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Abstract

The Caenorhabditis elegans gonad and early embryo have recently emerged as an
attractive metazoan model system for studying cell and developmental biology.
The success of this system is attributable to the stereotypical architecture and
reproducible cell divisions of the gonad/early embryo, coupled with penetrant
RNAi-mediated protein depletion. These features have facilitated the development
of visual assays with high spatiotemporal resolution to monitor specific subcellular
processes. Assay development has relied heavily on the emergence of methods to
circummvent germline silencing to allow the expression of transgenes encoding
fluorescent fusion proteins. In this chapter, we discuss methods for the expression
and imaging of fluorescent proteins in the C. elegans germline, including the design
of transgenes for optimal expression, the generation of transgenic worm lines by
ballistic bombardment, the construction of multimarker lines by mating, and
methods for live imaging of the gonad and early embryo.

I. Introduction

A. The Caenorhabditis elegans Gonad and Early Embryo: A Model System for Cell and
Developmental Biology

The Caenorhabditis elegans gonad and early embryo have recently emerged as
powerful model systems for studying cell and developmental biclogy (for reviews
see Hubbard and Greenstein, 2000; Hyman and Oegema, 2005). Each arm of the
gonad in the adult C. elegans hermaphrodite is an assembly line of ~800 nuclei
progressing through the various stages of meiotic prophase in an ordered fashion
{Fig. 1). The distal region of the gonad is a syncytium of partially enclosed nuclei
that share a common maternal cytoplasm. In the proximal region of the gonad,
individual nuclei become packaged into distinct oocytes. Oocytes are fertilized as
they pass through the spermatheca, which sits at the proximal tip of the gonad.
Hermaphrodites produce sperm at an earlier stage of larval development, prior to
the switch to oogenesis (for details on the spermatogenesis-oogenesis switch, see
Kimble and Strome, 2005). As the cocytes are fertilized, they pass into the uterus,
where the resulting embryos complete meiotic segregation of the ococyte-derived
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Fig.1 The C. elegans gonad and early embryo. (A) The schematic shows one arm of the gonad in the
adult C. elegans hermaphrodite to illustrate the assembly-line process that gives rise to oocytes and
embryos. As they pass the turn in the gonad arm, individual compartments containing a meiotic nucleus
are loaded with cytoplasm from the syncytial gonad and expand to form the developing ococytes.
Oocytes are fertilized as they pass through the spermatheca, giving rise to early embryos. Introduction
of dsRNA against a specific target rapidly catalyzes the destruction of the corresponding mRNA., The
target protein present when the RNA is introduced is depleted by the continual packaging of the
maternal cytoplasm info cocytes. (B) Live imaging of the gonad (right) and an early embryo (left) in
a C. elegans strain expressing mCherry-histone and a GFP fusion with a PH domain (GFP-PH-C?h
to mark chromosomes and the plasma membrane, respectively (A. Audhya, Oegema Laboratory,
unpublished strain). (See Plate no. 21 in the Color Plate Section.)

chromosomes (generating the oocyte pronucleus and two polar bodies), and
subsequently undergo several rounds of mitotic cell division.

One of the primary advantages of the gonad/early embryo as a model system is
efficient RNAi-mediated protein depletion, which facilitates quantitative analysis
of the loss-of-function phenotypes for essential proteins. The reproducibility of
protein depletion is due to the syncytial architecture of the gonad. Introduction
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of dsRNA rapidly catalyzes the destruction of the corresponding mRNA in many
different systems. However, depletion of preexisting protein is generally a slow
process that depends on the half-life of the targeted protein. In contrast, in the
C. elegans gonad, the protein present when the dsRNA is introduced is depleted by
the continual packaging of maternal cytoplasm mnto oocytes. Since depletion
depends on the rate of embryo production, the kinetics tend to be similar for
different targets. By 36-48 h after introduction of the dsRNA, newly formed
oocytes are typically >95% depleted of the target protein (reviewed in Oegema
and Hyman, 2005). The reproducibility of RNAi-mediated protein depletion has
led to a series of genome-wide screens (Fernandez et al., 2005; Fraser et al., 2000;
Gonezy et al., 2000, Kamath et al., 2003; Maeda ez al., 2001; Piano ez al., 2000;
Rual et al., 2004; Simmer et al., 2003; Sonnichsen et al., 2005) that have comple-
mented genetic approaches (for some examples, see Encalada et al., 2000; Golden
et al., 2000; Gonczy et al., 1999; Kemphues et al., 1988; O’Connell ef al., 1998) to
define the sets of genes required for embryo production and viability.

Imaging-Based Assays Capitalize on the Rapid, Invariaut Early Embryonic

In addition to efficient RNAi-mediated protein depletion, the stereotypical
architecture of the gonad, and the rapid and highly reproducible mitotic divisions
of the early embryo facilitate the development of imaging-based methods to assess
the consequences of molecular perturbations. The invariant nature of the first few
mitotic divisions (Fig. 2) allows any parameter of interest (such as the fluorescence
intensity of a localized protein, the size or the distance between subcellular struc-
tures, the number of microtubules touching the cortex, the extent of chromosome
condensation, etc.) to be measured as a function of time with respect to a specific
temporal landmark (such as the permeabilization of the nuclear envelope, the
onset of chromosome segregation in anaphase, or the initiation of furrow ingres-
sion). The average value of the parameter measured in multiple embryos can then
be plotted as a function of time to generate kinetic profiles that reveal behaviors
not evident from qualitative viewing of individual time-lapse sequences. For
example, guantitative analysis has provided detailed information on pronuclear
movement (O’Connell et al., 2000), cortical flow (Cheeks et al., 2004; Hird and
White, 1993; Munro et al., 2004), positioning of the spindle and anaphase spindle
elongation (Cheeseman et al., 2004; Colombo et al., 2003; Labbe ef al., 2004; Tsou
et al., 2002), chromosome segregation and kinetochore-microtubule attachment
(Cheeseman et al., 2004; Labbe et al., 2004), and chromosome condensation
(Maddox et al., 2006).

The development of imaging-based assays has relied on the parallel emergence
of methods to circumvent germline silencing, allowing for the expression of
transgenes encoding fluorescent fusion proteins in the gonad and early embryo.
Critical for this has been the development of vectors containing regulatory
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Fig. 2 Timeline of events in the C. elegans early embryo. Differential interference contrast images
(top) and schematics (bottom) illustrate the timing of major events during the first mitotic division.
Approximate times are in minutes:seconds with respect to nuclear envelope breakdown. Images are
courtesy of Amy Maddox. Figure adapted from Oegema and Hyman (2005). (See Plate no. 22 in the
Color Plate Section.)

sequences that direct germline expression of transgenes (Strome et al., 2001) and
the emergence of efficient ballistic bombardment techniques to integrate vectors
into the genome at low-copy number (Praitis et al., 2001; Wilm et al., 1999).

II. Fluorescent Proteins in the C. elegans Gonad and Early Embzryo

A. Fluorescent Proteins Commonly Used in C. elegans

To date, the majority of C. elegans work with fluorescent proteins has utilized an
uncommon enhanced green fluorescent protein (GFP) variant in which serine 65,
one of the three residues of the chromophore, is mutated to cysteine (S65C). GFP
S65C is reported to have similar excitation and emission spectra to GFP S65T,
the most commonly used enhanced variant due to its greater brightness,
faster oxidation to final fluorescent product, slower photobleaching, and lack of
photoisomerization when compared to wild-type GFP (Cubitt ez al., 1995; Heim
and Tsien, 1996; Heim et al., 1994). The common use of the unusual S65C variant
in C. elegans is a historical consequence of its inclusion in the original vectors for
C. elegans GFP expression, developed by Andrew Fire’s group (Fire ef al., 1998).
The decision to use S65C was based on its greater photostability iz vivo in worms
(A. Fire, personal communication). However, a systematic test comparing the
properties of GFP S65C to GFP S65T in the C. elegans gonad and early embryo
has not been performed.
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In addition to GFP (S65C), the common color variants yellow fluorescent
protein (YFP) (865G, V68A, S72A, and T203Y) and cyan fluorescent protein
(CFP) (Y66W, N146I, M153T, and V163A) have also been engineered for use in
C. elegans (Miller et al., 1999), and sequences encoding these fluorescent proteins
have been incorporated into germline expression vectors (Franz et al., 2005; Galy
et al., 2003).

Variants of the coral red fluorescent protein, DsRed, are emerging as the most
popular choice as a dual color marker with GFP for live imaging. Due to its
naturally tetrameric state, DsRed is poorly suited for in vivo studies (Matz et al.,
1999). Extensive mutagenesis generated a monomeric version from which a spec-
trum of fluorescent proteins, called the mFruits, has been developed {Campbell
et al., 2002; Shaner et al., 2004, 2005). Of these, the most widely used is mCherry.
Initial attempts to express mCherry in the C. elegans germline were unsuccessful;
however, codon optimization and the inclusion of introns have overcome these
problems (McNally ez al., 2006). Below we outline the strategy used to adapt
mCherry as a means of providing guidelines for optimization of other fluorescent
proteins for C. elegans germline expression.

B. Engineering New Fluorescent Proteins for Expression in the C. elegans
Gonad/Early Embryo: The mCherry Experience

To reengineer mCherry for expression in C. elegans, we changed the codon usage
and inserted artificial introns. Due to the variation in codon usage between species,
optimal expression of a gene derived from one species in another typically requires
“codon optimization.” However, changing each of the codons for a specific amino
acid to the most-favored codon is also not ideal; balance is important. Based on the
analysis of numerous highly expressed genes, a favored codon usage value between
60 and 75% is predicted to yield optimal gene expression (Duret and Mouchiroud,
1999). We used this as a guideline in reengineering the mCherry coding sequence.,
As a second step, we introduced introns, which are known to stimulate expression
in C. elegans (Fire et al., 1990). We note, however, that although the reengineering
of mCherry was successful, the contribution of each of these steps to the final
outcome 1s unclear, since neither step was performed on its own. This point should
be kept in mind when reading the mCherry reengineering procedure and using it to
reengineer other fluorescent proteins.

1. Optimizing Codon Usage

For codon optimization of mCherry, we first listed all amino acids in the
primary sequence noting their frequency and distribution. Then, based on the
C. elegans codon usage table (see Fig. 3), we reassigned 70% of the codons to
the optimal triplet for each amino acid in a random fashion. Next, we reassigned
5-10% of the remaining codons to the most poorly used triplet. The optimal and
poorly used codons were well spaced to avoid prolonged stretches of poorly
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used codons. Finally, we reassigned the residual 20% of codons to other triplets.
After completing this process, we used web-based bioinformatic programs to check
for five potentially adverse features in the designed sequence:

1. Guanine-cytosine (GC) content bias: The GC content of the entire C. elegans
coding genome is ~43% and we checked to make sure that the GC content of the
reencoded sequence approximated this value.

2. Repetitive sequences: Such sequences can lead to ribosome slippage and
should be eliminated.

The codons for each amino acid are
lisied in order by frequency. Codons are
color-coded to indicate whether their
frequency is increased*, decreased, or
unalteredin highly-expressed genes.
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Fig.3 Codon biasin C. efegans. Codons are listed by frequency of usage (in order of most common to
least used) for expressed short proteins. Codons listed in green () are biased for usage in highly
expressed sequences {more frequently used in highly expressed sequences when compared to low to
nonexpressed sequences). Codons listed in red are biased against usage in highly expressed sequences.
Codons listed in black are used at an equivalent frequency irrespeclive of expression level. This
information was adapted from data presented in Duret and Mouchiroud (1939). (See Plate no. 23 in
the Color Plate Section.)
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3. mRNA secondary structure: Available programs such as the Vienna RNA
package (http://www.tbi.univie.ac.at/~ivo/RNA/) are useful in predicting mRNA
stability and structure. Incorporation of hairpin loops or other secondary structure
elements that increase mRNA stability should be avoided.

