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This review is written as an introduction to those who may be contemplating a foray into the
“worm world” but are not familiar with this animal or the toolbox of techniques and reagents
that would be useful to get started. The goal is to provide an overview, an idea of what to
consider, and where to find additional resources and necessary information. It has been slightly
more than 30 years since Sydney Brenner documented the use of Caenorhabditis elegans as a
model genetic organism [1]. Since that time more than 7,000 articles have been published
investigating all aspects of this organism from its feeding and social behavior to very fine
details of neurotransmission. After the sequence of the entire genome of C. elegans became
available in 1998 [2], it became apparent that the similarity of genes between this microscopic
nematode and that of humans is remarkable with approximately 40% of genes that are
associated with human disease having homologs in the C. elegans genome [3]. This similarity
validates Brenner’s choice of C. elegans as not only a model for general biological processes
but also for understanding the pathogenesis of disease. If the 1990’s is considered the “decade
of genome”, where the sequence of organism after organism was reported, the early 2000’s
might be considered the “decade of genome mining” in which large scale efforts are aimed at
understanding the function of the genomic content. In the C. elegans community, these efforts
are directed at understanding of the function, regulation, interaction, and expression of the
entire complement of genes in the genome (reviewed in [4]). All of this information is
increasing the likelihood that C. elegans will be an attractive system for studying an ever-
expanding variety of biological problems. Indeed, a number of investigators have successfully
crossed over from another organism to the worm in order to study their homolog of interest in
this simple model.

C. elegans has morphological and practical advantages as a model
Model organisms, in general, share a number of common characteristics, and the worm is no
exception. The worm is inexpensive to cultivate, easy to physically manipulate, and has a
panoply of genetic and molecular tools available. For C. elegans, in particular, there are a
number of distinct advantages that will be discussed in greater detail. The animals are simple
multicellular organisms: adults contain approximately 1,000 somatic cells yet have a variety
of tissue types such as muscles, nerves, and intestinal cells. These animals have a short
generation time, which allows for rapid experimentation; they progress from egg to larva to
fertile adult in 3 days at room temperature. A single adult can have between 300 and 1,000
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progeny. Due to the sexual dimorphism, they are useful for genetics: self-fertilizing
hermaphrodites can maintain homozygous mutations without the need for mating and males
can be used for genetic crosses. Additionally, the animals are transparent at every stage of their
life cycle. The ability to see inside the organism is not only useful for observing cellular events
such as mitosis or cytokinesis in real-time but also allows an investigator to use fluorescent
reporter genes such as green fluorescent protein (gfp) to mark cells in live animals [5]. A
powerful technique called RNA-mediated interference (RNAi) can allow rapid assessment of
gene function. In the early days of C. elegans research, a heroic effort led by John Sulston
resulted in a map of the entire lineage of every cell during embryogenesis and post-embryonic
development [6,7,8]. This information is obviously invaluable for understanding the fine
details of cellular events and, in particular, for interpreting the phenotypes of mutant animals
at a single-cell level. Finally, a great advantage for C. elegans among its cohort of model
organisms is the ability to freeze and recover the animals, thereby allowing long-term storage.
Altogether, the distinct advantages of C. elegans make it a useful experimental system to
address questions regarding the biology of multicellular organisms.

C. elegans exist as two sexes with interesting anatomical features
There are two sexes of C. elegans: hermaphrodites with 959 somatic cells and males with 1031
somatic cells. Hermaphrodites are essentially females that produce and store sperm at one stage
in their life cycle before beginning to produce oocytes, making them self-fertile animals. A
single hermaphrodite can produce an entire population of offspring within a few days.
Hermaphrodites offer a great advantage from a genetic point of view. For instance, if one is
dealing with animals that cannot mate, a population can still be established since mating is
unnecessary for a hermaphrodite to produce offspring. Adult hermaphrodites have embryos
inside their uterus and a vulval opening in the center of the animal through which the embryos
are laid (Fig. 1). These animals also have a tapered tail at their posterior (Fig. 1). Males, which
arise infrequently in a population (0.1–0.2%), are smaller and thinner than the hermaphrodites
and have a fan-shaped tail that is composed of structures required for mating (Fig. 2). The
anatomical differences between the two sexes become apparent at the fourth larval (L4) stage,
discussed below. For both sexes, the basic body plan is characterized by two concentric “tubes”
that run along the anterior/posterior axis (Fig. 3). These two tubes are separated by a fluid-
filled pseudocoelomic space. The inner tube is the digestive system with an anterior pharynx
that grinds food, followed by the intestine that extends along the body length to the posterior,
and ends at the anal opening where waste is eliminated. The outer tube consists of the cuticle,
the hypodermis (“worm skin”), the body-wall muscles and the nervous system. In the adult
animal, the gonad is also found in the pseudocoelomic space.

C. elegans has a simple nervous system
These animals have a nervous system composed of 302 neurons. This simplicity was a key
feature in Sydney Brenner’s choice of C. elegans as a new model organism [1]. The neurons
come together at the anterior of the animal in a primitive brain called the nerve ring; all of the
connections that these neurons make have been mapped in a complete wiring diagram [9,10].
Their major function is to innervate the body wall muscles that run along the length of the
animal in four quadrants resulting in a sinusoidal type of movement (Fig. 3). The nervous
system contributes to a variety of behaviors that can be observed in the laboratory including
response to soft and harsh touch, movement towards food and other attractive odorants, and
repulsion from undesirable chemicals (reviewed in [11]).

C. elegans has a rapid life cycle
The life cycle of C. elegans consists of several stages (Fig. 4). First, regardless of whether the
sperm that fertilizes the oocyte comes from the spermatheca of the hermaphrodite or from
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mating with a male, the embryo begins development inside the hermaphrodite. Once the
embryo has approximately 28–30 cells, it is typically laid into the environment through the
vulval opening. Embryogenesis is then completed outside the hermaphrodite during an
approximately 13-hour period. Just prior to hatching, the egg contains a fully formed larva of
558 cells that can be seen tumbling inside the eggshell in a 3-fold pretzel configuration. At
hatching, this L1 larva will arrest in development if there is no food available. In the presence
of food, the larva proceeds through four stages that are punctuated by intervening molts when
the animal sheds its cuticle to accommodate increasing body growth. During the larval period,
a number of blast cells divide and the germline and sexually dimorphic features such as the
hermaphrodite vulva and male tail develop so the animal will be able to reproduce when it
reaches young adulthood. An alternative pathway in the life cycle is taken when the animal
encounters poor conditions such as a limited food supply at the L1/L2 larval molt (Fig. 4). In
this scenario rather than developing into an L3 larva, the animal enters the dauer or diapause
pathway. Dauer larvae are highly resistant to stress and will reenter the normal life cycle at the
L4 stage when conditions improve such as when food becomes available. The genes that control
the decision to enter the dauer pathway are interesting because they are homologs of the
vertebrate insulin-signaling pathway and many of them play an independent role in the
longevity of C. elegans (reviewed in [12].

