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Chapter 12 Caenorhabditis elegans
Essential Developmental Biology, Third Edition. Jonathan M.W. Slack. ©2013 John Wiley & Sons, Ltd. Published 2013 by John Wiley & Sons,
Ltd.

Caenorhabditis elegans is a small, free-living, soil nematode and has been used for developmental biology research
since the 1960s. Among developmental biologists it is usually known as “the worm.” In one sense it is the best known
animal on Earth since the location and lineage of every cell in embryo, larva, and adult is known. Also, its genome was
the first of any animal to be completely sequenced. The genome contains 19,099 genes, of which about 2000 are
mutatable to lethality.

C. elegans is kept on Petri plates and feeds on bacteria. Genetic screening is easy because it is possible to examine
large numbers of worms, and the generation time is only 3 days. The worms are self-fertilized hermaphrodites so
recessive mutations will automatically segregate as homozygotes in two generations without the need to set up any
crosses (Fig. 12.1). Genetic stocks can be preserved in liquid nitrogen. This ease of genetic analysis means that large
numbers of mutants are available, and, historically, the investigation of a biological problem often started with
discovery of a mutant affecting the process. As an alternative to the isolation of mutants, it is now also easy to inhibit
gene action by RNA interference (see Chapter 3). Double-stranded RNA complementary to an endogenous message
can be administered by feeding. A convenient method is to express the required dsRNA from a plasmid in E. coli and
then use these bacteria as the food for the worms: sufficient dsRNA is absorbed intact to exert its biological effect.

Fig. 12.1 Segregation of homozygotes after mutagenesis and two
generations of self-fertilization. The red cross denotes a mutation. In the P
generation, a particular mutation will be found in just a few gametes,
having occurred in a single mitotic germ cell. Self-fertilization involving
these gametes gives some heterozygous mutant worms in the F1
generation. Self-fertilization of these individuals gives 25% homozygous
mutants, which are part of the F2 generation.
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It is also easy to make transgenics by injection of the required DNA into the gonad, where it is incorporated as an
extrachromosomal element into the germ cells. Such transgenics are not stable because the element can be lost at
meiosis or mitosis. However, transient transgenesis is often sufficient for experimental purposes. There is now also a
method for incorporation of transgenes into the genome by excision of a transposon followed by repair of the resulting
double stranded break by DNA synthesis. In the presence of an extrachromosomal transgene flanked by ends
homologous to the break point, DNA synthesis during the repair process can copy in the required gene.

Genetic mosaics can be made by the spontaneous loss of small, free chromosome fragments, which are duplications of
normal chromosomal regions. If the main chromosome carries a mutant allele and the free chromosome fragment the
wild-type allele, then when the fragment is lost from a cell, this cell and its descendants will all be mutant while the
remainder of the animal stays wild type. Mosaics can be very useful for establishing in which cells of the embryo the
function of a gene is required.

The negative features of C. elegans are the small size of the eggs and the tough egg case, both of which make
microsurgical experiments difficult.

In C. elegans it is conventional to capitalize the names of proteins, and to hyphenate both gene and protein names. So
for example the glp-1 gene encodes the GLP-1 protein. As usual, many mutations affecting early development are
maternal-effect and in such cases it is the genotype of the mother and not the zygote that determines the embryo
phenotype. In C. elegans a gene that is lacking maternally will also usually be lacking in the embryo. This is because
the normal mode of propagation from a self–fertilized hermaphrodite means that a –/– parent will produce –/– zygotes,
so both will lack the gene. But it is still necessary to remember that the gene products that control early development
are deposited in the egg during oogenesis.

Adult anatomy
The adult is highly elongated (“worm shaped”; Fig. 12.2). The outer layer is the hypodermis, which is one cell thick,
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largely syncytial, and secretes a thick cuticle. Beneath the hypodermis are four longitudinal bands of mononucleate
muscle cells. There is a through gut with a muscular pharynx and an intestine. There is a nerve ring surrounding the
pharynx, a ventral nerve cord, and tail ganglia. The main body cavity of nematodes is described as a pseudocoelom
rather than a coelom because it is not lined all round with mesoderm. The gonad opens into a mid-ventral vulva. In the
hermaphrodite this has two arms which are both bent back on themselves. Within the gonad, the cells nearest the vulva
mature as sperm, while the more distant ones divide for a while and then become oocytes. These mature into eggs,
become fertilized as they encounter the sperm on their way out, and are laid as cleavage-stage embryos.