4. Cryptic splice sites: The Alternative Splice Site Predictor (http://es.embnet.
org/~mwang/assp.html) will identify potential cryptic splice sites. Such sites must
be eliminated prior to the synthesis of the reencoded gene.

5. tRNA steric hindrance: Steric interactions between tRNAs have been shown
to impact their ability to simultaneously occupy the two available ribosomal
binding sites during translation (Smith and Yarus, 1989). Commercial programs,
including DNA. 2.0 (http://www.dnatwopointo.com/commerce/misc/opt.jsp), can
be used to predict tRNA steric hindrance and eliminate it prior to finalizing the
design of the reencoded gene.

2. Insertion of Introns

Incorporation of multiple introns has been shown to improve gene expression in
C. elegans (Fire et al., 1990). Stimulation by intronic sequences does not necessarily
require the introns to be inserted into coding regions; inclusion within the 5 or 3/
UTR can also increase gene expression by several folds. To prevent intramolecular
recombination after transformation, use of identical introns is not recommended.
Although a number of potential introns are available from the genome database,
care must be exercised in choosing an appropriate sequence. Most importantly,
introns with cryptic splice sites should be avoided. Although insertion of introns
into a target gene is relatively straightforward, it requires several cloning steps. The
use of unique blunt-end restriction sites is most convenient, allowing quick inser-
tion of introns encoded by synthetic oligonucleotides. Alternatively, introns
can be added to a target gene prior to its synthesis. The three artificial introns
that were inserted into the coding sequence of mCherry are identical to those
that were inserted into GFP (S65C) by Fire et al. (1998) [these sequences were:
(1) gtaagtttaaacatatatatactaactaaccctgattatttaaattitcag, (2) gtaagtttaaacagttcggtac
taactaaccatacatatttaaattttcag, (3) gtaagtttaaacatgattttactaactaactaatctgatttaaatttt
cag).

Recent data indicate that introns in germline-expressed genes exhibit a high level
of periodicity in their DNA structure, often showing a strong bias for AA/TT
dinucieotides along one face of the DNA helix (Fire er al., 2006). This bias is
postulated to affect the association of intronic sequences with nucleosomes.
Improper spacing of introns may affect their ability to form an appropriate
DNA structure, and thereby compromise germline expression. However, further
study is needed to examine this issue.
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3. Other Considerations in Designing Transgenic Constructs

A final consideration is the position of the fluorescent tag with respect to the
coding sequence. Potential protein modifications must be considered when incor-
porating the tag. For example, the N-terminus of myristoylated proteins should be
left free to allow accessibility to N-myristoyltransferase. Also, although most
fluorescent proteins encode flanking sequences both upstream and downstream
of the fluorophore, an additional spacer is often useful to prevent protein
misfolding.

ITI. Transgene Expression in the C. elegans Germline:
Breaking the Silence

The efficiency of germline silencing has posed significant challenges to the
expression of transgenes (Seydoux and Strome, 1999) encoding fluorescent fusion
proteins. Although no strategy has fully circumvented this difficulty, it can be
rendered manageable by the appropriate selection of regulatory sequences (Strome
et al., 2001) combined with the use of ballistic bombardment as the means of
transgene delivery (Praitis er al.,, 2001; Wilm er a/., 1999). In this section, we
describe the most commonly used vectors and highlight important practical
considerations when designing constructs for germline expression.

A. Promoter and 3’ UTR Choice

Although there are selected examples of successful germline expression under
the control of endogenous regulatory sequences, the most commonly used strategy
1s to place coding regions under the control of the regulatory sequences for PIE-1,
a transcriptional repressor that is highly expressed in the germline. This strategy,
developed by Seydoux and coworkers, has proven remarkably effective in mini-
mizing the germline silencing of transgenes (Strome et al., 2001). In addition to the
pie-1 promoter, the pie-I 3 UTR is also important to avoid silencing. In our
experience, proteins expressed under control of the pie-I regulatory sequences
are typically present at 5-50% of the levels of the endogenous protein when
analyzed by Western blotting. The fact that this is consistently true, despite wide
variation in the normal expression levels of the proteins tagged, likely reflects the
importance of coding region sequence structure and potentially codon usage, in
controlling protein levels. Functional rescue of mutants has been observed for
many pie-1 controlled transgenes. In some cases, increased levels of the transgenic
protein are seen in the mutant background, possibly reflecting selection against
silencing when transgene expression becomes essential for survival.
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B. Currently Available Vectors for Expression of Fluorescent Proteins in the Germline

The currently used vectors for germline expression are based on pPD95.75,
a vector generated in Andrew Fire’s laboratory containing a version of GFP
modified for expression in C. elegans (available from Addgene, www.addgene.
org/pgvecl/f=c&identifier=1494&cmd~=findpl). Geraldine Seydoux’s laboratory
modified this vector to place the GFP fusion under the control of the pie-I
regulatory sequences, resulting in pJH4.52 (Strome et al., 2001). pJH4.52 was
designed to be linearized, mixed with a second linearized plasmid containing a
dominant or selectable marker and an excess of cut genomic DNA, and injected
into the gonad to generate stably transmitted complex extrachromosomal arrays
(Kelly er al., 1997), a popular technique that works well for expression in somatic
tissues. Since arrays suffer from silencing, due to the presence of repetitive
sequences, pJH4.52 was further modified in Judith Austin’s laboratory to create
pAZ132 (Praitis et al., 1991), a vector designed for direct integration by ballistic
bombardment. pAZ132 contains a cassette that drives the expression of UNC-119,
the most popular selectable transformation marker for bombardments. In addi-
tion, it contains a cassette that directs the expression of protein fusions with GFP
at their N-terminus under the control of the pie-1 regulatory regions. Insertion of a
tandem protein purification tag between the GFP and the target gene was per-
formed in Arshad Desai’s laboratory (pIC26) to allow biochemical isolation of the
GFP fusion and its associated proteins [for detailed protocols, see Cheeseman and
Desai (2005), Cheeseman et al. (2004)]. A derivative of pAZ132 that fuses GFP to
the C-terminus of the target protein, pAZ132-C, has also recently been engineered
in Tony Hyman’s laboratory. In addition, the Hyman laboratory has generated a
series of vectors that eliminate extraneous restriction sites, incorporate a multiple
cloning site, reduce the size of these relatively large vectors by introducing a
shortened region of unc-119, and carry distinct resistance and fluorescence mar-
kers. These smaller constructs offer greater convenience for cloning; however,
occasionally incomplete rescue of the Unc phenotype makes the identification of
moving worms, following bombardment, more challenging. Vectors incorporating
other fluorescent proteins, such as mCherry (pAAG4 and pAAGS), YFP (pPAG4
and pAZ-YFP), and CFP (pUP9 and pAZ-CFP) have also been made in the
laboratories of Oegema, Hyman, and Askjaer. A list of the available vectors for
germline expression of fusions with fluorescent proteins can be found in Fig. 4.

IV. Constructing Fluorescent Worm Lines

A. Integration of Constructs by Ballistic Bombardment

Ballistic bombardment, in which pressurized heltum is used to “bombard™ small
transgene-coated gold particles into worm tissue at high speeds, is the method of
choice for introduction of germline expression constructs into C. elegans. Bom-
bardment has proven vastly superior to the more traditional method of injecting
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Fig. 4 Vectors for the expression of fluorescent fusion constructs in the C. elegans gonad and early
embryo. Schematics illustrate the common features for expression vectors that fuse a fluorescent protein
to the N-terminus (left) or C-terminus (right) of the target protein. Each contains the 5 UTR, promoter,
and 5 initial coding sequence for PIE-1, followed by fluorescent protein and 3 pie-7 UTR. The plasmids
also contain a resistance marker for growth in E. coli and a selection marker (unec-119) for integration
into the C. elegans genome. The list outlines features of currently available vectors, including promoter,
fluorescent protein, location of fluorescent protein (N- or C-terminus}, type of resistance marker (Amp,
Cm, Kan), C. elegans selection marker (unc-119), specific features of each plasmid, and the source of
gach vector. Specialized features include (1) the addition of multiple cloning sites, (2) the presence of a
localization and affinity purification tag, (2) optimized fluorescent proteins for expression in C. elegans
(intron incorporation and codon bias), (3) GateWay compatible cloning vecior, and (4) truncated
versions of wnc-119 (to reduce overall plasmid size). Some key parental vectors are also listed.
(See Plate no. 24 in the Color Plate Section.)
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the construct into the gonad to generate heritable and repetitive extrachromosomal
arrays. Although expression from extrachromosomal arrays is relatively straight-
forward in somatic tissues, germline expression from even the best arrays is silenced
within a few generations (Kelly and Fire, 1998; Seydoux and Strome, 1999).

Bombardment techniques were adapted to C. elegans to avoid problems asso-
ciated with extrachromosomal arrays (Jackstadt et al., 1999; Praitis et al., 1991;
Wilm ez al., 1999). The most widely used method for the generation of low-copy
number (ransformants was developed by Praitis et @l (2001). This approach
reduces the likelihood of generating large extrachromosomal arrays because a
single bombarded bead can carry only a limited amount of DNA into a cell.

Bombardments are typically performed in the DP38 strain harboring the
unc-119(ed3) mutation. These worms are unable to move and importantly also
fail to undergo the starvation-induced developmental transition to the dauer stage.
Integration of the unc-119 genomic region, which is present in the bombarded
plasmid, allows transformed worms to produce moving progeny that can survive
starvation. Untransformed worms on the same plate remain uncoordinated and
die. This strong selection is necessary since large quantities of worms must be
bombarded to generate the relatively rare desired integration events.

1. Standard Small-Scale Bombardment Protocol

The protocol discussed below is for bombardments on standard small (60 mm
diameter) plates using the Bio-Rad PDS-1000 apparatus (see Fig. 5) that requires a
vacuum source (a pump or a good house vacuum line) and a helium tank. For each
construct, we recommend seeding 10-12 large (100 mm) plates with DP38 worms to
generate sufficient quantities of worms for 10 small bombardment plates. Bombard-
ments can also be performed on large (100 mm) plates using the hepta-adaptor
attachment (Bio-Rad, Hercules, CA; see details below).

a. Preparation of the Worms

1. Evenly seed DP38 (unc-119(ed3); Maduro and Pilgrim, 1995) worms from
two slightly starved 60-mm plates onto 10-12 Jarge (100 mm diameter) peptone/
¢600 plates. This can be done by dividing each starved out DP38 plates into six
chunks with a scalpel and dabbing each chunk onto a peptone/c600 plate.
Peptone plates and the fast growing C600 strain of Escherichia coli are used to
increase the number of worms per plate. The plates should be maintained at
20°C until they begin to starve out (about 1 week).