Studying an enzyme or gene product in C. elegans
When working with an enzyme, an enzymatic pathway, or a specific cellular process, one may
be interested in whether the findings translate into a C. elegans study. For simplicity, assume
the question is “how does a particular enzyme function in the worm?” Fortunately, there are
many useful resources available that one can search before a single worm enters the laboratory.
Information about the enzyme of interest can be found by searching WormBase (http://
www.WormBase.org), an essential C. elegans website [13,14]. This site contains a tremendous
amount of C. elegans data that has been curated and is available in a user-friendly, searchable
format. Examples of information found on WormBase are data on specific genes, mutants,
RNAi phenotypes, expression patterns, and whole genome screens among others. Genomic
information from other nematodes, from Caenorhabditis briggsae for example, is also
becoming available at this website. WormBase has a helpful link to Textpresso, a search engine
for worm literature and unpublished abstracts [15]. The abstracts can indicate the type of data
related to the enzyme of interest that was presented at the latest C. elegans meeting. WormBase
contains links that will help one to obtain C. elegans strains and mutant alleles from the
Caenorhabditis Genetics Center (CGC) (www.cbs.umn.edu/CGC/) and the National
Bioresource Project (www.shigen.nig.ac.jp/c.elegans/ChangeLocale.do?
url=home&lang=en). For general information about the worm, a great place to start is Leon
Avery’s C. elegans WWW server (elegans.swmed.edu). This site is the gateway to information,
reagents, and investigators in the field. Free online reviews are available on a myriad of C.
elegans topics at the WormBook website (www.wormbook.org). The chapters in WormBook
have been written by leaders in the field, are available as soon as they are written, and will be
updated directly on the web. Prior to WormBook, there has been two review compilations:
The nematode Caenorhabditis elegans (1988) and C. elegans II (1997) that provide detailed
information on all aspects of C. elegans [16,17]. The entire contents of the C. elegans II book
is available for searching on the National Center for Biotechnology Information (NCBI)
Bookshelf ([18]; www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Books&itool=toolbar). Two
additional references are C. elegans: A practical approach [19], written for those who are
outside the field and Caenorhabditis elegans: Modern biological analysis [20], providing
detailed protocols that are standards in the field. Finally, there are Wormatlas
(www.wormatlas.org/index.htm) and Wormimage (www.wormimage.org). These sites
include many EM micrographs that are paired with diagrams detailing the C. elegans anatomy
(Wormatlas) and immunofluorescence and reporter gene expression images (Wormimage). A
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flow chart of how one may approach studying a specific enzyme in the worm is presented in
Fig. 5.

Growth methods for C. elegans
A relatively small investment is necessary to get started

How does one begin working with the organism? A stereomicroscope that illuminates from
below and provides magnification in the 6X–50X ranges will be needed to observe and
manipulate the animals. C. elegans are grown on Nematode Growth Medium (NGM) agar
plates (for recipe, see [21]). The strain of bacteria that is commonly spread on the NGM plates
as a food source for the animals is OP50, a leaky Escherichia coli uracil auxotroph that will
grow slowly and provide nutrients for the animals without overgrowing them [1]. This strain
can be obtained from the CGC. A worm pick will be needed in order to transfer the animals
individually to plates. This pick can be hand-fashioned from a Pasteur pipette into which about
an inch of 32-gauge platinum wire, flattened at one end, is attached by melting the glass around
the wire. It may also be useful to have access to a compound microscope that is capable of
Nomarski or differential interference contrast optics if one will need to examine the anatomy
of the animals in detail. Since the animals prefer to grow between 15°C and 25°C, several
incubators will be of use as well, although room temperature is convenient for incubation if
temperature variation will not affect the experiment. Many useful standard protocols for C.
elegans manipulation are found in the review by Theresa Stiernagle, who is currently the main
contact at the CGC for strain requests [21].

It is easy to grow and store C. elegans
The commonly used laboratory strain is the Bristol strain called N2. These animals can be
obtained from the CGC or any local worm laboratory. They can be cultivated in either liquid
culture or on the NGM agar plates in the presence of bacteria [21]. It is also possible to grow
the animals in a chemically defined medium without the addition of bacteria [22]. This method
is useful because the components of the medium can be altered in order to study the nutrient
or other chemical requirements of the animals [23]. For most manipulations of animals,
however, they are grown on the agar plates. Once the animals have eaten all of the food on a
plate they will burrow into the agar and can be maintained on the “starved” plate for weeks at
a time in a 15°C incubator. When one is ready to use the animals again, they can be transferred
to an agar plate with fresh bacteria by either cutting and moving a small block of agar from the
starved plate with a sterile instrument such as a micropipette tip, or washing the worms off the
surface of the plate with sterile water, or by picking one or more individuals onto a fresh plate.
Another useful feature of this organism is the resistance of the embryos to harsh treatment such
as incubation with a mixture of a strong base and household bleach [21]. Such treatment,
followed by hatching in the absence of food allows a synchronous, decontaminated population
of animals to be isolated at the L1 larval stage. The L1 animals can then be fed, and they will
progress through development at roughly the same rate thereby allowing the isolation of a
population of animals roughly synchronized at any stage of development. At any time, the
animals can be cryogenically preserved as well. For more details on these and other basic worm
techniques there are several good sources [16,19–21].

C. elegans is a genetically amenable organism
The sexual dimorphism of C. elegans makes this organism excellent for genetic exploitation.
If a strain needs to be propagated, single hermaphrodites can be used to self-fertilize and
generate a population of offspring. Even if a mutation renders the animal unable to mate, it
remains possible for the hermaphrodite to produce progeny. Yet the ability to cross males with
hermaphrodites is a vital genetic tool. For example, mating experiments allow genetic markers
such as mutations causing visible phenotypes to be placed together in a single organism along
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with an unknown mutation in order to facilitate mapping of that mutation. Hermaphrodites
make only a limited number of sperm and can typically have approximately 300 self-progeny.
Mating increases the number of offspring produced by a single hermaphrodite to approximately
1,000 due to the addition of the male-produced sperm. In order to set up a typical mating, non-
starved animals at the L4 stage are chosen (Fig. 4). Several hermaphrodites and males are
transferred to a new plate that contains only a minimal surface area of bacteria to encourage
physical proximity and thus increase the likelihood of mating. It is critical when transferring
the males to a mating plate that the transfer of eggs and larva are avoided in order to ensure
the distinction between self and cross progeny.