Fig. 12.2 Adult anatomy of C. elegans. Reproduced from Sulston and
Horvitz. Dev Biol 1977; 56: 110–156, with permission from Elsevier.

Although most worms are hermaphrodite, there are also occasional males whose gonad has just one arm and opens
posteriorly at the cloaca. Hermaphrodites have an XX-chromosome constitution while males are XO. They arise when
an X-chromosome is lost by disjunction during meiosis. If a male and hermaphrodite mate, then the male sperm
outcompete those of the hermaphrodite, resulting in an outcross.

Even at the adult stage nematodes have rather few cells, and during embryonic and larval development C. elegans
shows almost complete invariance of cell lineage, meaning that every individual embryo shows exactly the same
sequence and orientation for every cell division. Embryos are laid at about 30 cells and hatch at about 14 hours with
558 cells. The larva feeds and grows, undergoing four molts before reaching the adult stage with 959 somatic cells plus
about 2000 germ cells. The second stage larva may enter a dormant dauer larva phase if nutrients are in short supply
during the first larval stage. After the last molt the adult worm shows no further cell division of somatic tissues and can
grow only by cell enlargement.

C. elegans does possess six Hox genes, although they do not form a true cluster as there are some intervening genes. In
general, the genes obey the rule of colinearity of chromosomal position and anterior expression limit, although the
second gene, ceh-13, has the most anterior expression limit and is homologous to the anterior Hox genes in other
animals. The
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genes are called: lin-39, ceh-13,[gap], mab-5, egl-5,[gap], php-3, nob-1. The last three belong to the Abdominal B, or
posterior class. Only ceh-13, php-3, and nob-1 have embryonic phenotypes in loss-of-function mutants.

Embryonic development
Fertilization in C. elegans is somewhat unusual. The sperm are amoeboid, with no flagellum or acrosome. Oocytes are
fertilized before the first meiotic division, and the initiation of maturation, with germinal vesicle breakdown, depends
on a Major Sperm Protein released from nearby sperm. The sperm can enter the oocyte at any position and the point of
sperm entry defines the future posterior of the zygote. An early sign of this is the appearance of a smooth posterior
cortical region, while the remainder of the egg cortex becomes ruffled. Following completion of both meiotic divisions,
there is a cytoplasmic rearrangement whereby internal cytoplasm moves posteriorly and cortical cytoplasm moves
anteriorly. This is associated with a “pseudocleavage” or formation of a furrow, which does not progress to a full
cleavage. As a result of this polarization, the early cleavages are asymmetrical (Fig. 12.3). The first forms an anterior
AB and posterior P1 cell. AB then forms ABa and ABp while P1 behaves in a reiterated manner, keeping a P-like
daughter (successively called P2, P3, P4) while cutting off the EMS, C, and D blastomeres. The final P cell (P4) is the
germ cell precursor, dividing only once more in embryonic life to become Z2 and Z3, which generate all the germ
cells of larva and adult. Maternal components are sufficient to direct development up to about 26 cells, as this is the
earliest stage that defects are apparent if embryos are raised in α-amanitin, an inhibitor of RNA polymerase II. Zygotic
transcription of RNA polymerase II genes in the germ line remains repressed for longer, until about the 100-cell stage.

Fig. 12.3 Embryonic development of C. elegans.

The egg contains RNA-rich P-granules, which are initially randomly dispersed but which concentrate in the posterior
during the cytoplasmic rearrangement period. During each successive division these granules concentrate in the region
that will become the new P cell. Of the original founder cells, AB, MS, and C all produce a variety of cell types while
the others generate a single cell type: P4 becoming the germ line, E becoming the gut, and D becoming muscle.
“Gastrulation” in C. elegans is rather atypical and prolonged but can be considered as starting at the 26-cell stage
when the two E cells move into the interior, in an autonomous invagination process. These are followed by the
myoblasts derived from C and D, and the pharyngeal cells derived from ABa. The ventral cleft, which resembles a
blastopore, closes at about the 300-cell stage (Fig. 12.4).

