-aligned stack.

The next step in the series is Fiducial Model Generation. In this step, modeling

software is used to mark the positions of 20–40 gold particles on an image taken

at low tilt (Fig. 3A, open circles). The program will then track and model

the positions of the same gold particles automatically in all other views (see Video

Supplement 1). An iterative, Fine Alignment step is then carried out that uses the

positions of the gold particles to create a set of transforms to align the serial, tilted

views. In this step, the alignment program uses the positions of the gold particles

and a least-squares approach to solve for all the tilt angles, magnification changes,

shifts and rotations, and even image distortions that will best align the fiducials on

the images from all the tilted views (Luther et al., 1988). The final transforms are

then applied to the images of the tilted views to create an aligned image stack.



Fig. 2 Process control buttons in the eTomo main window allow the user to step through the

procedures necessary to create a tomographic reconstruction. The process control buttons are arranged

much like a flow chart that suggests the order of processing from top to bottom. When one of the

buttons is selected, the right side of the window will fill in with information and fields associated with a

specific process, allowing the user to modify the necessary parameters and execute specific programs

required by that processing step.
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A tomographic reconstruction is then computed using the density information

in the aligned, tilted views. Because the tomograms can be quite large (>1 GB) and

the reconstructions are not always flat or centrally located within the volume, it is

useful to run the Tomogram Positioning. This step uses a 10-pixel subset of the data

file to find the adjustments needed to compute tomograms that are as flat as

possible and fit in the smallest volume possible. The final reconstruction is then

computed in the Tomogram Generation step using an R-weighted back-projection

algori thm (Gi lbert, 1972). The entire proced ure is then repeat ed after rotat ing the

grid in its holder. This creates a tomogram of the same area constructed from a

series of tilts about the orthogonal axis (axis B).

A limitation of ET derives from the fact that it is not possible to collect a full

range of tilted views from a thick section (�90�). This constraint means that a

wedge of information is missing from the reconstruction. This lack can in turn



Fig. 3 (A) Zero-degree tilt projection of a 200-nm section that contains a portion of a basal body

complex. Colloidal gold particles, used as alignment markers, are indicated with open circles. Not much

detail is seen in this comparatively thick section because so much cellular material is superimposed in the

projected image. (B) A selected 1.6-nm slice through the dual-axis tomographic reconstruction. Here, a

tremendous amount of cellular fine structure can be seen, including details of the triplet MT blades that

form the basal body, transitional fibers that radiate out from the triplet blades (tf), a rootlet MT bundle

(rMT), and mitochondria (M). Scale bar ¼ 200 nm. A movie of the aligned tilt series corresponding to

Fig. 3A can be viewed in Video Supplement 1 and that of the complete tomogram can be viewed in

Video Supplement 2 (http://bio3d.colorado.edu).
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lead to artifacts that lower the resolution of the reconstruction, particularly along

the direction perpendicular to the plane of the section. Our laboratory has devel-

oped a dual-axis ET approach to minimize the impact of the missing wedge

(Mastronarde, 1997). After the two tomograms have been computed from tilt

series around the ‘‘A and B axes,’’ which are orthogonal, the Tomogram Combina-

tion step aligns them and combines their information into a single reconstruction.

Figure 3B shows a selected 1.4-nm-thick tomographic slice computed from the

combined reconstruction. A tremendous amount of cellular detail can now be seen,

including details of the triplet MTs in the basal body and the transitional fibers

attached to them, individual ribosomes, rootlet MTs, and mitochondria. A movie

of serial, tomographic slices through the complete volume can be seen in Video

Supplement 2. A Post-processing step is then run to trim the combined tomogram,

apply a density scaling, and convert the file from integers to bytes, ultimately

reducing the size of the reconstruction file. Finally, a Clean Up step is done to

archive original image stacks and remove the intermediate files, which are large

and no longer useful.