Hermaphrodites have two X chromosomes. Males have a single X chromosome and arise
infrequently in hermaphrodite populations due to nondisjunction of the X chromosome. The
frequency of nondisjunction can be increased by heat-shock treatment of L4 hermaphrodites
(33°C, 4 hours) and males may be observed in the offspring. Once a male is found it can be
used to mate to a hermaphrodite of the same genotype so as to generate a population of males
since half the offspring of cross progeny (as opposed to self progeny) will be males resulting
from half of the sperm carrying the X chromosome and the other sperm lacking a sex
chromosome (O genotype). There are also mutations that can be used that increase the
frequency of males in the population. High incidence of male (Him) mutations increase the
frequency of nondisjunction. A final strategy for generating males for crosses is to mate a strain
of interest with N2 wild-type males. If mating is efficient, there will be many males in the
offspring, and they will be heterozygous for any specific marker in question. These males can
then be used in crosses and the phenotype of interest identified in the second generation. This
strategy requires only wild-type males be maintained in the laboratory, since they can be used
to generate males from any other strain by simply setting up new crosses when males are
needed.

Determining the function of a particular gene
RNAi is a potent and straightforward method of removing a gene product

Once one can comfortably manipulate the animals, it is possible to query the worm for the
function of a favorite enzyme or the role of a favorite biochemical process (Fig. 5). If C.
elegans has homologs of genes that are of interest, the quickest way to determine gene function
is to observe any phenotype generated by RNAi. In RNAi, double-stranded RNA (dsRNA) is
delivered to the animal and the endogenous mRNA that is homologous to the dsRNA is
destroyed allowing one to mimic a loss-of-function mutation in the corresponding gene. In C.
elegans, dsRNA can be delivered by several methods: injecting or soaking the animals with in
vitro transcribed dsRNA or, more simply, feeding the animals E. coli that harbor a plasmid
engineered to express dsRNA from convergent promoters (Fig. 6) [24,25]. During injection,
adult hermaphrodites typically have dsRNA introduced directly into their developing gonad
and the offspring can be observed for phenotypes [26,27]. This method can be potent since a
large amount of dsRNA is presumed to be delivered to the oocytes as they are forming inside
the hermaphrodite. Alternatively, soaking and feeding take advantage of the observation that
delivery of dsRNA does not need to occur directly in the gonad since the dsRNA can cross the
intestinal boundaries and spread into somatic and germ tissues [24]. For a large number of
genes, the two methods have been systematically evaluated and found to be comparable [25],
although, for any given gene one method may be more potent than the other. For example,
feeding and injecting have been reported to be equally penetrant for embryonic lethal
phenotypes whereas feeding was more potent for post-embryonic phenotypes [25]. An
advantage of feeding and soaking is that one can start with animals at any stage as opposed to
the need for adult hermaphrodites that are easiest to manipulate for injection. Therefore, if a
gene product is required for embryogenesis it is possible to soak or feed at the L1 stage after
completion of embryogenesis and then investigate potential post-embryonic phenotypes.
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An appropriate plasmid will need to be constructed for RNAi
For all RNAi delivery methods, a plasmid needs to be constructed containing an insert with
500 to 3,000 base pairs of the target gene (Fig. 6) [25]. This insert can be obtained by PCR
amplification of genomic DNA or cDNA. The insert can then be cloned into the commonly
used L4440 feeding vector [24] or cloned into a vector containing either two convergent T7
promoters or T3/T7 promoters that surround a multiple cloning site. Then, the insert can be
transcribed in vitro using T7 polymerase or T3 and T7 polymerase to make dsRNA for injection
or soaking. Alternatively, if the plasmid contains only T7 promoter sites, it can be transformed
into an RNase III-deficient strain of E. coli (HT115) that can produce T7 polymerase from an
IPTG-inducible promoter [24,25]. These bacteria are grown in the presence of IPTG to induce
dsRNA expression and are fed to C. elegans (Fig. 6).

As a result of genome-wide RNAi studies, many clones of C. elegans genes in the L4440
feeding vector exist in RNAi libraries that are available for purchase [28,29];
www.geneservice.co.uk/products/rnai/. Phenotypes from these global RNAi studies are listed
in WormBase. It should be noted that these experiments are done on a very large scale and
only certain classes of noticeable phenotypes are examined and reported: embryonic lethality,
sterility, movement problems, slow growth and other obvious phenotypes. Therefore, RNAi-
treated animals in which the gene or genes of interest was targeted, are unlikely to have been
examined carefully for subtle phenotypes. Therefore, the RNAi phenotype on WormBase may
be listed as wild-type even though under certain conditions one may be able to find a phenotype.
It is important to be cautious when obtaining RNAi clones from the genome-wide libraries.
The RNAi library clones were constructed on a large scale and have not been individually
sequenced. A number of colleagues have found that clones from this library are incorrect or
missing inserts so the plasmids need to be examined carefully before use on a small number
of genes. In many cases, it may be easiest to construct one’s own RNAi plasmid.

Strain selection for RNAi can be useful for interpreting phenotypes
Before working with RNAi, the choice of C. elegans strain to be used for RNAi treatment
requires careful consideration. In testing the effect of the dsRNA on a specific cell type, many
reporter strains are available at the CGC or are reported in the literature that can be used as the
starting strain (see discussion of reporter gene expression below). For example, in assessing
the effect of removing a particular muscle actin-associated protein during post-embryonic
development, it would be effective to use a myo-3::gfp strain that marks body wall muscles in
order to evaluate the integrity of the muscle cells even if the RNAi does not result in any
outward movement phenotypes. The myo-3::gfp strain expresses gfp with a nuclear localization
signal from a myosin heavy chain promoter and, since the GFP in this strain is located in the
nucleus, each muscle cell in the four quadrants can be counted and examined easily [30]. This
gfp strain, however, is less useful for examining cytoplasmic actin phenotypes in the early
embryo or the gut brush border [30].

There are also strains available that are more sensitive to RNAi treatment such as those
defective for the RNA helicase RRF-3, the 3′ exonuclease ERI-1, and Rb pathway components
[31–34]. If such strains are used for RNAi treatment, care must be taken to examine the negative
controls (using a plasmid without insert DNA in the RNAi treatment, for instance) because
these strains can also have defects that include the possibly interfering feature of temperature-
sensitive sterility [33]. Gene products that function post-embryonically and in the nervous
system have been found to be resistant by some investigators to RNAi [33]. Although, the
problem of resistance may be overcome by expression of the dsRNA directly in the animal.
Direct expression is accomplished by introducing a plasmid into the animal that will express
a hairpin RNA (i.e. dsRNA in one linear nucleic acid molecule) from a tissue-specific promoter
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[35]. With few exceptions, RNAi is a very potent method of removing mRNA from the animal
to quickly evaluate the contribution of the corresponding protein to normal function.