2. Using sterile M9 and a 10-ml pipette, wash the worms off the peptone plates
by pipeting up and down. Transfer the washed worms from all 10 to 12 plates into
a 50-ml conical tube. After allowing the worms to settle to the bottom of the tube,
remove excess supernatant, leaving ~1-2 ml of liquid/worms in the bottom of
each conical tube.
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Fig. 5 Standard small-scale bombardment protocol. This figure details the preparation of gold beads
and worms for a small-scale bombardment {one or two constructs). A protocol for bombarding the

worms is also included (see chapter text for more detailed information). (See Plate no. 25 in the Color
Plate Section.)
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3. Gently resuspend the worms using wide-bore pipette tips and pipet 100 pl of
worms onto the bacterial lawn in the center of an NGM/OPS50 60-mm plate. Each
conical tube should have enough worms for ~10 plates. Excess worms can be
divided between the 10 plates. Plates with a circular lawn roughly the size of a
quarter are the best for this since the worms will spread to the edge of the lawn.

4. The worms are ready to bombard when the excess liquid has absorbed into
the plate and the worm patch has a matte-like appearance (usually after about
10 min).

b. Preparation of the Beads

The instructions below are for the preparation of beads for 10 bombardments.
A vortex mixer with a tube holder (such as the TurboMix attachment from Vortex
Genie) is very useful for this procedure.

1. Weigh out 6 mg of gold beads (Bio-Rad 1 pm beads #1652263) into a
siliconized microfuge tube (prevents beads from sticking to the tube walls).

2. Add 1ml of 70% ethanol (EtOH) and vortex the beads continuously for
5 min,

3. Allow the beads to settle for I min, then briefly spin and remove the
supernatant,

4. Wash the beads three times with 1 ml water; after each wash vortex the beads
for 1 min, allow the beads to settle, briefly spin, and carefully remove the supernatant
for each wash.

5. Resuspend the beads in 100 pl of 50% glycerol and vortex the beads for 5 min.

6. Continue to vortex, pausing only briefly to add the following in order (vortex
for 1 min between additions):

1. 10 pl of DNA (about 1 ug)
i. 100 pl 2.5 M CaCl,

i1, 40 pl 0.1 M spermidine tissue culture grade, Sigma S-4139, St. Louis, MO,
store at —20°C

7. Vortex the beads for 3 min.

3. Allow the beads to settle to the bottom for 1 min, spin briefly, and remove the
supernatant.

9. Perform a final wash with 70% EtOH (300 ul), vortexing and pipeting to
thoroughly resuspend the beads. Allow them to settle out, spin briefly, and remove
the supernatant,

[0. Resuspend the beads in 100 ul 95% EtOH, vortexing and pipeting to thor-
oughly resuspend the beads. Using a wide-bore pipette tip, pipet 10 ul of bead
slurry onto the center of each sterile bombardment macrocarrier (10 in total).
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Note: The DNA-coupled beads have a tendency to clump. To avoid this problem,
proceed expeditiously through steps 6-10 (without stopping) and load the beads
onto the macrocarriers as soon as possible after the final resuspension in 100%
EtOH. Macrocarriers are small plastic discs that are mounted in a metal holder for
the bombardment (see Bio-Rad manual for more details). It is convenient to
mount them in the holders in advance and sterilize them by autoclaving in a foil-
covered beaker. Alternatively, the macrocarriers can be sterilized by dipping in
70% EtOH, placing them in the holders, and putting them in the hood with the
ultraviolet light on in an open petri dish.

11. Place the macrocarriers in an open petri dish inside a desiccator chamber to
facilitate drying. Use the prepared carriers within 2 h.

c. Bombarding the Worms

1. Some contamination is inevitable, but this can be minimized by taking some
precautions. Before beginning, sterilize the bombardment apparatus by spraying
down the inside of the chamber and the upper and lower assemblies with 70%
EtOH.

2. Using forceps, dip a rupture disk (Bio-Rad, #1652330) into 70% isopropanol
and place it flush into the base of the upper assembly disk holder unit. Screw the
disk holder into place and tighten with a torque wrench.

3. Next, place a stopping screen (Bio-Rad, #1652336) at the base of the lower
assembly unit, then invert a macrocarrier holder on top of the screen and screw the
holding ring into place.

4. Shde the lower unit into the top slot in the bombardment chamber. Place an
OP50/NGM plate (seeded packed worms) on the specimen platform below the
lower assembly unit.

5. Close the chamber door and draw a vacuum of 28 mm/Hg. Depress and hold
the “fire” button until the rupture disk pops (around 1350 psi).

6. Immediately vent the chamber and remove the plate of worms. Repeat this
procedure for the remaining macrocarriers/worm plates.

7. Allow the worms to recover for 1 h and then transfer the worms from each
60 mm plate to two or three 10 cm NGM/OP50 plates using an M9 wash.

8. Place all plates at 20°C and wait ~3 generations {about 12 days). The vast
majority of the worms will remain uncoordinated and die; however, some worms
will be successfully transformed. Since three generations have passed, plates on
which a worm was transformed will be clearly identifiable by the presence of
multiple moving siblings (progeny of the original transformed worm).

9. Single three young moving worms from each plate with movers onto individ-
ual small plates and screen for expression of the fluorescent transgene in their
progeny. Usually, the three progeny will yield similar results, since they are most




194

Rebecca A. Green et al,

likely siblings—but it is also possible for more than one worm to have been
transformed per plate.

The progeny of these worms can be visually screened under the microscope for
the incorporation of the fluorescently tagged gene of interest to the appropriate
location (i.e., germline). If after several generations, you notice that one third of
the progeny are uncoordinated, it is likely that the bombardment generated an
obligate heterozygous transgenic line. This can occur, for example, if the transgene
inserts into an essential gene. While these lines can be quite useful, they cannot
be readily used to generate double (crossed) fluorescent lines. If all progeny are
coordinated for several generations, then you have successfully generated a homo-
zygous transgenic line. These lines can easily be mated with other fluorescent
strains to develop multimarker and/or multicolor worm lines (see below).

2. Adapting the Protocol for Large-Scale Bombardments

For large-scale bombardments, larger quantities of DP38 can be obtained by
culturing them in liquid. If bombardments are ongoing in the laboratory, a
synchronous culture can be initiated and maintained for multiple generations.
In the protocol below, we describe a two-step procedure to initiate a synchronous
liquid culture. In the first step, an asynchronous liquid culture is started from
plates and grown until the majority of worms are adults. The adults are isolated
and their embryos obtained by treatment with a basic bleach solution. After
hatching the embryos overnight without food to synchronize the population as
starved Lls, the worms are reseeded into a second synchronous round of liquid
culture. After a synchronous culture of DP38s is started, it can be maintained
indefinitely by harvesting two third of the worms at each generation and obtaining
embryos from the remaining one third to seed the subsequent round of culture.

a. Step 1: Starting an Asynchronous Liguid Culture of DP38s

Approximately 6 days prior to starting the culture: Seed 10-15 large (100 mm)
OP50 plates with 30 clean worms each; incubate the worms at 20°C for
~6 days (or until worms are just starved).

Two days prior to starting the culture: Seed a 50-ml overnight bacterial culture
with OP50-1 in LB plus 50 pg/ml streptomycin.

One day prior to starting the culture: Use the 50 ml culture to seed 2 x 1 liter
overnight cultures of OP50-1 in LB plus 50 pg/ml streptomycin. This will be
enough bacteria to start 2 x 500 ml worm cultures.

First day of culture:

1. Prepare the media: Pellet the bacteria in sterile 1 liter bottles by spinning at
4200 rpm for 15 min, resuspend the bacteria corresponding to each liter of
bacterial culture in 500 ml S complete media and transfer to a sterile 2.8-liter
flask in preparation for worm growth. Alternatively, pellets can be stored at
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4°C for 1-2 weeks until use. To prevent contamination, set up the cultures using
sterile technique in a tissue culture hood.

2. Harvest the worms from the plates and seed the liquid culture: Rinse the
NGM/OP50 worm plates with sterile M9 and collect the worms in a 50-ml
conical tube. Spin down the worms at 600 x g for 2 min in a clinical centrifuge
to pellet. Remove the supernatant and resuspend the worms in 10 ml M9. Divide
the worms between the two flasks containing OP50-1 in S complete media (from
step 1). Shake the worms at 230 rpm in a cooling incubator maintained at
20°C for 3-4 days. Monitor the progress of the cultures carefully and harvest
when the majority of worms are at the adult stage. Check the cultures by
removing a 5-ml aliquot from the flask with a sterile pipette, spinning down the
worms at 600 x g for 2 min, removing the supernatant, and washing the worms
1% with cold M9. You can then resuspend the worm pellet in a little amount of
M9 and examine them on a dissecting scope after spotting a 4-ul aliquot onto a
slide under a coverslip.

Harvesting the worms and isolating embryos:

1. Transfer each 500 ml culture of worms to a sterile 1 liter centrifuge bottle
and spin for 7 min at 700 x g.

2. Aspirate off excess media and transfer worm shurry from each bottle to a
50-ml conical tube. Pellet at 600 x g for 3 min and aspirate off supernatant.

3. Combine worms into one 50-ml conical tube (not more than 10 ml of
worms per conical tube) and wash by filling the conical tube with cold M9
buffer and pelleting again at 600 x g for 3 min.

4. Tsolate the adults from the other larval stages and debris by performing a
“sucrose float.” Aspirate off the supernatant and resuspend the worm pellet in
25 ml of cold M9. Add 25 ml of cold 60% w/v sucrose dissolved in water. Mix by
inverting and immediately spin at 1500 x g for 5 min. Initiate this spin right
away or the worms will slowly desiccate in the sucrose.

5. During the spim, the adult worms will float to the top of the conical tube.
Transfer the adults to a new conical tube with a transfer pipette and wash them
once by filling the tube up with cold M9 and pelleting them at 600 x g for 3 min.
Remove the supernatant and resuspend the worms in 25 ml of 0.1 M NaCl, mix
by pipeting up and down and incubate on ice for exactly 5 min. After 5 min,
aspirate off worms that have not settled (nongravid) in preparation for bleach-
ing of gravid worms.

6. Aspirate off the supernatant and resuspend the worm pellet to 30 ml with
0.1 M NaCl. To this, add a mixture of 5 ml of 5 M NaOH and 10 ml of bleach
[Fisher SS290-1 (4-6%), store sealed container, wrapped with parafilm at 4°C].
Vortex briefly at maximum speed and allow the mixture to stand at room
temperature for 2 min.
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7. Repeat vortexing every 2 min for a total of 8-15 min. Monitor the bleach-
ing periodically by pipeting 4 pil samples onto a slide, covering with a coverslip
and examining under a dissecting scope to assess degree to which worm debris is
dissolved. Do not overbleach.

8. Centrifuge for I min at 800 x g at 4°C. Wash the pellet once by filling the
conical tube up with ddH,O (4°C) and repellet by spinning at 700 x g for 2 min.

9. Wash once more by filling up the conical tube with room temperature M9
and pelleting the embryos at 700 x g for 2 min.

10. Add 50 ml of M9 to the pellet and transfer the embryo pellet to a sterile
500 ml Erlenmeyer culture flask.

11. Shake in a temperature-controlled 22°C incubator until the embryos
hatch (~12-24 h} yielding a synchronous culture of starved L1s.

. Step 2: Synchronous Growth of DP38s in Liquid Culture

Two days prior to starting the synchronous culture: Seed 100 ml culture of OP-50-1
in LB plus 50 pg/ml streptomycin.