Because the basal body complex spans �600 nm in its smallest dimension, it is

not possible to reconstruct the entire complex from one semithick section; serial

tomography is needed. Dual-axis tomograms from serial sections can be aligned

and combined (Ladinsky et al., 1994, 1999; Marsh et al., 2001). Figure 4 shows

http://bio3d.colorado.edu


Fig. 4 Reconstructing a larger volume using serial section tomography. Selected 1.6-nm tomographic

slices ranging from the proximal region of a basal body complex (A–C), through the distal region (D–F),

and on to the transition zone (G–I). Features unique to the proximal basal body complex include a

pinwheel structure in the basal body (A; arrow), proximal striated fibers (A; psf), probasal bodies

(C; proBB). The distal region of the basal body includes a distal striated fiber (D, E; dsf) and transitional

fibers (F; tf). Bundles of rootlet MTs can be seen traversing through the reconstructed volume (A–F;

rMT). Distal to the basal body is the transition zone consisting of doublet MTs and assembly of

9-pointed stellar fibers (G–H). Further details of the structures found in the wild-type basal complex

can be found in O’Toole et al. (2003a). Scale bar ¼ 100 nm. A movie showing serial, tomographic slices

through the complete reconstruction can be viewed in Video Supplement 3 (http://bio3d.colorado.edu).
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selected tomographic slices from such a reconstruction that extends from the proxi-

mal base of the basal body through the ‘‘transition zone,’’ which is a specialized

region distal to the basal body (O’Toole et al ., 2003a) . One matur e basal body is seen

in cross section (BB1) and the other in longitudinal view (BB2). The proximal

pinwheel within the basal body (Fig. 4A, arrow), as well details of transitional fiber

structure on the distal portion of the basal body, can be seen radiating from the

triplet MT blades (Fig. 4F, tf). Other components of the basal body complex such

as bundles of rootlet MTs (rMT), probasal bodies (proBB), and the proximal and

http://bio3d.colorado.edu
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distal striated fibers (psf, dsf) are evident. Distal to the basal body, the transition

zone contains the transition from triplet to doublet MTs and an elaborate set of

stellate fibers (Fig. 4G–I). A movie through the complete serial section tomogram

can be viewed in Video Supplement 3. In this movie, breaks in the series indicate

the transition from one tomographic reconstruction to the next. The 3D relation-

ships among the many components of the basal body complex become evident

when moving through the serial, tomographic slices (Video Supplement 3).
D. 3D Modeling of the Basal Body Complex
Modeling and analysis of tomographic data can be accomplishedwith the program

3dmod (Kremer et al., 1996), although other software packages that accomplish

these tasks are available (Section IV). MTs of the basal body and rootlet bundles

can be tracked and modeled, and a projection of the model can be displayed to

study the relationships of these organelles in 3D. Features of interest are modeled

in the serial slices extracted from the tomogram. Because a tomographic slice is a

sample through a 3D volume, its orientation can be rotated to obtain the best view

of a particular organelle. To facilitate this process, 3dmod includes an image slicer

window that displays a slice extracted from the 3D volume in any position or

orientation (Fig. 5). With this feature, analysis of the morphology of MT ends in

the basal body complex can be done by extracting a slice of image data one-voxel

thick and adjusting its orientation to contain the axis of the MT in a single view.

An example of this image feature can be seen in Fig. 5, and a simulation of the

associated rotations can be seen in the Video Supplement 4.
Fig. 5 Use of an image slicer tool tomodel features inMTOCs. (A) Single, tomographic slice showing a

rootlet MT bundle that is running oblique to the plane of the section (arrow). (B) The tomographic slice

was rotated so that the axis of the rootlet MT bundle is now horizontal (arrow). (C) The tomographic

slice was then tilted about a y-axis to view the MTs in a single plane (arrow); image details, like the

capped MT ends, can now be seen (arrowhead). Scale bar ¼ 100 nm. A movie that simulates the use of

the slicer tool can be viewed in Video Supplement 4 (http://bio3d.colorado.edu).