Deletion alleles are useful genetic tools
For the most part, RNAi is not heritable. And, as already noted, certain tissues are more resistant
than others to RNAi treatment. It may be useful, therefore, to isolate mutations in genes of
interest. Certainly, for any extensive genetic studies, mutants are essential reagents.
Unfortunately, it is not yet possible to efficiently target particular loci in C. elegans by
homologous recombination in order to replace wild-type genes with in vitro engineered
mutated copies. There are, however, large-scale efforts in the C. elegans community to
systematically isolate deletions in genes. Several websites allow one to check the availability
of deletion strains and to place requests for making specific deletions. The National Bioresource
Project will send deletion strains from their collection, and the CGC will send the strains made
by the C. elegans Gene Knockout Consortium (www.celeganskoconsortium.omrf.org/).
Deletions obtained directly through these sources need to be outcrossed several times to wild-
type males before using the strain since mutagenesis can modify other genes in addition to the
one of interest. It is also possible, of course, to isolate one’s own deletion alleles. Following
mutagenesis of a population, one can screen for animals that harbor a specific deletion (Fig.
7A) [36,37, for detailed protocols, see [38]]. This method uses a PCR-based strategy where
primers are designed to amplify an entire open reading frame or the predicted important
domains from a particular gene. The DNA from pools of mutagenized animals is amplified
with the gene-specific primers. The PCR fragments from the entire population will be
predominantly wild type. However, a pool containing the rare individuals with a deletion in a
particular gene can be identified since a smaller PCR fragment will be amplified more rapidly
than the larger wild-type fragment (Fig. 7A). Then, the pool of animals can be furthered
screened using PCR until a hermaphrodites that are heterozygous or homozygous for the
deletion are found [38].

Once a deletion allele is obtained, it will be necessary to continue using PCR to identify animals
containing the mutation until the mutation has either been recombined with a visible marker
mutation or the phenotype has been characterized well enough to be certain that the
characteristics are exclusively due to the deleted gene in question. First, the breakpoint of the
deletion can be identified by sequencing the PCR product that was initially followed to isolate
the strain. Then, an additional primer can be designed with homology to a stretch of DNA that
resides within the deletion (Fig 7B) [38]. Genomic DNA from animals may then be amplified
using PCR primers that reside outside the deletion in the same test tube as the primer that is
within the deletion. These primers will generate two PCR products that distinguish the wild
type from the mutated allele (Fig. 7B). Genotyping by PCR can be used in initial crosses to
follow the mutated allele without assuming anything about the phenotype of the animals.

Assessment of the phenotype of animals missing a gene product
Once a mutation in a particular gene has been obtained and genetically characterized, the
specific phenotypes must be established. A careful comparison between the mutated strain and
the wild-type N2 strain under standard laboratory conditions will be necessary. First, the
outward appearance of the animals can be noted. Are they short and fat (or dumpy, Dpy)? Are
they pigmented or clear (Clr)? Are they fertile or sterile (Ste)? Can they move or are they
uncoordinated (Unc)? Do they have a normal brood size? Are their progeny dead (Emb) or are
there defects in their grandchildren from maternal-effect problems? More subtle defects in
embryogenesis and larval development include defects in programmed cell death or in
developmental timing, as well as in alterations in aging, lifespan, and entry into the dauer
pathway. Looking for the mutant phenotypes that were revealed in RNAi experiments may be
a good starting place. Additionally, knowing the expression pattern of the wild-type gene (see
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below) will be helpful in predicting the possible phenotype that will result from the absence
of a functional gene product. For example, a gene that is expressed in some or all of the neurons
in the nervous system would be predicted to play a role in one or more behaviors and may alter
fine or gross motor movement, chemotaxis, or egg-laying. The animals can be examined for
response to harsh or light touch (with the end of a pick or an eyelash, respectively), tested for
their ability to respond to attractive or repulsive chemicals, or inspected to see if a normal
number of offspring are produced.

An interesting example of the phenotypic characterization of animals that lack an enzyme
comes from a study of a deletion allele of ogt-1. ogt-1 codes for an enzyme predicted to transfer
O-linked N-acetylglucosamine (O-GlcNAc) to a variety of protein substrates in the cell [39].
C. elegans that are missing this enzyme do not exhibit any obvious developmental defects or
visible phenotypes in contrast to mammalian mutants which are embryonic lethal [40].
However, the animals are missing the O-GlcNAc modification on nuclear pore proteins, and
biochemical assays to test the presence of certain molecules such as lipids droplets indicate
that macronutrient storage is altered in the mutant animals [40]. Furthermore, since entry into
the dauer pathway of the C. elegans life cycle is regulated by nutrient availability, double
mutants were constructed with ogt-1 and dauer defective mutants that revealed a requirement
for ogt-1 in the dauer pathway [40]. Since gene products involved in dauer formation are
homologs of an insulin-like signaling pathway, these results have led to a proposed model for
studying nutrient-driven insulin resistance in C. elegans [40]. This example illustrates how
simple, direct observation of mutant animals may not reveal the underlying biochemical defects
but further testing and genetic studies may be required. Clearly, some knowledge of the gene
function either in the worm or in other organisms will be useful in directing a phenotype hunt.

Finding genes that mutate to a certain phenotype
Forward genetic screens can lead to new mutations