One day prior to starting the synchronous culture: Use the 100 ml culture to seed
6 x 1 liter overnight cultures of OP50-1 in LB plus 50 pg/ml streptomycin.
This will be enough bacteria to start 6 x 500 ml worm cultures.

First day of synchronous culture:

1. Prepare the media: Pellet the bacteria from each 1 liter culture in a sterile
1 liter bottle by spinning the first liter at 4200 rpm for 15 min, adding the
remaining 500 ml of culture to the bottle, and repeating the spin. Resuspend
the bacteria from each bottle in 20 ml of S complete media and transfer to a
sterile 2.8-liter flask containing 500 m! of S complete media. After this step, you
should have six flasks containing S complete media plus the bacteria from 1 liter
of culture,

2. Seed the synchronous culture: Pellet the L1s from step 11 above by spinning
at 600 x g for 3 min. Bring up to 50 ml with sterile M9 and repellet.

3. Resuspend the worms in 12 ml of sterile M9.
4. Seed each flask with the equivalent of 50~100 ul of pure L1 pellet.

5. Shake the worms at 230 rpm in a cooling incubator maintained at 20°C for
3-4 days. Monitor the progress of the cultures carefully by periodically remov-
ing a 5-ml aliquot from the flask with a sterile pipette, spinning down the worms
at 600 x g for 2 min, removing the supernatant, and washing the worms 1 x with
cold M9. Examine the resuspended worm pellet after spotting a 4-ul aliquot
onto a slide under a coverslip. Harvest four of the flasks for bombardments
(see below) when the worms are at the L4 stage (do not use young adult
worms). Each flask should yield enough worms for 8-10 heptad bombardments
(depending on worm density).
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6. If you want to maintain the liqﬁid culture, continue to incubate the
remaining two flasks until the worms are adults; harvest embryos by
bleaching (as described above) to seed the next round of synchronous culture.

c. Step 3: Modifications for Large-Scale Bombardment Using the Hepta-Adaptor

When bombarding worms cultured in liquid, a hepta-adaptor { Bio-Rad #165—
2225) can be attached to the bombardment apparatus allowing greater quantities
of worms to be bombarded at one time.

1. Pellet the L4 culture (as prepared above) at 700 x g for 5 min. Worms should
be washed with M9 to remove excess bacteria. After spinning 600 x g for 2 min,
remove as much supernatant as possible in preparation for distribution of worms
onto the bombardment plates.

2. On each bombardment plate (10 cm), mark the approximate position of each
macrocarrier in the hepta-adaptor using a pen.

3. Distribute 100 ul clumps of washed L4 worms onto these marked areas.

4. Prepare DNA beads and macrocarriers as described in the small-scale proto-
col, but use 10 pg of DNA for each heptad bombardment. Also, macrocarrier disks
should not be placed in individual metal holders (as described in the smali-scale
protocol); instead, they are inserted directly into the hepta-adaptor unit.

5. Position each bombardment plate on the shelf directly below the hepta-
adaptor (~2cm). Line up each worm clump with each macrocarrier in the
hepta-adaptor apparatus. Verify that the air outlets are also in alignment.

6. Bombard using 1350 psi rupture disks and hepta-adaptor stopping screens
(Bio-Rad 1652226). Stopping screens can be used for several bombardments with
the same construct. Because of the hepta-adaptor setup, the rupture disks will
break closer to 2000 psi.

7. Let worms recover for 1-2 h at 20°C.,
8. Distribute worms from one heptad bombardment plate onto 10 small

(60 mm) plates and incubate at 20°C for 2-3 weeks. Expect approximately five
moving lines per heptad bombardment.

3. Current Challenges: Endogenous Gene Replacement

In other systems, such as yeast and mice, gene targeting with homologous
recombination can replace endogenous genes with constructed transgenes or
knock them out to create null mutations. While homologous recombination occurs
with low incidence in C. elegans following large-scale bombardment (Berezikov
et al., 2004) or injection of DNA into oocyte nuclei (Broverman et /., 1993), its low
frequency has prevented this method from being extensively utilized. By scaling up
biolistic bombardment methods, Berezikov and colleagues have demonstrated, for
two independent loci, that ~300 transformants are required to isolate one
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homologous recombination event. Future work improving the frequency of
homologous transformation events either by technological advances or by identi-
fication of mutants that facilitate efficient recombination will be an important
advance.

4. Controlling Growth Temperature to Influence Expression

Germline silencing is temperature sensitive and weakest at 25°C, which is
effectively the highest temperature at which worms will remain fertile (Strome
et al., 2001). For difficult-to-obtain transgenic lines, growth at 24.5°C can be
used to maximize the chances of obtaining a line that expresses the transgene.
However, in most cases, returning these transgenic lines to lower temperatures
results in rapid silencing that can sometimes be permanent. The use of these strains
has many limitations. For example, such transgenes cannot be used in
temperature-sensitive mutants due to silencing at the permissive temperature.
In general, we recommend that transgenic strains initially be isolated at 20°C.
In cases where fluorescence is absent, strains should be shifted to 24.5°C and
rescreened shortly thereafter.

B. Making Dual/ Triple Fluorescent Marker Lines by Mating

It is usually straightforward to generate multimarker lines once single fluores-
cent transgenic lines have been established. To do this, males generated for one of
the fluorescent strains are crossed to hermaphrodites homozygous for the second
fluorescent marker (see Fig. 6). The F2 progeny from this mating are singled and
their progeny are screened to identify lines homozygous for both fluorescent
markers. In our experience, GFP and mCherry provide an optimal combination
of fluorescent markers.

1. Generating and Maintaining Males

Male worms, which have a single X chromosome (XO), arise at low frequency in
a hermaphrodite (XX) population by chromosome nondisjunction. Below we
describe our version of a commonly used heat shock protocol to increase the
frequency of males in strains bearing fluorescent transgenes.

I. Set up an incubator (or water bath) at 30°C and another at 31.5°C.

2. Transfer 10 L4 hermaphrodites onto each of two 10-cm plates seeded with
OP50 bacteria.

3. Parafilm and place one plate at 30°C and one at 31.5°C for 8 h.

4. Remove excess condensation and return plates to 20°C incubator for 3-4
days.



9, Expression and Imaging of Fluorescent Proteins 199

@ Generate males for strain 1 using heat shock at 36°C and 31.5°C.

© Backeross males and use new males for mating.

© Cross 20 male worms from strain 1 with 8 hermaphrodites from
strain 2.

O isolate each of the 6 hermaphrodites following mating and allow
pregeny to hasch.

@ Transfer 3-5 hermaghrodite F1 progeny from plates containing males-

© Single 32 F2 progeny.

€ Screen F3 generation for both markers.

© Fropagsie sirains exhibiting both markers and continue to select for

strains that produce progeny with both markers.

Fig. 6 Standard mating protocol to generate multimarker lines. Begins by generating males from the
first strain by subjecting L4 hermaphrodites to heat shock at 30 and 31.5 ° C. Allow hatching of progeny
and isolate males for backcrossing. Backcross males and use newly isolated males for mating. Cross 20
male worms (strain 1) with 6 hermaphrodite worms (strain 2). Single the six hermaphrodites onto
individual plates and allow progeny to hatch, Transfer three to five hermaphrodite F1 progeny from
plates that have ~50% males {indicative of successful mating). Single out 32 F2 progeny and screen their
progeny (the F3 generation) for both markers to determine the genotype of the F2 parent. The expected
incidence for each genotype is listed {assuming the markers are on different chromosomes). Propagate
strains where all F3 progeny express both markers, indicating that the F2 parent was homozygous for
both markers. If the F2 parent was heterozygous for a marker, then ~1/4 of its progeny will lack the
marker. Check again at the next generation to confirm that both markers are homozygous. {See Plate
no. 26 in the Color Plate Section.)

5. Check plates for males when the progeny are L4 stage. Male worms are easily
distinguished by their smaller size and the presence of a copulatory apparatus or
“hook” at the end of the tail.

This method generally only produces a few males per plate, and due to heat
shock these males may not mate efficiently. Therefore, it is best to backcross the
males before using them for mating. Male sperm out compete hermaphrodite
sperm (LaMunyon and Ward, 1995; Ward and Carrel, 1979). Since 50% of
male sperm carry the X chromosomes and 50% do mnot, successfully mated
hermaphrodites produce ~50% male progeny.




200

Rebecca A. Green et al.

2. Backcrossing Males

1. Place 5-20 males and 6 1.4 hermaphrodites onto a mating plate [60 mm dish
seeded with small spot (10 ul of saturated OP50 culture)].

2. Incubate at 16 or 20°C overnight.

3. Move hermaphrodite worms to a standard NGM/OP50 60-mm dish and look
for male progeny after several days.

4. Male worms can be maintained by setting up a mating with 20 L4 males and
6 L4 hermaphrodites on a standard 60-mm dish seeded with bacteria at each
generation.

If only a few males are generated by the heat shock, you can maximize your
chance of “capturing” the males by mating them with an excess (~20) of hermaph-
rodites for 24 h and then plating the hermaphrodites, three onto a plate, to simplify
identification of plates with male progeny. It is often worth trying to make males
from both of the strains containing the two transgenes that you are trying to
combine, since the frequency of males and their ability to mate efficiently can
vary between strains.

3. Crossing Males from One Strain with Hermaphrodites from a Strain Carrying a
Second Fluorescent Marker

1. Once you have males from one strain, cross the two strains by placing 10 14
males from the first strain and 6 L4 hermaphrodites from the second strain on a
mating plate.

2. Allow them to mate for 24-36 h at 20°C. If one strain requires growth at
16°C, allow them to mate longer at 16°C.

3. Single the hermaphrodites to fresh plates (six separate plates) and allow
progeny to hatch. A plate carrying ~50% males indicates successful mating.
Throw away the other plates.

4. The hermaphrodites on the plates with ~50% males are cross progeny
and should be heterozygous for both fluorescent markers. Make two small plates
with 3-5 heterozygous worms each and let these lay progeny to obtain the F2
generation.

5. The F2 worms will have a variety of genotypes and can be heterozygous,
homozygous, or null for each fluorescent marker. If the two markers are on
different chromosomes, 1/16 of the F2 progeny will have neither marker, 3/8 will
be null for one marker and either heterozygous or homozygous for the second
marker, 1/4 will be heterozygous for both markers, 1/4 will be homozygous for
one marker and heterozygous for the second marker, and 1/16 will be homozygous
for both markers. To identify the desired double homozygotes, we single the F2
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worms onto individual plates and use fluorescence microscopy to screen expression
in the gonad/embryos of their adult progeny (screening procedure described
below). The progeny of the worms homozygous for both markers (~1/ 16 of the
plates) will all have both markers. Depending on how many F2 worms you single,
you may not find a plate where this is the case. The next best thing is plates where
the parental F2 was homozygous for one marker and heterozygous for the second
marker. The progeny of these worms will ail have the first marker and ~1/4 of the
progeny will lack the second marker. If you do not get a homozygote the first time,
you can single worms from one of these plates and screen again in the next
generation to homozygose the second marker—this time 1/4 of the worms should
be homozygous for both markers. If the two markers are on the same chromo-
some, obtaining a double homozygote requires a recombination event. Recombi-
nants can be straightforward to obtain if the markers are far apart—or nearly
impossible to obtain if they are closely linked.