http://bio3d.colorado.edu


Fig. 6 Comparing the structure of the basal body complex in wild-type and mutant strains. (A) Wild-

type basal bodies are formed from triplet MT blades. A distal striated fiber (dsf) connects to a subset of

triplet MTs and transitional fibers can be detected on the distal portion (middle). The transition zone is

formed from doublet MTs, and stellate fibers assemble a 9-pointed star (right). (B) The basal body from a

d-tubulin deletion strain assembles ectopic transition zone material within the basal body proper (left;

arrow). The basal body is formed primarily from doublet MTs (left), although a subset of triplet MTs can

be detected on the distal region of the basal body (middle; arrowheads). The mutant strain assembles a

normal transition zone (right). (C) A 3D projection of features modeled from a serial section tomogram

containing a complete wild-type basal body complex. Rootlet MTs (green, blue lines) form a cross-like

arrangement with mature basal bodies (long red cylinders) and probasal bodies (short red cylinders).

136 Eileen T. O’Toole et al.
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1. Using Tomography to Compare Mutant and Wild-Type Structures
Figure 6 shows how serial tomography was used to step through the complete

basal body complex from wild-type Chlamydomonas and a strain that contains

a deletion of the d-tubul in gene ( Fig. 6; O’Tool e et al ., 2003a) . Stepping throu gh

serial, 1.4-nm tomographic slices allow the user to detect subtle, structural diVer-
ences between mutant and wild-type strains. Selected tomographic slices from the

wild-type cell show the presence of a distal striated fiber (dsf) and transitional fibers

(tf) attached to the triplet MT blades of the basal body. The transition zone

contains doublet MTs and a 9-pointed star. Basal bodies from the mutant strain,

on the other hand, contain mostly doublet MTs, although a small set of triplets

could be detected in the extreme distal region (Fig. 6B, middle; arrowheads). This

mutant also displays ectopic transition zone material in the proximal region of the

mutant basal body (Fig. 6B, left; arrow) over and above the more or less normal

material seen in its transition zone (Fig. 6B, right). The latter resembles the

transition zone in wild type (Fig. 6A, right).

MTs of the basal bodies, rootlet MTs, and contours marking the position of the

fiber systems can also be modeled, and projections of the model can be displayed

and rotated to study its 3D geometry. Structural diVerences between the two

strains become obvious in the projected models shown in Fig. 6C and D. The

basal body complex from the wild-type cell (Fig. 6C) is organized with the rootlet

MTs (green and blue lines) arranged in a cross-like array with mature basal bodies

and the probasal bodies (red) centered between the rootlet MT bundles. The

proximal striated fibers (yellow) and the distal striated fiber (pink) connect the

mature basal bodies. Several cytoplasmic MTs (magenta lines) can also be detected

in the vicinity of the basal body complex.

In contrast, the model of the basal body complex from the d-tubulin deletion

strain shows dramatic organizational diVerences from wild type (Fig. 6D). Rootlet

MT bundles (green and blue lines) are not organized in the characteristic cross-like

arrangement and the probasal bodies are misplaced (short red cylinders). Two

proximal striated fibers (yellow) connect the mature basal bodies at their proximal

base, but the distal striated fiber is markedly absent. By modeling features through

600 nm of the serial tomograms, the 3D relationships of the basal body complex

can readily be appreciated, and dramatic diVerences between mutant and wild-type

strains become evident.
Proximal striated fibers (yellow) and a distal striated fiber (pink) connect the mature bodies at their

proximal and distal ends, respectively. Several cytoplasmic MTs (magenta lines) can also be detected.

(D) Projected 3D model of a basal body complex from a d-tubulin deletion mutant shows a disorgani-

zation of rootlet MT bundles and the absence of a distal striated fiber. Probasal bodies are misplaced.