The previous discussion of assessing mutant phenotypes is an example of reverse genetics, or
going from mutant gene to phenotype when the gene in question is known. A powerful
technique in C. elegans is forward genetics, or going from predicted phenotype to mutated
gene, since this approach is unbiased in terms of knowing which genes are involved in a process
and can lead to new genetic discoveries. The large brood of offspring that each hermaphrodite
can produce facilitates forward genetics. For a thorough review on the variety of genetic screens
that can be performed using C. elegans, see Jorgensen and Mango [41]. Traditionally, animals
are treated with a chemical mutagen such as ethylmethane sulfonate (EMS) to induce point
mutations or small deletions. The first-generation offspring from the mutagenized
hermaphrodites are examined for rare dominant mutations, and the second-generation offspring
are examined for the more common recessive mutations. The approach presumes an accurate
prediction of the phenotype. Many mutations can lead to a single phenotype. For example,
uncoordination can result from nervous system or muscle structural defects. If one were
interested in studying the innervation rather than the structure of muscles, it would be useful
to use a starting strain that could help to discriminate the two types of mutations. For example,
animals harboring a pan neuronal gfp reporter such as snb-1::gfp [42] could be mutagenized
to look for uncoordinated offspring. The gfp pattern of any Unc animals could then be examined
to see if any nervous system defects are apparent. gfp reporters have also been used in screening
for altered morphology as a means for identifying genes that are involved in the development
of a tissue. One example of such a screen used the expression of myo-3::gfp, a reporter of body
wall muscles and non-striated muscles; after mutagenization, offspring were examined for
altered muscle patterning leading to the identification of a gene, mls-1, that encodes a predicted
transcription factor involved in controlling a cell-fate switch between two classes of muscles
[30]. If the same screen had been performed without the gfp reporter, this mutant would not
have been identified since the phenotype is only revealed when the muscle cells are examined
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directly. Animals can also be subjected to chemicals after mutagenesis to look for mutants that
are more resistant to the effects of that chemical. Genes that are involved in acetylcholine-
mediated neurotransmission, for example, have been identified by finding animals that, when
mutated, are resistant to the anthelmintic drug levamisole [1,43,44]. This screen and other
chemistry-to-gene screens are reviewed by Jones and colleagues [45].

Useful tools exist for mapping C. elegans genes
Once mutants have been identified and outcrossed, and the phenotype is sufficiently
compelling enough to convince one that the gene will be interesting, the process of mapping
can begin. This task has become easier with the availability of genome information. A popular
method for mapping takes advantage of small nucleotide polymorphisms (SNPs) that exist
between the common laboratory strain from Bristol, England (N2) and a Hawaiian strain
(CB4856) [46]. Many of the SNPs lead to differential restriction sites, or snip-SNPs, at the
same genomic position in each strain (Fig 8A). The snip-SNP sites are the same as restriction
fragment length polymorphisms (RFLPs). These differences can be exploited so that a single
mating and analysis reveals a general chromosomal location for a mutation rather quickly (Fig
8B) [46–48]. Briefly, Bristol mutant animals are crossed to the CB4856 strain and heterozygous
wild-type cross progeny are selected. The second-generation offspring are separated into two
populations: wild-type and mutant animals. PCR amplification is performed using lysates of
each population to amplify single SNP regions followed by restriction enzyme digestion. Most
snip-SNPs will be identical in the two populations because of independent assortment of the
chromosomes; each population will have equivalent amounts of the Bristol and Hawaiian strain
DNA at each chromosomal location. However, snip-SNPs that are in close proximity, or linked,
to the mutation will predominantly have the Bristol pattern in the mutant population and will
identify the chromosomal region of the mutation (Fig. 8B). Interval mapping may then be
performed to place the mutation in a small region of the chromosome. Traditionally, interval
mapping has used pairs of visible phenotypic markers to select for recombinant animals in a
genetic region. Since SNP markers are phenotypically silent, they cannot be used as markers
to select for recombinant animals. Recently, an adaptation of the snip-SNP procedure to a 96-
well PCR plate format has made it possible to allow the rapid molecular identification of
recombinants which can be followed by the rapid mapping of the mutation to a small
manageable interval on a chromosome without the use of visible markers [48].

After a region with a reasonably low number of genes is established, several options are
available for identifying the specific gene that has been mutated. It may be possible to predict
a best candidate gene in the region based on sequence homology. The exons and splice junctions
of that gene can be directly amplified by PCR from worm lysates and sequenced to see if a
mutation can be identified [49]. If several potential candidates exist, or the genes in question
are very large and might be difficult to sequence, an alternative approach is to perform RNAi
(see above); sequences from a candidate or candidates are used to see if the mutant phenotype
can be mimicked in wild-type animals by removing the gene product. If there are many
candidates or no obvious candidate is apparent, rescue experiments can be performed using
regions of the genome that are contained on cosmids. Cosmids can be obtained from the CGC
and are introduced into the animals in successively smaller pools to narrow down rescuing
activity to a single cosmid, which can then be subcloned into individual genes. Once a candidate
gene has been identified, it will be necessary to perform a rescue experiment with a single gene.
Cosmids and plasmids containing single genes are introduced using methods for making
transgenic C. elegans. Unlike RNAi, where the physical location for delivery of dsRNA is
relatively forgiving, (recall that animals can simply ingest the dsRNA and get phenotypes in
non-intestinal tissues), DNA transformation requires delivery directly to the hermaphrodite
gonad. The U-shaped gonad contains a syncytium of nuclei that are incorporated into gametes
during meiosis (Fig. 1). During gametogenesis, exogenous DNA can be incorporated into
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nuclei as large cosmid or plasmid-based extrachromosomal arrays [50,51]. The delivery of
DNA into the hermaphrodite gonad can be a challenging technique for non-C. elegans
investigators.

Two methods exist for DNA delivery into the hermaphrodite gonad. The first technique
involves microinjection of animals mounted on an agarose pad. With the aid of a
micromanipulator, the DNA is injected precisely and gently into the gonad using a glass needle
[26]. Usually, the mixture of plasmids that is injected includes the experimental DNA plus a
dominant marker such as a gfp reporter or a mutant gene such as rol-6 (su6000) (pRF4), which
causes the animals to move in a corkscrew pattern rather than the wild-type sine wave motion
[51]. The dominant marker can be scored to find the transgenic animals, and the phenotype of
those animals can then be assessed for rescue. The success rate of this microinjection technique
can be low and is dependent on the skills of the investigator.

A second technique for introducing DNA into the gonad of the hermaphrodite is that of
microparticle bombardment. Gold microparticles coated with experimental DNA are delivered
at a high velocity using helium pressure to a large population of animals directly on an agar
plate [52,53]. The procedure seems to favor low-copy integration directly into random
chromosomal positions and can be advantageous for making stable lines [53]. The success rate
of transformation is low, however, so that a large number of animals are required and selection
markers are essential for identifying transformants. For example, unc-119 mutations that cause
animals to die when starved can be rescued with a plasmid containing a wild-type copy of the
unc-119 gene in addition to an experimental gene that is introduced by bombardment [53]. One
disadvantage of the bombardment method is that the unc-119 mutation needs to be crossed
first into the mutant strain of interest prior to transformation. Aside from the expense of the
bombardment equipment, this is a less desirable approach for mutation rescue than injection
where any strain can be treated directly. Once rescued transgenic animals are obtained,
regardless of the method of transformation, it is necessary to identify the mutation in the gene
in question. DNA from the candidate gene can be amplified by PCR using single worm lysates
[49] followed by direct sequencing of PCR products. Altogether, finding the lesion in the locus
and complementing the mutation by single gene rescue will confirm the identity of the mutated
gene in question.