Fig. 12.4 The later stage of C. elegans “gastrulation.” Modified from
Simske and Hardin, Bioessays 2001; 23: 2066–2075, with permission from
John Wiley & Sons, Ltd.
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Because of the relatively small cell number and the invariance such that all individuals undergo exactly the same
sequence of cell divisions, the complete cell lineage of embryo, larva, and adult has been determined by direct
observation, the first part of which is shown in Fig. 12.5. Although in one respect setting a high standard of precision,
the lineage falls short of a complete fate map as it shows only the “family tree” of the cells but not their spatial
relationships at the different stages. Development was originally thought to be entirely mosaic in character, because in
almost all cases when a cell is removed by laser microbeam irradiation all of its descendants are lost and there is no
consequence for the development of neighboring cells. However, a number of inductive interactions are now known,
so C. elegans does not really differ greatly from the other model species in this regard.

Fig. 12.5 Early cell lineage of C. elegans.
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The precision of the cell lineage makes it less useful to define which parts of the embryo belong to the different germ
layers than it is for the other animal types. The “official” germ layers are:

ectoderm: AB, Caa, Cpa;

mesoderm: MS, Cap, Cpp, D;

endoderm: E.

However, AB produces the pharyngeal muscles, which would normally be considered a mesodermal type, and MS
produces some pharyngeal neurons, which would normally be considered ectodermal.

Regional specification in the embryo

Asymmetrical cleavages
Cell polarization followed by asymmetrical division is often important in stem cell behavior in higher animals and
some of the basic mechanisms were discovered by studying C. elegans.
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Asymmetrical cell division requires two processes, the establishment of a cytoplasmic polarity and the correct
orientation of the mitotic apparatus (Fig. 12.6). The key players are a series of proteins called the PAR proteins. Their
genes were identified by screens for maternal-effect lethal mutations deranging early cleavages (“partitioning
defective”) (Fig. 12.7). It is now know that there are mammalian and Drosophila homologs of the par genes, and these
are also involved in the acquisition of cell polarity and in the control of asymmetrical cell division (Chapter 18).
Operation of the system is shown in Animation 16 “PAR system” on the website.

Fig. 12.6 Asymmetrical division involving segregation of P-granules into P
cells and rotational alignment of the P1 spindle.
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Fig. 12.7 Embryo produced by par-3 defective mother. (a) Wild type
showing normal AB and P1 cells. (b) par-3 mutant embryo with first two
blastomeres of equal size. Reproduced from Goldstein and Macara.
Developmental Cell 2007; 13: 609–622, with permission from Elsevier.

Classic experiments Mechanism of unequal cell division
The breakthrough depended on isolation of mutants of maternal-effect genes in which the normal polarization of the
zygote was lost. Homologues of the par genes are now known to be involved in asymmetric cell divisions in many
other animals.

Kemphues, K.J., Priess, J.R., Morton, D.G. & Cheng, N. (1988) Identification of genes required for cytoplasmic
localization in early C. elegans embryos. Cell 52, 311–320.

Guo, S. & Kemphues, K.J. (1995) Par-1, a gene required for establishing polarity in C. elegans embryos, encodes a
putative Ser/Thr kinase that is asymmetrically distributed. Cell 81, 611–620.

The original screen was carried out by mutagenizing worms that are themselves unable to lay eggs. Such worms can
still reproduce, because the larvae arising from self-fertilization simply eat their way out of the body of the
hermaphrodite. To do such a screen, one F1 larva is put in each dish. If it carries a mutation on one chromosome, then
25% of its (F2) offspring will be homozygous for that mutation. If the mutation is zygotic lethal, then the affected
embryos will simply fail to develop. However, if the mutation is a maternal-effect lethal, then the homozygous mutant
F2 generation will develop into worms but they will then fill up with unviable F3 embryos that cannot develop and so
do not eat their way out (Fig. 12.8).

• PAR-1 is a SerThr kinase which binds nonmuscle myosin. After the cytoplasmic rearrangement it is found in the
posterior cortex of the zygote.

• PAR-2 is a cytoplasmic protein with adenosine triphosphate (ATP)-binding and zinc-binding (RING) domains. It is
also localized to the posterior of the zygote.