Scale bar ¼ 100 nm.
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IV. Instrumen tation and Materials
A. Hig h-Pressure Freezing and Freeze-Substitut ion

1. Instrumentation
Due to the thickne ss of a Chlamy domonas cell, a high-pr essure freez er is ne ed-

ed to freez e the sampl es without visib le ice crystal damage. Models availab le

are the BAL-TE C HP M-010, the Leica EM PAC T2 (Leica Micros ystems, Inc.,

Bannockburn, IL), and the HPF Compact 01 (Technotrade, Intl., Manchester, NH).

Autom ated freeze-subs tituti on de vices are ava ilable includi ng the Leica AF S,

but homemad e devices can also be used; see Chapt er 2 by McDo nald, this volume ,

for specific details.
2. Materials
Sagar and Granick medium I ( 1953 ) sup plemented with 8-mM sod ium acetate

(Rich media) for growing cells.

Aluminum high-pressure freezer planchettes

Clinical centrifuge

50-ml conical centrifuge tubes

1.5-ml Eppendorf tubes

Pipettes

Medium with 150-mM mannitol prior to freezing

Nunc cryovials

2% OsO4, 0.1% uranyl acetate in acetone

EM grade acetone

Epon/Araldite resin

BEEM capsules
B. Electron Tomography

1. Instrumentation
ET of semithick (200–400 nm) sections requires imaging in a microscope

operating at intermediate voltage (200 or 300 kV) or high voltage (750–1000 kV).

There are currently three NIH-supported National Resource Research Facilities in

the United States that are set up with the equipment and staV to help users do

tomography (Boulder Laboratory for 3D ElectronMicroscopy of Cells, University

of Colorado, Boulder, http://bio3d.colorado.edu; National Center for Microscopy

and Imaging Research, University of California, San Diego, www-ncmir.uscd.edu;

and the Wadsworth Center, Albany, NY, http://www.wadsworth.org).

http://bio3d.colorado.edu;
http://www-ncmir.uscd.edu
http://www.wadsworth.org
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Automated image acquisition programs are available from commercial vendors

[FEI Company, Eindhoven, The Netherlands; Tietz Video and Image Processing

Systems (TVIPS), Gauting, Germany; and Gatan, Inc., Pleasanton, CA]. Several

software packages are freely available and include TOM (http://www.biochem.

mpg.de/tom), UCSF Tomography (http://msg.ucsf.edu/tomography), and Serial

EM (http://bio3d.colorado.edu/SerialEM).
2. Materials
Copper/rhodium slot grids

0.7% (w/v) Formvar in ethylene dichloride

2% uranyl acetate in 70% methanol; rinse solutions of 70%, 50%, 20% methanol

Reynold’s lead citrate

10- or 15-nm colloidal gold
C. Tomographic Reconstruction and Modeling
Our laboratory has developed the IMOD software package, which contains all of

the programs needed for calculating tomograms and for the display and modeling of

features within the reconstruction. This software package is freely available on our

Web site (http://bio3d.colorado.edu), along with useful tutorials and guides for its

use. The IMOD software package runs on multiple platforms, including Linux,Mac

OSX, and Windows. The programs used for tomographic reconstruction are man-

aged by a graphical user interface eTomo. The eTomo interface facilitates the ease

with which users step through the various steps of the process, much like a flow chart.

A tutorial on how to calculate a sample data set containing a Chlamydomonas basal

body is available on our Web site (http://bio3d.colorado.edu). Image display and

modeling is carried out with the 3dmod viewing program from the IMOD software

package. This program can be run by command lines; it contains windows for

image display, the slicer tool for rotating slices of image data and for modeling

features of interest in the reconstruction.

Other software packages developed elsewhere are also freely available. These

include EM3D (http://em3d.stanford.edu), TOM (http://www.biochem.mpg.de/tom),

SPIDER (http://www.wadsworth.org), and XMIPP (http://xmipp.cnb.csic.es/).