Gene mapping is unnecessary with RNAi screens
A more recent and powerful approach circumvents the need for mapping and cloning genes.
The strategy takes advantage of the RNAi libraries that are available for a majority of the genes
in the genome [54]. Delivering the RNAi clones to animals as bacterial lawns allows for
relatively rapid screening through many genes. Similar to the traditional forward genetics
screens described above, the initial strain selection can facilitate identification of phenotypes
of interest, e.g. using a gfp reporter strain. This approach was used to identify genes related to
unc-34, which plays a redundant role with wsp-1 in morphogenesis that is only revealed when
both genes products are removed by RNAi or mutation [55]. In order to identify additional
genes that function with unc-34, an RNAi screen was performed using unc-34 mutants that do
not have embryonic defects in a search for animals that had decreased embryonic viability in
the presence of an RNAi clone [55]. The RNAi screen identified wve-1, a WASP family protein
that did not have an embryonic phenotype on its own but did in combination with the unc-34
mutant [55]. With RNAi screens, only loss-of-function and not gain-of-function phenotypes
can be examined. Nevertheless, the identification of a missing gene product will be
immediately apparent, and the lack of mapping and cloning that will be necessary should
compensate for the inability to study gain-of-function mutations by the method.
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The study of gene expression in C. elegans
Reporter genes can be used to examine expression patterns

It is obviously necessary to know where an identified gene is expressed. Consulting WormBase
will indicate what others have found, but one should be aware that the data may be incomplete.
One approach to the site of expression makes use of gfp reporter studies. Recall that C.
elegans is transparent at all life cycle stages, making it possible to see green gfp-positive cells
in live animals. In order to examine the expression pattern of a gene, one can clone a predicted
promoter sequence upstream of gfp cDNA. A variety of gfp vectors have been designed by
Andrew Fire’s laboratory that include multiple cloning sites where promoter sequences of
interest can be inserted (www.ciwemb.edu/pages/firelab.html; http://www.addgene.org/
Andrew_Fire) [56,57]. These vectors also contain synthetic introns and 3′ UTRs that are
important for robust gfp expression [56,57]. The gfp vectors can be obtained from Addgene
(www.addgene.org/pgvec1?f=c&cmd=showcol&colid=1). Most expression elements can be
found in the 3–4 kb upstream of the start of translation in genes that are not contained in operons
[58]. However, there are examples in which sequences present in the 3′ UTR participate in
gene regulation, specifically in cases where a site exists for the binding of micro RNAs [59].
It may be important, therefore, to investigate sequences beyond those present upstream from
the start of translation. A rapid method for making gfp expression vectors uses a PCR technique
whereby overlapping DNA segments are used to juxtapose two pieces of DNA such as a
potential promoter and gfp cDNA [60]. The primers for the fusion PCR are designed so that
in three PCR steps a DNA fragment is generated that contains a promoter of interest fused to
gfp and a generic 3′ UTR [61]. This PCR product can be injected directly into animals without
purification or cloning of the DNA, thereby providing a rapid means for making transgenic
animals for examining gene expression [61]. As indicated, a marker of transgenesis such as
rol-6 (su6000) (pRF4) can be used to establish a stable line so that the animals can be examined
carefully for gfp expression by epifluorescence microscopy.

Genomic approaches can reveal global gene expression patterns
Since the sequence of the entire genome of C. elegans is available, it is possible to examine
animals from a “transcriptome” point of view. For example, a genome-wide profile can be
examined for changes in gene expression in the presence or absence of an enzymatic activity.
Two methods commonly used to investigate this type of question are oligonucleotide
microarrays and serial analysis of gene expression (SAGE). For microarray experiments,
Affymetrix (www.affymetrix.com/products/arrays/specific-/celegans.affx) provides a
Genechip® that contains 22,150 unique C. elegans transcripts and Nimblegen
(www.nimblegen.com/products/lit/nimblegen_catalog.pdf ) has one that contains 21,121
unique transcripts. Long oligomer-based microarrays from the C. elegans genome are also
available from academic sources (genome.wustl.edu/genome/celegans/microarray/
ma_gen_info.cgi; www.mshri.on.ca/microarray). These chips are hybridized with labeled
cDNA that can be detected and quantified to measure the level of gene expression at each locus
represented on the microarray (for more protocol information, see [62]). The SAGE method
is used to identify individual transcripts by sequencing short “tags” from mRNAs in a
population of animals or cells [63]. Both methods are used to investigate gene expression in
multiple organisms and systems so the method chosen will rely on the resources available to
the investigator.

With both methods, the first step is to isolate RNA from the animals. Among many examples,
microarrays have been used to examine C. elegans gene expression at various stages of
development [64–66], in both sexes to identify male and female germline-specific transcripts
[67], in animals that differ in the number of a particular structure such as male tail rays [68],
in animals that have been differentially treated with ethanol [69], and in animals that have
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activated or overexpressed transcription factors to identify downstream target genes [70,71].
In addition to isolating RNA from a staged population of animals, techniques have been
developed for isolating RNA from single tissues or cell types. In one approach, a gfp reporter
marked a particular cell type that was then separated from a population of cells [72]. For
example, unc-4::gfp, expressed in a subset of motor neurons, was used to isolate neurons for
RNA isolation from primary C. elegans cell cultures by fluorescence activated cell sorting
(FACS) to identify neuron-specific gene expression [73]. A second approach uses
immunoprecipitation of an epitope-tagged poly(A) binding protein (PAB-1) expressed under
the control of a tissue-specific promoter [74]. For example, the myo-3 promoter was used to
express flag::PAB-1 in muscles in order to precipitate RNA with a flag antibody and obtain a
muscle-specific transcription profile [74]. Such gene-expression profiling techniques can
generate large amounts of data, but the challenge is in interpreting that data in order to provide
biologically meaningful information. Programs have been designed that are intended to be
helpful for such analysis (for recent reviews, [75,76]).

Biochemical approaches being used with C. elegans
There are limited examples of direct biochemical approaches

The power of C. elegans as a model organism has traditionally resided in genetic investigation.
The organism has not been used extensively for conventional biochemistry where large
amounts of protein are purified from whole organisms or tissue-specific lysates for in vitro
study. One limitation is the inability to isolate large quantities of any single tissue from C.
elegans that would be suitable for biochemical purification. Established cell lines originating
from C. elegans tissues are also not available. However, proteins that either represent a large
fraction of the total protein in the animals such as actin or proteins that are a part of a structure
that is amenable to purification, as is the cuticle, have been studied at the biochemical level.
Actin was purified directly from C. elegans after growth in liquid culture and subsequent
extraction of cellular material in the presence of ATP to separate actin filaments from actin
binding proteins [77,78]. The polymerization properties of the C. elegans actin were found to
be similar to rabbit muscle actin, although the C. elegans actin interacted specifically with a
C. elegans actin binding protein [78].