4, Screening for Strains Homozygous for Two Fluorescent Markers

1. Single ~32 F2 L4 hermaphrodites onto individual plates and incubate until
there are adult progeny on the plate.

2. Whole-mount adult hermaphrodites from each plate. To whole mount, spot
2 pl of M9 onto a glass slide, transfer worm into M9 spot, place coverslip gently on
top, and lightly press down on the edges of the coverslip to restrain worm move-
ment (careful not to squish worm). Place it under the microscope and screen for the
presence of both fluorescent markers in the germline/embryos. If one or both
markers are absent from any of the progeny, throw the plate away. If both markers
are present in all progeny (say >32 progeny), then the strain is most likely
homozygous for both markers. In this case, pass three to five worms onto a new
plate and screen again at the next generation to confirm that the line is homozy-
gous for both markers. If one marker is present in all progeny but the second is
absent in ~1/4 of the progeny, keep the plate but note that the parent was likely
heterozygous for the second marker. Single worms from this plate and check again
for double homozygotes in the next generation.

C. Benefits and Challenges with Multimarker Lines

Establishing dual color C. elegans lines typically results in beautiful images and
valuable data. However, the usefulness of double or triple single-color lines is often
overlooked. When two fluorescently marked proteins are spatially distinct in
distribution and similar enough in signal intensity that a single acquisition setting
can be employed to image both; dual single-color strains can be incredibly useful.
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A mice example of this is a line that expresses GFP-y-tubulin and GFP-histone,
marking the spindle poles and chromosomes, respectively (see Fig. 7). This line
offers the benefit of requiring less light exposure, compared to a dual colored
line marking the same cellular components, which allows for longer filming. For
laboratories with limited access to elaborate microscope facilities, these types of
lines permit sophisticated analysis of multiple proteins of interest at the same
time, using a basic fluorescence microscope setup. In addition, these lines can be
crossed with other fluorescent lines to allow visualization of three or four cellular
components simultaneously.

V. Using Fluorescent Worm Strains

A. Confirming Functionality of Transgenes

Before using fluorescent fusion proteins to obtain quantitative data, it is impor-
tant to confirm that the fusion is functional and therefore likely to reflect the
behavior of the endogenous protein. If there is an appropriate mutant available,

A Multicolor mCherry::SP12
mCherry::SP12 GFP::LEM-2 GFP:LEM-2

B8 Single color multimarker

GFP::H2B GFP::PH
GFP::TBG-1 GFP::TBA-2

Fig. 7 Multicolor versus single-color multimarker strains. {A) In this strain, two proteins with a
partially overlapping distribution are labeled with different fluorophores. mCherry:SP12 {left pane])
labels the ER lumen. GFP:LEM-2 also localizes to the ER, but unlike SP12, is specifically enriched
in the inner nuclear membrane (A. Audhya, Oegema Laboratory, unpublished strain), {B) Two exam-
ples are presented of single-color, multimarker strains to illustrate their usefulness when the spatial
distributions of the two marked populations are distinct. The left panel shows GFP marking in both
chromosomes (GFP::H2B) and centrosomes (GFP::TBG-1) at metaphase [strain TH32 (Cheeseman
et al., 2004)). The right panel shows the plasma membrane (GFP:PH™™ Y and microtubules
(GFP::TBA-2) in an embryo undergoing cytokinesis [strain QD73 (Audhya er al., 2005)]. (Sec Plate
no. 27 in the Color Plate Section.)
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introduction of the GFP fusion into the mutant background can accomplish this
goal. For transgenes expressed using the pie-I promoter, maternal effect or condi-
tional mutants are ideal, since worms homozygous for a null mutation in an
essential gene will often not survive to the developmental stage when the pie-I
regulatory sequences drive expression. Below we discuss the use of RNAi-resistant
(RR) transgenes, a useful alternative approach when an appropriate mutant is not
available.

1. RR Forms of Transgenes

The generation of RR transgenes can be useful to test the localization and
function of an introduced fusion protein in the absence of the endogenous protein
(Fig. 8). RR transgenes are engineered to contain silent mutations that diverge
from the original gene at the nucleotide level but not at the protein level. The first
step in generating an RR transgene is to identify a small region of the endogenous
gene against which an effective dsSRNA can be made. We typically choose a region
that is 300-500 bp in size, flanked by convenient restriction sites, and composed of
mostly exonic (coding) sequence. Before recoding, it is important to make a
dsRNA. against this region and ensure that injection of this RNA effectively
depletes the endogenous protein. In some cases, use of an RNA against the
3' UTR of the endogenous gene (not present in transgenes driven by the pie-I
regulatory sequences) may suffice, obviating the need to make a special transgene.
However, in many cases, the 3 UTRs are too short to be effective. In general,
longer dsRNAs improve depletion efficiency (although they make reencoding more
expensive).

After an appropriate target region is selected, the nucleotide sequence must be
“recoded” without altering the original amino acid sequence or overall codon bias.
To achieve this, the simplest method is to shuffle alternative codons encoding the
same amino acid within the region. For example, if the first serine in the selected
region is encoded by AGU and the second serine in the region is encoded by AGC,
swap the two codons. Continue swapping codons until the coding sequence for all
the serine residues have been altered. This approach should be repeated for each
amino acid within the targeted sequence until there are no long (>10 bp) stretches
of homology between original and reencoded sequence at the nucleotide level. The
final sequence can then be compared with the endogenous sequence using a web-
based program such as Graphical Codon Usage Analyser (http://gcua.schoedl.de/)
to verify that (1) the amino-acid sequence remains unchanged, (2) there are no
stretches of conserved nucleotide sequence >10 bp, and (3) the overall codon bias
remains the same. Any introns present in the targeted region should be replaced
entirely with synthetic introns (see Section II.B.2, for example, synthetic intron
sequences). The recoded region is then synthesized (usually by a commercial
vendor) and introduced into the transgene in place of the original coding sequence
via the flanking restriction sites.
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Fig. 8 Two RNAIi strategies to selectively deplete the endogenous protein without affecting expressed
tagged fusions. (A) The nucleotide sequence of part of the coding region in the introduced transgene is
modified so that a dsRNA directed against part of the endogenous coding region can be used to
selectively deplete the endogenous protein. (B) A dsRNA directed against the 3 UTR of the endogenous
gene selectively targets the endogenous mRNA because the transgene utilizes the pie-1 3 UTR. (C-E)
Using 3 UTR RNAI to test functionality of GFP fusions. Panels C-E have been adapted from Audhya
et al. (2005). (C) GFP:CAR-1, like endogenous CAR-1, localizes to cytoplasmic particles and
P-granules. (D) Western blots of extracts from GFP::CAR-1 expressing worms injected with 3 car-{
UTR dsRNA, probed using anti-CAR-1 and anti-GFP antibedies reveal the selective depletion of the
endogencus protein without alteration of the levels of the GFP fusion. Serial twofold dilutions of
extracts prepared from untreated worms were loaded to quantify depletion. (E) Expression of GFP::
CAR-1 rescued embryonic viability following selective depletion of endogenous CAR-1. (See Plate
no. 28 in the Color Plate Section.)
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Once an RR transgene has been generated and a strain produced by integration,
it is possible to use the RNA against the recoded region to selectively deplete the
endogenous protein without altering levels of the transgenic protein, allowing
the functionality of the transgenic protein to be tested. Once it is established that
a fluorescent fusion with a coding region rescues function, it is also possible to
compare the functionality of the control RR transgene with that of transgenes
containing specific mutations of interest. A nice example of how this technique has
been employed is presented in Ozlu et a/. (2005) examining the function of TPXL-1
in targeting of AIR-1 to the mitotic spindle.

B. Available Worm Strains for Imaging in the Gonad and Early Embryo

A number of useful worm strains, carrying fluorescent transgenes, have been
published and are available for general use. These strains include markers for
studying various cellular components, including centrosomes, microtubules, kine-
tochores, chromosomes, actin cytoskeleton, microtubule-associated proteins,
polarity determinants, and membrane-bound organelles. To view a comprehensive
list of currently available strains (see Fig. 9).

C. Practical Techniques for Gonad/Embryo Imaging:
Specimen Mounting and Drug Treatments

Mounting techniques for imaging the first embryonic division include ex vivo
methods, either on agarose pads or in meiosis media, or in utero methods, via a
worm whole mount. Each technique will be discussed briefly below.

1. Mounting Dissected Embryos for Imaging under Compression

Below we outline the standard method used to image living embryos. In this
method, the embryos are dissected out of the mother and are mounted under
compression on an agarose pad.

1. Make an agarose pad for mounting embryos by placing a slide between two
slides that are each covered with two strips of laboratory tape, so that their tops are
slightly higher than the slide in the middle. Put an M&M-sized drop of melted
agarose (melted by placing an eppendorf tube containing 2% agarose in a heating
block at 95°C) on the center of the middle slide. After waiting for a second or two
for the agarose to slightly cool, place a second slide crosswise over the agarose
drop, so that it rests on the tape-covered slides. This should generate a circular pad
of agarose on the center of the slide. After the agarose has cooled, pick up the
agarose pad-slide sandwich and twist the two slides until you have one slide with a
thin pad of agarose on it ready for embryo mounting. Note: The agarose breaks
down over time at high temperatures reducing its usefulness for making pads, so
put a new aliquot into the heating block every hour or so.
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2. To obtain embryos, transfer an adult worm to a specimen watch glass
(Electron Microscopy Sciences #71570-01) containing a small amount (~1-2 ml)
of M9. Hold the worm at one end with fine forceps (Dumont-Dumostar #10570)
and use a scalpel to cut the worm in half. Grab each half of the worm with the
forceps and scrape the embryos out of the worm with the scalpel, like toothpaste
from a tube. Using a scalpel with a small blade (Becton-Dickinson #371615) can
be very helpful for this.

3. Pick up the embryos with a mouth pipette and transfer them to the agarose
pad, trying to minimize the amount of liquid transferred. Mouth pipettes, with a
diameter slightly larger than an embryo, are pulled from 25 pl capillaries over a
Bunsen burner. The mouth pipette/capillary holders can be found in the capillary
packages.

4. After transferring the embryos to the pad, use the mouth pipette to remove
some of the excess liquid if necessary and then use an eyelash tool (an eyelash
affixed to the end of a toothpick with glue or nail polish) to herd the desired
embryos together (making them easier to find under the microscope).

5. Place an 18 mm x 18 mm coverslip over the embryos and transfer the slide to
the microscope for imaging.

An alternative method that can be simpler for beginners is to place a worm in a
small drop (2-3 pl of M9) on an 18 mm x 18 mm coverslip and use a pair of fine
needles to dissect the embryos from the worm on the coverslip. The coverslip can
then be inverted onto the agarose pad and the embryos imaged.

2. Imaging the Gonad in Anesthetized Worms

Below we describe our standard protocol for imaging the gonad in anesthetized
worms. In some cases, the protocol can also be used to image the division of
embryos “in utero,” which can be useful if the embryos are osmotically sensitive
and lyse when imaged using the standard procedure described above.

To anesthetize the worms for in utero imaging:

1. Make up a fresh mixture of 1 mg/ml Tricaine (ethy! 3-aminobenzoate metha-
nesulfonate salt) and 0.1 mg/ml of tetramisole hydrochloride in M9.

2. Place worms into a pool of anesthetic (a depression slide works well for this)
for 15-30 min, or until worms stop moving.