V. Discussion

ET is a useful method for addressing important structure–function relationships

in cell biology. Its strengths include a significant increase in 3D resolution compared

with light microscopy and a sensitivity to detect fine-scale structures that are often

obscured in standard thin sections for EM. By modeling cellular organelles in 3D,

diVerences that were not anticipated can be revealed. However, tomography is not

http://www.biochem.mpg.de/tom
http://www.biochem.mpg.de/tom
http://msg.ucsf.edu/tomography
http://bio3d.colorado.edu/SerialEM
http://bio3d.colorado.edu
http://bio3d.colorado.edu
http://em3d.stanford.edu
http://www.biochem.mpg.de/tom/
http://www.wadsworth.org
http://xmipp.cnb.csic.es/
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without limitation. The costs in both the time of the operator and money for the

hardware can be substantial. The time-intensive nature of image acquisition, com-

putation, and analysis makes the sample sizes relatively small, thus limiting exten-

sive quantitative analyses. ET is therefore best suited for questions that would

benefit from fine-scale resolution over relatively small 3D volumes.

The methods described in this chapter oVer a unique approach for studying

MTOC structure and function. The unicellular alga, Chlamydomonas, was used as

a model system to study the basal body complex. The cell wall of Chlamydomonas

is a natural barrier to diVusion, so the cells are prone to fixation artifacts when

conventional chemical fixations are used. Details of our improved method of

specimen preparation involving rapid freezing followed by freeze-substitution are

outlined; they illustrate how to achieve excellent preservation of cellular

fine structure, including the 3D architecture of the basal body complex. Use of

this method has confirmed and extended the original observations on the basal

body complex put forth in the landmark papers by others (Cavalier-Smith, 1974;

Johnson and Porter, 1968; Ringo, 1967).

The basal body complex, like otherMTOCs, is a 3D organelle, so tomography is a

useful method to study its complex structure. In addition, serial section tomography

enables fine-scale resolution over a larger cellular volume, to reconstruct the entire

basal body complex within an �600-nm volume. The slicer tool was used to unam-

biguously model and track features of interest that change over small distances. This

is especially useful when tracking complex arrays of MTs that originate from the

MTOC.

Mutations that cause defects in the basal body proper may also lead to addi-

tional 3D defects that are likely downstream from the original mutation. Strains of

Chlamydomonas that carry a deletion or a reduction in the amount of d-tubulin
have been shown to contain primarily doublet MTs, rather than triplets, in their

basal bodies (Dutcher and Trabuco, 1998; Garreau de Loubresse et al., 2001).

However, by modeling the whole basal body complex in 3D, additional defects can

be observed (O’T oole et al ., 2003 a). For exampl e, ectopi c assem blies of trans ition

zone structures were identified because the serial tomographic slices sectioned

through the entire basal body complex identified the material within the proximal

region of the basal body as well as in the transition zone. The 1.4-nm tomographic

slices contained the resolution necessary to detect a small subset of triplet MT

blades at the distal tip of the mutant basal body. Reconstructing the complete

volume of the basal body complex and modeling its components made it clear that

in the mutant, the distal striated fiber was not assembled onto the basal body. The

rootlet MT bundles are normally anchored under this fiber (Ringo, 1967) and its

absence results in a disorganization of the rootlet bundles and a mispositioning of

the probasal bodies. The use of ET is therefore of value for identifying 3D

structural defects in mutant strains and establishes another phenotypic dimension

in MTOC structure–function studies.
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VI. Summary

The unicellular alga, Chlamydomonas, is a useful model system in which to study

MTOCs because of the powerful genetic and molecular techniques available for

this organism. Recent advances in specimen preparation that involve rapid freez-

ing followed by freeze-substitution result in close-to-optimal preservation of the

basal body complex. Coupling genetics with 3D structure studies of optimally

preserved cells further enhances our understanding of basal body assembly and

function. Finally, these methods can be applied to a wide range of biological

systems to address structure–function relationships in other organisms.
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