In a second example, the cuticle, a multi-layered exoskeleton that is composed mainly of cross-
linked molecules in the extracellular matrix of hypodermal cells was examined [79,80].
Because of the extensive cross-linking in the cuticle, it was possible to isolate a mainly intact
structure by sonicating synchronized animals followed by boiling in a 1% sodium dodecyl
sulfate (SDS) solution [81]. These purified cuticles have been used to examine the
morphological features by electron microscopy and the biochemical composition by enzyme
digestion and SDS-PAGE analysis [81]. In the biochemical approach, cuticle proteins were
found to be predominantly collagen, due the complete digestion with collagenase [81]. These
studies of proteins purified directly from C. elegans provide a better understanding of general
nematode biology and have the potential to reveal similarities and differences when comparing
the biochemical properties of the nematode and mammalian homologous proteins.

C. elegans auxotrophies can be studied biochemically
Because nematodes that are relatives of non-parasitic C. elegans are significant medical and
agricultural parasites, unique aspects of nematode biology have been a subject of biochemical
investigation. Several biosynthetic pathways have been investigated biochemically by
manipulating the medium in which C. elegans is grown because the nematodes are auxotrophs
for a number of nutrients. For example, unlike most eukaryotes, C. elegans do not have enzymes
necessary for the synthesis of heme [23]. They do, however, require functional hemoproteins
for key biological processes and therefore must acquire heme from the diet [23]. Growing
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animals in a chemically defined liquid medium allows the levels of heme to be manipulated,
and this approach can be used to study the transport and utilization of heme in C. elegans
[23]. The animals also lack the ability to synthesize their own cholesterol, which they must
obtain from the diet as cholesterol itself or as a nonfunctional sterol that can be converted into
cholesterol [82]. Cholesterol is required in C. elegans for proper growth and development;
hermaphrodites reared in the absence of cholesterol have offspring that arrest in early larval
stages (reviewed in [83]). In order to study the cholesterol requirement, animals have been fed
both labeled sterols and metabolites in the pathway of cholesterol synthesis [82]. These studies
identified enzymes unique to C. elegans cholesterol metabolism as well as compounds such
as 25-azacoprostane-HCL (azacoprostane) that are inhibitory to the organisms [84].
Biochemical characterization of nutritional requirements that are unique to nematodes, as are
heme and cholesterol, has the potential for identifying potent and specific nematocides.

Proteomic approaches reveal novel aspects of protein function
Proteomics is being applied to problems in C. elegans with increasing frequency. With the
complete, annotated genome of C. elegans available, it is possible to identify the source of
peptides isolated from particular complexes or from animals subjected to a specific treatment
(reviewed in [4,85]). Thus, extracts of C. elegans grown in the presence of the cholesterol
inhibitor azacoprostane, have been examined by 2D gel analysis followed by mass
spectrometry. Major changes in unsuspected proteins occurred when the animals were treated
and analyzed [84]. Similarly, the role for the RNase III-related enzyme, Dicer (DCR-1) has
been examined using a proteomics approach. DCR-1 is an enzyme that plays a critical role in
RNAi. Briefly, DCR-1 and its associated proteins were immunopurified and subjected to
proteolysis followed by a fractionation/mass spectrometry analysis of the resulting peptides
[86]. The identity of the interacting factors revealed several new proteins involved in RNAi as
well as suggested a model of competition that exists for the multiple roles that DCR-1 plays
in small RNA-mediated gene silencing pathways [86]. As additional proteomics studies are
performed with C. elegans, a more complete picture of the biochemistry within the organism
will be revealed.

An example of a gene studied in C. elegans
Many examples are available of interesting proteins identified in mammals whose function in
C. elegans has been investigated successfully using some of the methodology described here
(Fig. 5). For simplicity, an example is chosen from the author’s laboratory for illustration. The
laboratory is interested in the role of transcription factors acting as key regulators in
developmental decisions such as cell-fate specification and differentiation. The factor of
interest here is Twist, a basic helix-loop-helix (bHLH) protein. In all organisms examined,
Twist plays a role in the development of mesoderm, i.e in the middle embryonic germ layer
that becomes muscle, bone, and cartilage. A WormBase search reveals that only one Twist
homolog, coded for by the hlh-8 gene, is present in C. elegans. When that homolog was first
identified in 1998, there were no abstracts, publications, RNAi or other data about hlh-8 that
could be found by searching WormBase. RNAi with hlh-8 sequences led to an incompletely
penetrant egg-laying phenotype [87]. A gfp reporter constructed using 5′ upstream sequences
of hlh-8, was expressed in a subset of mesodermal cells that included precursors of egg-laying
muscles [87]. When a gfp reporter was made that included the large 1.5 kb first intron of
hlh-8, expression was observed in the egg-laying and defecation muscles (P. Wang and AKC,
unpublished). The gfp expression pattern predicted that if HLH-8 was playing an important
role in the development of these muscles, then animals that were missing the protein might
have problems laying eggs or defecating. Indeed, a screen for egg-laying defective (Egl) and
constipated (Con) animals identified such a mutant strain. The allele was partially mapped,
and the hlh-8 locus was sequenced to reveal a point mutation in the coding region for the HLH-8
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basic DNA binding domain [88]. A deletion allele was isolated in hlh-8 using the PCR-based
isolation strategy (Fig. 7A) [37], and these mutant animals were also Egl and Con [89]. Both
hlh-8 mutant strains were rescued by using a plasmid containing the genomic hlh-8 DNA
[88,89].

The hlh-8 mutant animals have been useful for understanding the role that HLH-8 plays in
mesoderm development. gfp reporters that mark various mesodermal cells were crossed into
the hlh-8 mutants in order to examine the cellular phenotypes. These reporters allowed the
observation of patterning defects in the divisions of the early larval mesoderm in the mutants.
Using gfp reporters, it was also possible to observe that the precursors of the muscle cells are
born but do not differentiate in the mutants [88,89]. The next challenge was to identify the
genes downstream of the HLH-8 transcription factor. Since HLH-8 is found in a limited number
of cells, 2% at any given time in development, an overexpression strategy was used to generate
samples with and without an excessive amount of HLH-8. The RNA from these samples was
hybridized to Affymetrix Genechips® leading to the identification of new target genes [71].
Deletion alleles of several of these genes were obtained from the CGC, and the characterization
of the mutant animals is underway.