3. Transfer the anesthetized worms to an agarose pad (prepared as described
above) and carefully place a coverslip on top. The orientation of the anesthetized
worm on the agarose pad is somewhat random, obscuring a clear view of the
embryos in some cases. Therefore, it is recommended that several worms be
anesthetized for each condition.
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3. Mounting for Meiosis Imaging

Meiotic embryos do not tolerate compression and are osmotically sensitive,
since the eggshell is not yet fully formed. Nevertheless, it can be convenient to
image them ex vivo to obtain a high-resolution view of meiotic events, such as
meiotic chromosome segregation, in the embryo. To do this, we use the alternative
mounting technique described below.

I. First, assemble a meiosis filming chamber as follows:

(a). Use two strips of double-sided tape to secure a 60 mm x 20 mm coverslip
onto the top of an aluminum “slide” with a hole in the center. The
aluminum slide is a holder that provides structural rigidity to the cover-
slip, while allowing imaging through the hole.

(b). Apply aring of vaseline on top of the coverslip, inside the area defined by
the hole in the aluminum slide.

(c). Pipet 8 ul of meiosis media into the center of the vaseline ring.

2. Place three adult worms into the meiosis media drop and dissect out the
embryos.

3. Push worm debris to the edges of the drop, leaving the embryos centered.

4. Place an 13 mm x 18 mm coverslip on top of the drop. The vaseline should
prevent the embryos from experiencing compression.

5. Place the slide on the microscope stage and image with the lens closest to the
large coverslip (through the hole in the aluminum slide).

4. Drug Treatments

The eggshell of the early embryo serves as a barrier, making introduction of
experimental drugs, such as nocodazole, difficult at this stage. While several labora-~
tories have had some success introducing drugs into embryos by cracking the
eggshell or incubating dissected embryos (with intact eggshells) in drugs (Encalada
et al., 2005; Kwrz et al, 2002; Stear and Roth, 2004; Strome and Wood, 1983),
the reproducibility of these approaches can be variable, We have had success
mtroducing both nocodazole and latrunculin A into early embryos by dissecting
worms in meiosis media, supplemented with drug. Because there is a delay between
fertilization and eggshell formation, newly fertilized embryos can still take up the
drug until approximately the end of meiosis II. These embryos can be filmed
under meiosis imaging conditions or on an agarose pad following drug exposure.

For introduction of drugs at later timepoints, we have had some success with a
chitinase treatment protocol that maintains the eggshell in a permeable state.
In this protocol, three worms are dissected in 8 pl egg salts (48 mM NaCl,
118 mM K.CI) on a 24 mm x 60 mm coverslip on which a drop of 4 pl polylysine
(1 mg/ml) has been dried in an oven for 10 min. The polylysine spot helps to
immobilize the embryos through subsequent treatments. The coverslip is mounted
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with a ring of vaseline on an aluminum slide, as described above for meiosis
filming. The buffer is removed with a mouth pipette and replaced with 8 pl of
9:1 ddH,0:bleach by volume. After 2 min, the bleach solution is replaced with 8 pl
egg salts buffer, followed sequentially by 8 pl L-15 blastomere culture medium
(Edgar, 1995) and 8 pl chitinase (5 U/ml in L-15 blastomere culture medium). After
4 min, the chitinase solution is replaced with 8 ul L-15 blastomere culture medium.
Drugs can be introduced by replacing this medium with 8 ul L-15 blastomere
culture medium containing the drug.

D. Guidelines for Live Imaging of C. elegans Embryos

Once the specimens are prepared, the C. elegans gonad and early embryo are
imaged in a fashion similar to other living specimens, and are subject to the same
considerations. We remind experimenters to choose conditions to favor the health
and viability of the embryo (temperature, illumination intensity) and to optimize
imaging parameters (optics, filters, on-chip binning). Because general recommen-
dations for live imaging are well described elsewhere, we will limit our discussion to
C. elegans-specific considerations for live imaging.

The C. elegans gonad and early embryos have been imaged with great success
using both wide-field and confocal microscopes. Ideally, the choice of imaging
system should be tailored for each experiment, depending on the goal of the study.
When imaging the cytoskeleton or the cell cortex, we recommend using a spinning
disk confocal microscope. The spinning disk maximizes the number of confocal
images that can be acquired before bleaching or phototoxicity become problematic
(Audhya et al., 2005, Maddox et al., 2003). For chromosome or centrosome
imaging, a standard wide-field microscope or a spinning disk confocal can be
used to acquire a short z-series (5-6 planes, 2 um intervals) through the
middle region of the embryo. For fixed embryos analysis, deconvolution wide-
field imaging at full resolution is the method of choice (Agard, 1984; Cheeseman
et al., 2004; Maddox et al., 2005; Monen et al., 2005). Other methods of imaging,
such as multiphoton analysis, have also been successfully used to image C. elegans
embryos (Strome et al., 2001).

Filters used for fluorescence imaging should be closely matched to the peak
wavelengths of the fluorophores being used to avoid the need for longer exposure
conditions, which may be harmful to the specimen. For GFP-only imaging, we use
a 488-nm band-pass filter and for dual GFP and mCherry imaging, we use 488/
568 nm dual band-pass dichroic with individual band-pass excitation and emission
filters mounted in filter wheels. For simultaneous imaging of two fluorescent
proteins, we prefer GFP/mCherry to CFP/YFP since the excitation light for CFP
is not well tolerated by C. elegans embryos.

For high-resolution live imaging of C. elegans embryos, 100x oil immersion
(1.4 NA), 60x oil immersion (1.4 NA), and 60x water immersion (1.2 NA) objec-
tives are most commonly used. Water immersion lenses can reduce spherical
aberration, which becomes noticeable when imaging deep in ~20 pm thick embryos.
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For maximal detail, the net magnification must be sufficient to capture full resolution
onto the detector, which is typically a charge coupled detector camera. Magnification
beyond this optimum reduces intensity without providing any added information.
Typically, the theoretical resolution limit (~0.25 pm for green light) is split over three
pixels on the camera (i.e., for a camera with 6.45 um square pixels, 77 x magnification
is optimal). The 1.5x auxiliary magnification, built into the microscope (often
referred to as an optivar), can be used to increase net magnification onto the detector
by an additional 50%.

In practice, we rarely image living embryos at full resolution because many GFP
transgenes are expressed at low levels and the signal is limiting. Instead, we
sacrifice spatial resolution by using 2 x 2 on-chip binning to amplify the signal
without increasing noise. Binning converts four adjacent pixels into a single large
pixel (for a 6.45-um square camera, after binning the total pixel number will be
reduced fourfold and each pixel will be 12.9 um?); effectively, binning results in a
fourfold increase in signal-to-noise and a twofold decrease in spatial resolution.
Binning is essential for many of our imaging procedures because it allows the use of
illumination and exposure conditions that permit long-term imaging of embryos
without significant photodamage.

VI. Summary

The C. elegans germline has recently emerged as a powerful model system for
studying meiosis and mitosis. The advantages of this system include reproducible
RNAi-mediated protein depletion, stereotypical gonad morphology, and the rapid
and reproducible progression of the first embryonic cell divisions. The advent of
fluorescent proteins engineered for C. elegans expression and the means to avert
the germline silencing of transgenes has made it possible to image fluorescent
proteins in this system. In this chapter, we have outlined methods currently used
to engineer fluorescent transgenes for germline expression, bombardment methods
for the generation of stable lines, approaches to verify transgene function and
expression, methods to generate multimarker lines, techmiques for mounting
worms and embryos, and basic imaging guidelines. In addition, we provide a list
of currently available vectors and strains for live imaging analysis in the gonad and
the early embryo.
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Appendix

Media and Supplements

1. LB (2x)

100 g of LB
1800 m] ddH,O
* Autoclave 35 min

2. LB plates (1 liter)

500 ml ddH,O

15 g agar

Add 450 ml 2x LB to the bottle

* Autoclave 35 min

3. Meiosis media

Stocks needed to make media:
500 mg/100 ml inulin in culture safe H>O (autoclaved)
0.25 M HEPES pH 7.4 (5.95 g/100 ml)
Leibowitz 1.-15 media
Heat-inactivated FBS

For 10 ml of melosis media:
6 ml of L-15 media

1 ml of HEPES (0.25 M pH 7.4)
1 m] inulin solution
2 ml FBS

4. M9 (2 liter)

10 g NaCl

12 g Na2HPO4

6 ¢ KH,PO,

0.5 g MgS0,4-7TH,0
Add water to 2 liter
*Autoclave 35 min
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5. NGM agarose plates (1 liter)

3 g NaCl

25 g agarose

2.5 g peptone

1.0 ml cholesterol (5 mg/ml in EtOH)

975 ml ddH,O

*Autoclave 35 min and place in 55°C water bath

*When cooled sterilely add:
1.0m] 1 M CaCl,

1.0ml I M MgSO,
25ml 1 M KH,PO, (pH 6.0)

. Nystatin solution (500 mi)

5 g nystatin

250 ml EtOH

250 ml 7.5 M NH;Ac

*Filter sterilize and store at —20°C

. Peptone plates (1 liter)

1.2 g NaCl

20 g bactopeptone

25 g agar

*Autoclave then sterilely add:
I ml 5 mg/ml cholesterol
I'mi 1M MgSOy,

25ml 1 M KH,PO, pH 6.0

8. Potassium citrate (1 M), pH 6.0

268.8 g tripotassium citrate

26.3 g citric acid monohydrate

Add water to 900 ml

*Adjust pH to 6.0 using 10N KOH and bring up to 1 liter
*Autoclave and store at room temperature

9. S basal (per liter)

5.9 g Na(l

50 ml of 1 M KH,PO, pH 6.0

I ml of cholestero! (5 mg/ml in EtOH)
*Autoclave and store at room temperature
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10. S basal (complete media):

To S basal 500 ml bottle add:
5ml 1 M potassium citrate pH 6.0

5 ml trace metals solution
I.5ml 1 M MgSO4
1.5ml 1 M CaCl,

Trace metals solution:

Disodium EDTA 1.86 g (5 mM)
FeS0,4-7H,0 0.69 g (2.5 mM)
MnCl,-4H,0 020 g (1 mM)
ZnSO4 THLO 0.29¢g (1 mM)
CuS0,4-5H,O 0.025¢ (0.1 mM)

*Dissolve in 1 liter water; aliquot into 50 ml conical tubes and store in dark

Bombardment reagents

Bio-Rad 1.0 pm gold beads (Cat# 1652263)

Stopping screens Cat#1652336

Macrocarriers Cat# 9202964 120502

Rupture discs Cat# 1652330

50% glycerol (filter sterilized)

pAZ-based plasmid for transforming (uncut) ~I1 mg/ml (1 pl per
bombardment)

2.5 M CaCl, (sterile filtered)

1.0 M spermidine (Sigma S-0266 in water, stored at—20°C)
70% EtOH

70% isopropanol

. 100% EtOH

Sterile water

Aceto, D., Beers, M., and Kemphues, K. I. (2006). Interaction of PAR-6 with CDC-42 is required for
maintenance but not establishment of PAR asymmetry in C. elegans. Dev. Biol. 299(2), 386-397.
Agard, D. A. (1984). Optical sectioning microscopy: Celtular architecture in three dimensions. Annu.
Rev. Biophys. Bioeng. 13, 191-219.

Audhya, A., Hyndman, F., McLeod, 1. X., Maddox, A. 5., Yates, I R., 31d, Desai, A., and Oegema, K.
(2005). A complex containing the Sm protein CAR-1 and the RNA helicase CGH-1 is required for
embryonic cytokinesis in Caenorhabditis elegans. J. Cell Biol. 171, 267-279.