• PAR-3 and -6 are cytoplasmic proteins containing a PDZ (protein–protein recognition) domains. They form a
complex with an atypical protein kinase C (aPKC3), and the complex becomes associated with the plasma membrane
in the anterior of the zygote.

Fig. 12.8 Maternal screen for isolation of par mutants. The
hermaphrodites are vulvaless and cannot lay eggs, so the larvae eat their
way out, destroying the parents. But those F2 worms carrying arrested
embryos due to a maternal-effect mutation will persist.
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In the unfertilized oocyte the PAR proteins are uniformly distributed. Following fertilization the centrosome introduced
by the sperm somehow causes the polarization to be initiated. UV laser ablation of the centrosome, but not the sperm
pronucleus, prevents polarization. The cortical flow away from the sperm entry point carries some of the PAR-3
complex anteriorly. The PAR-3 complex then repels PAR-1 and -2 such that they become concentrated in the posterior
(Fig. 12.9). This mutual repulsion is the key element of the cell polarization and serves to amplify the small change
brought about by sperm entry into a big change affecting the overall structure of the zygote. Once the polarization
process has started, it can no longer be modified by ablating the sperm centrosome.

Fig. 12.9 Sequence of events leading to the unequal first division of the C.
elegans zygote, anterior to left. (a) Chromatin from oocyte (left) and sperm
(right) in blue, PAR-3 in red, MEX-5 in pink. (b) Cortex smoothes in
posterior, PAR-2 (in green) accumulates there, pronuclei form,
cytoplasmic flows commence. (c) PAR-2 zone expands, oocyte pronucleus
moves posteriorly, pseudocleavage. (d) Pronuclear fusion, cortical ruffles
disappear. (e) First mitosis. (f) Two-cell stage, AB is larger than P1, PAR3
complex extends into P1. Reproduced from Nance. BioEssays 2005; 27:
126–135, with permission from John Wiley & Sons, Ltd.
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Evidence for the mutual repulsion mechanism comes from observing the distribution of one PAR protein in the
absence of another. In the absence of PAR-2 there is no movement of the PAR-3 complex to the anterior, and in the
absence of PAR-3 there is no movement of PAR-1 and -2 to the posterior. The localizations are achieved partly by
actual movement, partly by differential degradation, and the mechanism is known to involve the phosphorylation of
PAR-3 by PAR-1, which destabilizes the PAR-3 complex; and the phosphorylation of PAR-2 by aPKC, which prevents
association with the cortex.

Mitotic orientation
Normally, the early blastomeres will divide in a direction at right angles to their last cleavage. The AB cell follows this
rule as it divides orthogonal to the first cleavage, but the P1 cell does not do so, instead dividing parallel to the first
cleavage. It does this because of “rotational alignment”, which is a 90° rotation of the centrosomes and nucleus, driven
by the positioning of microtubule attachments on the cell cortex.

The PAR proteins help to control the orientation of mitoses by regulating rotational alignment. Embryos lacking PAR-2
show rotational alignment in neither AB nor P, while embryos lacking PAR-3 show rotational alignment of both AB
and P cells. The double mutant, par-2– par-3–, produces embryos showing rotational alignment in both cells, like
par-3–. This means that something other than the par genes must be causing the rotational alignment and that the
PAR-3 complex normally suppresses it in the AB blastomere and its absence allows it in P1.

Once the first asymmetrical cleavage has occurred the composition of the cytoplasm in the two daughters is very
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different. The AB cell contains an excess of the PAR-3 complex and the P1 cell an excess of PAR-1 and -2. These
proteins are cytoplasmic
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determinants because the difference in their representation is the cause of the subsequent events of regional
specification.

Determinants

In addition to the PAR proteins, several other maternally encoded proteins responsible for regional specification
have been identified (Fig. 12.10; Table 12.1; and see Animation 4: Cytoplasmic determinant action). Their mode of
action has been deduced from the maternal effect mutant phenotype, and from the effect on their localization of
mutating other genes, including the par genes. Localization may be studied by immunostaining for the protein, or by
observing the intracellular position of a transgenic GFP fusion protein by fluorescence microscopy.