Conclusions and future frontiers
C. elegans has been providing insights over the years for many basic biological processes that
range from cell-cell signaling during embryogenesis and organogenesis to neuronal outgrowth
and axonal pathfinding. The molecular tools and techniques have become rather sophisticated
in terms of being able to go from envisioning a question to finding out an answer. Nevertheless,
methodological challenges remain for investigators who focus on this organism. One challenge
is the need for developing the capability of directing extrachromosomal pieces of DNA to
specific places in the genome by homologous recombination. Such technology will allow
structure/function questions to be examined in vivo since gene replacement will allow point
mutations to be engineered directly in the animal. Another problem is the need for a cell culture
system of established cell lines in order to study individual C. elegans cell types.

An incredible amount of data is being generated from mining the information in the genome
of this multicellular invertebrate. As more data becomes available on a genome-wide scale, it
becomes more apparent that it will be necessary to take a step back and tease out the significance
for the organism of the individual observations. That is where the expertise of biochemists will
need to enter the picture. When those individuals with in-depth knowledge of biochemistry
turn their attention to the worm, new possibilities will open for understanding the many
biological phenomena in this animal and, by extension, in the human as well.
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Figure 1.
C. elegans hermaphrodite, left lateral view. (A) Micrograph of a hermaphrodite using
differential interference optics. Two oval-shaped embryos can be seen near the vulval opening
of the animal. (B) Diagram of the major anatomical features of the hermaphrodite. At the
anterior (on the left) of the animal the distal gonad bends behind the intestine whereas at the
posterior (on the right) the entire U-shaped gonad is visible (shown in shades of blue). The
dotted lines labeled 2B–F correspond with the cross sections B–F in Figure 3. Scale bar
represents 0.1 mm. Reprinted from Wormatlas (www.wormatlas.org) with permission.
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Figure 2.
C. elegans male, left lateral view. (A) Diagram of the major anatomical features of the male.
(B) Micrograph of a male using differential interference optics. (C–E) Magnified views of the
following regions: the one-armed male gonad (C), the tail structures, ventral view (D), and the
larval tail prior to differentiation (E). Scale bar represents 0.1 mm. Reprinted from Wormatlas
(www.wormatlas.org) with permission.
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Figure 3.
Anatomical features in the body cavity of C. elegans. (A) This diagram shows the major body
plan of the animal with two concentric tubes and the intervening pseudocoelomic cavity. Alae
are exterior structures derived from the hypodermis. (B–F) Cross-sections that correspond with
the approximate position of the dotted lines on the hermaphrodite in Figure 1B. DNC, dorsal
nerve cord. VNC, ventral nerve cord. Reprinted from Wormatlas (www.wormatlas.org) with
permission.
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Figure 4.
Life cycle of the C. elegans hermaphrodite at 22°C. An adult hermaphrodite with developing
oval-shaped embryos inside is shown at the top of the life cycle. Once the embryos reach the
28–30-cell stage, they are laid into the environment and continue to develop. When
embryogenesis is complete, L1 larvae hatch out of the eggshell and begin post-embryonic
development in the presence of adequate nutritional sources. The animal continues larval
development through the L2–L4 stages until reaching adulthood. Note the dark-colored gonad
that is expanding during this time period. Prior to the L1/L2 molt, if there is a lack of food or
there are too many animals or the temperature is too high then the animals will enter the
alternative life cycle and become dauer larvae until these unfavorable conditions improve. The
size of the animals at each stage of development is indicated in parentheses, and the amount
of time spent at each stage in development is indicated along the arrows.
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Figure 5.
Flowchart for studying a favorite protein in C. elegans.
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Figure 6.
Methods used for RNA interference (RNAi) in C. elegans. A plasmid with opposing T7
promoter sequences containing “your favorite gene (YFG)” is constructed. The plasmid can
be used in two ways. The top of the figure shows dsRNA made by in vitro transcription that
is used for either soaking or injecting the animals. The bottom of the figure shows how animals
can be fed bacteria that are producing dsRNA in vivo.
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Figure 7.
Isolating and following C. elegans genomic deletions. (A) An abbreviated schematic for
finding a strain that contains a deletion of interest is shown. Animals from hundreds of plates
are harvested for DNA isolation and the templates are pooled together for PCR in a 96-well
format. PCR primers (lines with half arrowheads) are designed to flank a gene or gene region
of interest. A pool of templates that contains animals with a deletion will be apparent by the
smaller PCR fragment shown on the gel on the right (lane of interest labeled with an asterisk).
(B) Animals containing a deletion can be distinguished from wild-type animals by designing
3 PCR primers that amplify different sizes of PCR products based on the genotype of the animal.
Hypothetical PCR products from wild-type (+/+), heterozygous (+/−), and homozygous mutant
(−/−) animals are shown on the gel on the right. WT, wild-type animals. mut, mutant animals.
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Figure 8.
Mapping using single nucleotide polymorphism (SNP) markers. (A) A particular restriction
site (grey circle) is not present in the N2 Bristol strain but is present in the CB4686 Hawaiian
strain. DNA from each strain can be distinguished by PCR amplification of the genomic region
followed by restriction digest (snip) and gel electrophoresis. (B) The method for mapping using
snip-SNPs is shown. In this example, Bristol hermaphrodites harboring a recessive mutation
are crossed with the Hawaiian males and wild-type heterozygous hermaphrodite cross progeny
are selected. The chromosomes segregate during self-fertilization and the second generation
offspring are separated based on phenotype into mutant and wild-type populations. DNA from
the two populations is amplified at various SNP sites as in (A) with only one site shown here.
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If the mutation is linked to the SNP site, there will be a bias for Bristol DNA and not CB4686
in the mutant population. If the mutation is elsewhere in the genome or unlinked, the
chromosomes with the SNP site with assort randomly and both Bristol and CB4868 DNA will
be present and detected by snip-SNP analysis in the mutant and wild-type populations.The
techniques and reagents available for studying C. elegans have made it possible to define the
role that the HLH-8 protein plays in nematode development, but there is also clinical relevance
to the work. In humans, Twist mutations cause birth defects that include craniofacial and digit
malformation from defective bone development [90]. Despite the absence of bones in C.
elegans, they do have a conserved Twist pathway that is useful for other aspects of mesoderm
development. At this stage, multiple genes are known downstream of HLH-8 that have human
homologs that cause similar craniofacial syndromes. Therefore, the information learned from
the nematode will be relevant for understanding human mesoderm development and birth
defects.
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