Rebecca A. Green ef al.

Berezikov, E., Bargmann, C. I, and Plasterk, R, H. (2004). Homologous gene targeting in Caenorhabditis
elegans by biolistic transformation. Nucleic Acids Res. 32(4), e40.

Bobinnec, Y., Fukuda, M., and Nishida, E. {2000), Identification and characterization of Caenorhabditis
elegans gamma-tubulin in dividing cells and differentiated tissues. J. Cell Sci. 113(Pt 21), 3747-3759,
Broverman, 8., MacMorris, M., and Blumenthal, T. (1993). Alteration of Caenorhabditis elegans gene

expression by targeted transformation, Proc. Natl Acad. Sci. USA 90(10), 4359-4363.

Campbell, R. E., Tour, O., Palmer, A. E., Steinbach, P. A., Baird, G. S., Zacharias, D. A., and
Tsien, R. Y. {2002). A monomeric red fluorescent protein. Proc. Natl Acad. Sci. USA 99(12),
7877-7882.

Cheeks, R. J., Canman, J. C., Gabriel, W. N., Meyer, N., Strome, S., and Goldstein, B. (2004).
C. elegans PAR proteins function by mobilizing and stabilizing asymmetrically localized protein
complexes. Curr. Biol 14(10), 851-862.

Cheeseman, I. M., and Desai, A. (2005). A combined approach for the localization and tandem affinity
purification of protein complexes from metazoans. Sci. STKE 2005(266), pll.

Cheeseman, I. M., Niessen, S., Anderson, S., Hyndman, F., Yates, J. R., II{, Oegema, K., and Desai, A.
(2004). A conserved protein network controls assembly of the outer kinetochore and its ability to
sustain tension. Genes Dev. 18(18), 2255-2268.

Coclell, M. M., Baumer, K., and Génczy, P. (2004). lis-1 is required for dynein-dependent cell division
processes in C. elegans embryos. J. Cell Sei. 117(Pt 19), 4571-4582.

Colombo, K., Grill, 5, W, Kimple, R. J., Willard, F. 8., Siderovski, D. P., and Goneczy, P. (2003).
Translation of polarity cues into asymmetric spindle positioning in Caenorhabditis elegans embryos.
Secience 300{5627), 1957-1961.

Cowan, C. R., and Hyman, A. A, (2004). Centrosomes direct cell polarity independently of microtubule
assembly in C. efegans embryos. Nature 431(7004), 92-96.

Cubitt, A. B., Heim, R., Adams, 8. R_, Boyd, A. E., Gross, L. A., and Tsien, R. Y. (1995). Understand-
ing, improving and using green flucrescent proteins. Trends Biochem. Sci. 20(11), 448-455.

Cuenca, A. A., Schetter, A., Aceto, D., Kemphues, K., and Seydoux, (. (2003). Polarization of the
C. elegans zygote proceeds via distinct establishment and maintenance phases. Development 130(7),
1255-1265.

Dechant, R., and Glotzer, M. (2003). Centrosome separation and central spindle assembly act in
redundant pathways that regulate microtubule density and trigger cleavage furrow formation. Dev.
Cell 4(3), 333-344.

Duret, L., and Mouchiroud, D. (1999). Expression pattern and, surprisingly, gene length shape
codon usage in Caenorhabditis, Drosophila, and Arabidopsis. Proc. Natl. Acad, Sci, USA 96(8),
4482--4487.

Edgar, L. G. (1995). Blastomere culture and analysis. Methods Cell Biol. 48, 303-321.

Encalada, 8. E., Martin, P. R., Phillips, J. B., Lyczak, R., Hamill, D. R., Swan, K. A., and
Bowerman, B. (2000). DNA replication defects delay cell division and disrupt cell polarity in early
Caenorhabditis elegans embryos. Dev, Biol. 228(2), 225-238.

Encalada, S. E., Wilis, J., Lyczak, R., and Bowerman, B. (2005). A spindle checkpoint functions during
mitosis in the garly Caenorhabditis elegans embryo. Mol. Biol. Cell 16(3), 1056-1070.

Fernandez, A. G., Gunsalus, K. C., Huang, I., Chuang, L. S., Ying, N, Liang, H. L., Tang, C.,
Schetter, A. I., Zegar, C., Rual, J. F., Hill, D. E., Reinke, V., ef al. (2005). New genes with roles in
the C. elegans embryo revealed using RNAI of ovary-enriched ORFeome clones. Genome Res. 15(2),
250-259.

Fernandez, A. G., and Piano, F. {2006). MEL-28 is downstream of the Ran cycle and is required for
nuclear-envelope function and chromatin maintenance. Cuwrr. Biol 16(17), 1757-1763.

Fire, A., Ahnn, J., Kelly, W. G., Harfe, B., Kostas, S. A., Hsieh, J., Hsu, M., and Xu, S. (1998). GFP
applications in C. elegans. In “GFP Strategies and Applications” (M. Chalfie and S. Kain, eds.),
pp. 153-168. John Wiley and Sons, New York,

Fire, A,, Alcazar, R., and Tan, F. (2006). Unusual DNA structures associated with germline genetic
activity in Caenorhabditis elegans. Genetics 173(3), 1259-1273.



9. Expression and Imaging of Fluorescent Proteins 215

Fire, A., Harrison, S. W., and Dixon, D. (1990). A modular set of lacZ fusion vectors for studying gene
expression in Caenorhabditis elegans. Gene 93(2), 185-198.

Franz, C., Askjaer, P., Antonin, W., Iglesias, C. L., Haselmann, U., Schelder, M., de Marco, A,
Wilm, M., Antony, C., and Mattaj, L. W. (2005). Nup155 regulates nuciear envelope and nuclear
pore complex formation in nematodes and vertebrates. EMBO J, 24(20), 3519-3531.

Fraser, A. G., Kamath, R. S., Zipperlen, P., Martinez-Campos, M., Sohrmann, M., and Ahringer, J.
(2000). Functional genomic analysis of C. elegans chromosome I by systematic RNA interference.
Nature 408(6810), 325-330.

Galy, V., Mattaj, L. W., and Askjaer, P. (2003). Caenorhabditis elegans nucleoporins Nup93 and
Nup205 determine the limit of nuclear pore complex size exclusion in vivo. Mol. Biol. Cell 14(12),
51045115,

Golden, A., Sadler, P. L., Wallenfang, M. R., Schumacher, J. M., Hamill, D. R., Bates, G.,
Bowerman, B., Seydoux, G., and Shakes, D. C. (2000). Metaphase to anaphase (mat} transition-
defective mutants in Caenorhabditis elegans. J. Cell Biol. 151(7), 1469-1482.

Gonczy, P., Echeverri, C., Oegema, K., Coulson, A., Jones, S. [, Copley, R. R,, Puperon, T,
Oegema, J., Brehm, M., Cassin, E., Hannak, E., Kirkham, M., e al. (2000). Functional genomic
analysis of cell division in C. elegans using RNAI of genes on chromosome III. Nature 408(6810),
331-336.

Gonezy, P., Pichler, S., Kirkham, M., and Hyman, A. A. (1999). Cytoplasmic dynein is required for
distinct aspects of MTOC positioning, including centrosome separation, in the one cell stage
Caenorhabditis elegans embryo. J. Cell Biol. 147(1), 135-150.

Grant, B., and Hirsh, D. (1999). Receptor-mediated endocytosis in the Caenorhabditis elegans oocyte.
Mol. Bipl. Cell 10(12), 4311-4326.

Hannak, E., Oegema, K., Kirkham, M., Génczy, P., Habermann, B., and Hyman, A. A. (2002). The
kinetically dominant assembly pathway for centrosomal asters in Caenorhabditis elegans is gamma-
tubulin dependent. J. Cell Biol. 157(4), 591-602.

Heim, R., Prasher, D. C., and Tsien, R. Y. (1994). Wavelength mutations and posttranslational
autoxidation of green fluorescent protein. Proc. Natl. Acad. Sci. USA 91(26}, 12501-12504.

Heim, R., and Tsien, R. Y. (1996). Engincering green fluorescent protein for improved brightness,
longer wavelengths and fluorescence resonance energy transfer. Curr. Biol 6(2), 178-182.

Hird, 8. N., and White, J. G. (1993). Cortical and cytoplasmic flow polarity in early embryonic cells of
Caenorhabditis elegans. J. Cell Biol. 121(6), 1343~1355.

Hubbard, E. J., and Greenstein, D. (2000). The Caenorhabditis elegans gonad: A test tube for cell and
developmental biology. Dev. Dyn. 218(1), 2-22,

Hyman, A. A, and Oegema, K. (2005). Cell division. In “WormBook.” The C. efegans Research
Community, WormBook.http://www.wormbook.org.

Jackstadt, P., Wilm, T. P., Zahner, H., and Hobom, G. (1999). Transformation of nematodes via
ballistic DNA transfer. Meol. Biochem. Parasitol. 103(2), 261-260.

Jantsch-Plunger, V., Gonezy, P., Romano, A.,, Schnabel, H., Hamill, D., Schnabel, R., Hyman, A. A.,
and Glotzer, M. (2000), CYK-4: A Rho family gipase activating protein (GAP) required fo central
spindle formation and cytokinesis. J. Cell Biol. 149(7), 1391-1404.

Kamath, R. 8., Fraser, A. G, Dong, Y., Poulin, G., Durbin, R., Gotta, M., Kanapin, A., Le Bot, N,,
Moreno, S., Sohrmann, M., Welehman, D. P., Zipperlen, P., er al. (2003). Systematic functional
analysis of the Cuenorhabditis elegans genome using RNAIL Nature 421(6920), 231-237.

Kelly, W. G., and Fire, A. (1998). Chromatin silencing and the maintenance of a functional germline in
Caenorhabditis elegans. Development 125(13), 2451-2456.

Kelly, W. G., Xu, S., Montgomery, M. K., and Fire, A. (1997). Distinct requirements for somatic and
germline expression of a generally expressed Caernorhabditis elegans gene. Genetics 146(1), 227-238.

Kemphues, K. I, Priess, 1. R., Morton, D. G., and Cheng, N. 5. (1988). Identification of genes required
for cytoplasmic Iocalization in early C. elegans embryos. Celf 52(3), 311-320.

Kimble, J., and Strome, S. (2005). The germline. /n “WormBook.” The C. elegans Research Commu-
nity, WormBook.http://www.wormbook.org,




Rebecca A. Green et al.

Kirkham, M., Muller-Reichert, T., Oegema, K., Grill, 8., and Hyman, A. A. (2003). SAS-4 is a
C. elegans centriolar protein that controls centrosome size. Cell 112(4), 575-587.

Kurz, T, Pintard, L., Willis, J. H., Hamill, D. R., Génczy, P., Peter, M., and Bowerman, B. (2002).
Cytoskeletal regulation by the NeddS ubiquitin-like protein modification pathway. Science 295
(5558), 12941298,

Labbe, J. C., McCarthy, E. K., and Goldstein, B. (2004). The forces that position a mitotic
spindle asymmetrically are tethered until after the time of spindle assembly. J. Cell Biol. 167(2),
245-256.

LaMunyon, C. W., and Ward, §. (1995). Sperm precedence in a hermaphroditic nematode
{(Cuenorhabditis elegans) is due to competitive superiority of male sperm. Experientia 51(8), 817-823.