Fig. 12.10 Cytoplasmic determinants in C. elegans. Following
fertilization the PAR-1 and PAR-2 proteins become localized to the
posterior and the PAR-3 complex to the anterior. Localization of SKN-1,
PIE-1, and PAL-1 proteins occurs as shown by the four-cell stage. Note
that SKN-1 protein is present in P2 but not active because of the presence
of PIE-1.
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Table 12.1 Determinants active in C. elegans.

Protein Biochemical nature Loss-of -function phenotype

SKN-1 bZIP transcription factor Too much hypodermis

PIE-1 Zn finger transcription factor Excess pharynx and intestine; no germline
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Protein Biochemical nature Loss-of -function phenotype

MEX-1 Cytoplasmic Zn finger protein Muscle excess

MEX-3 RNA/protein-binding protein Muscle excess

MEX-5,6 Cytoplasmic Zn finger proteins Muscle excess

PAL-1 Homeodomain transcription factor Posterior defective

SKN-1 (pronounced “skin-1”), is a transcription factor of the bZIP type and confers an EMS type of development on
its nuclei. The mRNA is present maternally and is not localized, but the protein accumulates only in the P1 nucleus,
and later in the descendant P2 and EMS nuclei, and then becomes lost after the 12-cell stage. Embryos without
SKN-1 lack pharynx and intestine because the E and MS blastomeres develop like the C blastomere (hence too
much “skin”). Although in the normal embryo SKN-1 is present both in EMS and in P2, its transcription factor
activity is repressed in P2 by the PIE-1 protein, which is responsible for repression of all RNA polymerase
II-mediated transcription in the early germ line. Embryos lacking PIE-1 still have a normal distribution of SKN-1
protein, but the P2 cell now develops like EMS, because SKN-1 is active in both cells.

mex-1 mRNA is initially ubiquitous but becomes lost from cells other than the P lineage. The protein also
concentrates in the posterior of the zygote. MEX-1 appears to prevent SKN-1 from entering AB. Embryos lacking
MEX-1 have SKN-1 in the nuclei of the two AB daughter cells as well as in P2 and EMS. As a consequence, they
have AB descendants developing like the normal MS descendants, leading to too much muscle. Embryos lacking
both MEX-1 and SKN-1 have a similar phenotype to that caused by lack of SKN-1 alone, with AB normal but EMS
developing like C. These results confirm that normal AB behavior depends on the absence of SKN-1.

pal-1 is a homolog of the Drosophila caudal gene and the vertebrate Cdx gene family. Like them it is needed for
posterior development. The mRNA is present all over the early embryo, but is normally only translated in EMS and
P2. Translation is repressed during the early stages, and in AB cells, by MEX-3, which acts on the 3′ UTR of the
pal-3 mRNA. The mex-3 mRNA and MEX-3 protein are initially uniform then become more abundant in AB cells
and are lost after the four-cell stage. Embryos lacking MEX-3 express PAL-1 protein all over and are posteriorized
in morphology, with the AB descendants resembling the normal descendants of blastomere C.

These results show how the character of each of the early blastomeres is specified by the particular combination of
determinants which it inherits. The spatial disposition of the determinants is controlled by the PAR system and
PAR-1 is the main effector, acting on the cytoplasmic proteins MEX-5 and MEX-6 such that they become localized
to the anterior (Fig. 12.10). This is achieved by an increase in the intracellular diffusion rates of the MEX proteins
following phosphorylation by PAR-1. MEX-5 and -6 themselves act on the MEX-1 and PIE-1 proteins, and the
P-granules, to localize them all to the posterior where they direct the formation of the P lineage of blastomeres.

The evidence for this is that in the absence of PAR-1, the MEX-1, -5, -6 proteins, the PIE-1 protein, and the
P-granules are all uniformly distributed. In the absence of the MEX-5 and -6 proteins, the PAR-1 distribution is
normal, but the distribution of MEX-1, PIE-1, and the P-granules are all uniform, showing that PAR-1 normally
regulates the localization of MEX-5 and -6 and they in turn control the disposition of the other components. These
effects are exerted mostly through differential protein degradation.
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MEX-5 and -6 also concentrate MEX-3 in the anterior. In the absence of PAR-1, MEX-3 is present all over the
embryo. Normally, MEX-3 in the anterior inhibits the production of PAL-1 by translational control, confining the
activity of PAL-1 to the posterior. But in the absence of PAR-1, leading to uniform MEX-3, there is no expression of
PAL-1 and posterior development is defective.