Leidel, 8., Delattre, M., Cerutti, L., Baumer, K., and Génczy, P, (2005). SAS-6 defines a protein family
required for centrosome duplication in C. elegans and in human cells. Nat. Cell Biol (2, 115-125.

Liu, I, Vasudevan, S., and Kipreos, E. T. (2004). CUL-2 and ZYG-11 promote meiotic anaphase I and
the proper placement of the anterior-posterior axis in C. elegans. Development 131(15), 3513-3525.

Maddox, A. S., Habermann, B., Desai, A., and Gegema, K. (2005). Distinct roles for two C. elegans
anillins in the gonad and early embryo. Development 132(12), 28372848,

Maddox, P. 8., Moree, B., Canman, J. C., and Salmon, E. D. {2003), Spinning disk confocal microscope
system for rapid high-resolution, multimode, fluorescence speckle microscopy and green fluorescent
protein imaging in living cells. Methods Enzymol, 360, 597-617.

Maddox, P. 8., Portier, N., Desai, A., and Oegema, K. (2006). Molecular analysis of mitotic chromo-
some condensation using a quantitative time-resolved fluorescence microscopy assay. Proc, Natl
Acad. Sei. US4 103(41), 15097-15102.

Maduro, M., and Pilgrim, D. (1995). Identification and cloning of unc-119, a gene expressed in the
Caenorhabditis elegans nervous system. Genetics 141(3), 977-988.

Maeda, 1., Kohara, Y., Yamamoto, M., and Sugimoto, A. (2001). Large-scale analysis of gene function
in Caenorhabditis elegans by high-throughput RNAL Curr. Biol. 11(3), 171-176.

Matz, M. V., Fradkov, A. F., Labas, Y. A, Savitsky, A. P., Zaraisky, A. G., Markelov, M. L., and
Lukyanov, S. A. (1999). Fluorescent proteins from nonbioluminescent Anthozoa species. Nat.
Biotechnol. 17(10}, 969-973.

McNally, K., Audhya, A., Oegema, K., and McNNally, F. J. (2006). Katanin controls mitotic and meiotic
spindle length. J. Cell Biol. 175(6), 881891,

Miller, D. M., 111, Desai, N. S., Hardin, D. C,, Piston, D. W., Patterson, G. H., Fleenor, J., Xu, S., and
Fire, A. (1999). Two-color GFP expression system for C. elegans. Bioteclhniques 26(5), 914-918,
920-921.

Monen, J., Maddox, P. S, Hyndman, F -» Oegema, K., and Desai, A. (2003). Differential role of CENP-
A in the segregation of holocentric € elegans chromosomes during meiosis and mitosis. Nar. Cell
Bipl 7(12), 1248-1255.

Motegi, ., and Sugimoto, A. (2006). Sequential functioning of the ECT-2 RhoGEF, RHO-1 and CDC-
42 establishes cell polarity in Caenorhabditis elegans embryos. Nai. Cell Biol, 8(9), 978-985.

Munro, E., Nance, I., and Priess, J. R. (2004). Cortical flows powered by asymmetrical contraction
transpoit PAR proteins to establish and maintain anterior-posterior polarity in the early . elegans
embryo. Dev. Cell'7(3), 413-424.

Nance, J., Munro, E. M., and Priess, I. R. (2003). C elegans PAR-3 and PAR-6 are required for
apicobasal asymmetries associated with cell adhesion and gastrulation. Development 130(22),
5339-5350.

O’Connell, K. F., Leys, C. M., and White, J. G. (1998). A genetic screen for temperature-sensitive cell-
division mutants of Caenorhabditis elegans. Genetics 149(3), 1303-1321.

O’Connell, K. F., Maxwell, K. N., and White, J. G. (2000). The spd-2 gene is required for polarization
of the anteroposterior axis and formation of the spetm asters in the Caenorhabditis elegans zygote.
Dev. Biol. 222(1), 55-70.

Oegema, K., and Hyman, A. A, (2005). Cell Division. In “WormBook.” The C.elegans Research
Community, WormBook. httpi/iwww. wormbook.org,




"9, Expression and Imaging of Fluorescent Proteins 217

Ozlu, N., Srayko, M., Kinoshita, K., Habermann, B., O"tooEe, E. T., Miiller-Reichert, T., Schmalz, N.,
Desai, A., and Hyman, A. A. (2005). An essential function of the C. elegans ortholog of TPX2 is to
localize activated aurora A kinase to mitotic spindles. Dev. Cell 9(2), 237-248.

Pelletier, L., Ozlu, N., Hannak, E., Cowan, C., Habermann, B., Ruer, M., Miiller-Reichert, T., and
Hyman, A. A. (2004). The Caenorhabditis efegans centrosomal protein SPD-2 is required for both
pericentriolar material recruitment and centriole duplication. Cinr. Biol. 14(10), 863-873.

Pellettieri, J., Reinke, V., Kim, 8. K., and Seydoux, G. (2003). Coordinate activation of maternal
protein degradation during the egg-to-embryo transition in C. efegans. Dev. Cell 5(3), 451--462.

Piano, F., Schetter, A. J., Mangone, M., Stein, L. D., and Kemphues, K. L. (2000). RNAI analysis of
genes expressed in the ovary of Caenorhabditis elegens. Curr. Biol. 10(24}, 1619-1622.

Pintard, L., Willis, J. H., Willems, A., Johnson, J. L., Srayko, M., Kurz, T., Glaser, S., Mains, P. E,,
Tyers, M., Bowerman, B., and Peter, M. (2003). The, BTB protein MEL-26 is a substrate-specific
adaptor of the CUL-3 ubiquitin-ligase. Nature 425(6955), 311-316.

Poteryaev, D., Squirrell, . M., Campbell, . M., White, J. G., and Spang, A. (2005). Involvement of the
actin cytoskeleton and homotypic membrane fusion in ER dynamics in Caenorhabditis elegems. Mol
Biol. Cell 16(5), 2139-2153.

Praitis, V., Casey, E., Collar, D., and Austin, J. A. (2001). Creation of low-copy integrated transgenic
lines in Caenorhabditis elegans. Genetics 157(3), 1217-1226,

Praitis, V., Katz, W. S., and Solomon, F. (1991). A codon change in beta-tubulin which drastically
affects microtubule structure in Drosophila melanogaster fails to produce a significant phenotype in
Saccharomyces cerevisiae. Mol. Cell Biol. 11(9), 4726-4731.

Rual, J. F., Ceron, I, Koreth, J., Hao, T., Nicot, A. S, Hirozane-Kishikawa, T., Vandenhaute, I.,
Orkin, S. H., Hill, D. E., van den Heuvel, 8., and Vidal, M. (2004). Toward improving Caenorhabditis
elegans phenome mapping with an ORFeome-based RNAi library. Genome Res. 14(30B), 2162-2168.

Sato, K., Sato, M., Audhya, A., Oegema, K., Schweinsberg, P., and Grant, B. D. (2006). Dynamic
regulation of caveolin-1 trafficking in the germline and embryo of Caenorhabditis elegans. Mol. Biol.
Cell 17(7), 3085-3004,

Sato, M., Sato, K., Fonarev, P., Huang, C.-J., Liou, W., and Grant, B. D. (2005). Caenorhabditis
elegans RMEB-6 is a novel regulator of RAB-5 at the clathrin-coated pit. Nat. Cell Biol. T{6), 559-569.

Schetter, A., Askjaer, P, Piano, F., Mattaj, 1., and Kemphues, K. {2006). Nucleoporins NPP-1, NPP-3,
NPP-4, NPP-11 and NPP-13 are required for proper spindie orientation in C. elegans. Dev. Biol.
289(2), 360-371.

Seydoux, G., and Strome, S. (1999). Launching the germline in Caenorhabditis elegans: Regulation of
gene expression in early germ cells. Development 126(15), 3275-3283.

Shaner, N. C., Campbell, R. E., Steinbach, P. A., Giepmans, B. N. G., Palmer, A. E., and Tsien, R. Y.
(2004). Improved monomeric red, orange and yellow fluorescent proteins derived from Discosoma sp.
red fluorescent protein. Nat. Biotechnol 22(12), 1567-1572.

Shaner, N. C., Steinbach, P. A., and Tsien, R. Y. (2005). A guide to choosing fluorescent proteins. Nat.
Methods 2(12), 905-909.

Simmer, F., Moorman, C., van der Linden, A. M., Kuijk, E., van den Berghe, P. V., Kamath, R. 8.,
Fraser, A. G., Ahringer, I, and Plasterk, R. H. (2003). Genome-wide RNAi of C. elegans using the
hypersensitive rrf-3 strain reveals novel gene functions. PLoS Biol 1(1), E12.

Smith, D., and Yarus, M. (1989). Transfer RNA structure and coding specificity. I Evidence that a
D-arm mutation reduces tRNA dissociation from the ribosome. J. Mol Biol. 206(3), 489-501.

Sonnichsen, B., Koski, L. B., Walsh, A., Marschall, P,, Neumann, B., Brehm, M., Alleaume, A. M.,
Artelt, J., Rettencourt, P., Cassin, E., Hewitson, M., Holz, C., et al. (2005). Full-genome RNAi
profiling of early embryogenesis in Caenorhabditis elegans. Nature 434(7032), 462-469.

Stear, J. H., and Roth, M. B. (2004). The Caenorhabditis elegans kinetochore reorganizes at prometa-
phase and in response to checkpoint stimuli. Mol. Biol. Cell 15(11), 5187-~5196.

Strome, S., Powers, I., Dunn, M., Reese, K., Malone, C. I, Seydoux, G., Saxton, W., and White, J. G.
(2001). Spindle dynamics and the role of gamma-tubulin in early Cuenorhabditis elegans embryos.
Mol. Biol. Cell 12(6), 1751-1764.




218

Rebecca A. Green et al.

Strome, S., and Wood, W. B. (1983). Generation of asymmetry and segregation of germ-line granules in
early C. elegans embryos. Cell 35(1), 15-25.

Tsou, M. F., Hayashi, A., DeBella, L. R., McGrath, G., and Rose, L. S. (2002). LET-99 determines
spindle position and is asymmetrically enriched in response to PAR polarity cues in C. elegans
embryos. Development 129(19), 4469-4481.

Verbrugghe, K. J., and White, J. G. (2004). SPD-1 is required for the formation of the spindle midzone
but is not essential for the completion of cytokinesis in C. elegans embryos. Curr. Biol 14(19),
1755-1760.

Wallenfang, M. R., and Seydoux, G. (2000). Polarization of the anterior-posterior axis of C. elegansisa
microtubule-directed process. Nature 408(6808), 89-97.

Ward, 3., and Carrel, J. S. (1979). Fertilization and sperm competition in the nematode Caenorhabditis
elegans. Dev. Biol, 73(2), 304-321.

Wilm, T., Demel, P., Koop, H. U., Schrnabel, ., and Schnabel, R. (1999). Ballistic transformation of
Caenorhabditis elegans. Gene 229(1-2), 31-35.

Wissmann, A., Ingles, J., and Mains, P. E. (1999). The Caenorhabditis elegans mel-11 myosin phospha-
tase regulatory subunit affects tissue contraction in the somatic gonad and the embryonic epidermis
and genetically interacts with the Rac signaling pathway. Dev, Biol. 209(1), 111--127.