The components dealt with so far are all maternal. But specific zygotic gene activation follows in each of the cell
lineages (Fig. 12.11). This depends both on the correct placement of the maternal cytoplasmic determinants, and on the
occurrence of inductive signals between adjacent blastomeres. The localization of both the determinants and the
components of the signaling systems depend ultimately on the operation of the PAR system.

Fig. 12.11 In situ hybridizations showing zygotic gene activation
consequent on the localization of determinants described above.
Reproduced from Maduro and Rothman. Dev Biol 2002; 246: 68–85, with
permission from Elsevier.

Induction of the pharynx
The pharynx of the adult worm is a tube in three sections. The corpus joins the buccal cavity and serves to pump food
further in. The isthmus moves food on by peristalsis, and the terminal bulb grinds the food finely to prepare it for the
intestine. The pharynx is thus a highly muscular organ, but also contains other cell types including glands and neurons.

The pharynx arises from descendants of both ABa and MS blastomeres. The part arising from ABa requires two
successive inductive signals in order to form. The first of these is repressive and comes from the P2 cell, and the
second is positive and comes from the descendants of MS (Fig. 12.12). Both signals operate through the Notch
pathway, but utilize different ligands of Notch.

Fig. 12.12 Two inductive interactions leading to formation of the pharynx.
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The repressive signal normally prevents formation of pharynx from the sister blastomere of ABa, ABp. If ABa and
ABp are interchanged then ABp will form the anterior pharynx instead of ABa, showing that position of the cell rather
than its lineage is important. However, if P2 is prevented from touching ABp then ABp forms pharynx as well as ABa,
showing that there must normally be a signal from P2 to ABp that suppresses pharynx formation.

This repressive signal is encoded by the maternal-effect apx-1 (anterior pharynx excess) gene. Embryos lacking APX-1
show formation of anterior pharynx from both AB blastomeres, instead of just ABa. apx-1 codes for a Delta-like
ligand. The receptor is encoded by another maternal-effect gene, glp-1 (the name refers to an effect on germ-line
proliferation) whose product is a Notch-type receptor. Embryos lacking GLP-1 also have ABp developing as ABa in
most respects, but unlike apx-1–, glp-1– mutants do not actually go on to form pharynx from the two equivalent
ABa-like blastomeres. This is because formation of pharynx is not, in fact, a default for ABa, but depends on a
subsequent positive inductive interaction. This may be shown by the fact that an isolated AB cell does not produce any
pharynx. Also, laser ablation of the MS cell between eight and 12 cells prevents ABa forming pharynx, showing that
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its presence must be necessary during this time interval. At the 12-cell stage the MS blastomere touches the two ABa
grand-daughters (ABalp and ABara), and emits the second signal responsible for inducing the pharynx. Moreover, in
apx-1– embryos the descendants of the ABp cell that produce pharynx are ABpra, ABprp, and ABplp, all of which also
contact MS at the 12-cell stage. Remarkably, it seems that the receptor for this second signal is also GLP-1, since, as
we have seen, the mutant embryos do not form a pharynx, even though in other regards the two AB lineages behave
the same. The glp-1 mRNA is uniformly distributed in the embryo up to the eight-cell stage but the protein is found
only in the AB descendants. This is because of differential translation regulated by a sequence in the 3′-UTR of the
message, with translation in the posterior being repressed by a cascade of factors ultimately controlled by PAR-1. The
GLP-1 protein disappears at the 28-cell stage (when there are 16 AB descendants). The ligand for GLP-1 expressed by
MS is distinct from APX-1.

Hence there is a double requirement for GLP-1, first as the receptor mediating repression of pharynx formation by the
action of P2 on ABp, and then as the receptor mediating positive induction of pharynx formation by the action of MS
on ABa. These two separate requirements are clearly shown by the phenotypes of temperature-sensitive mutants of
glp-1, kept for different time periods at the nonpermissive temperature. If the nonpermissive temperature is given only
around the four-cell stage then the phenotype is just like the maternal effect phenotype of apx-1–, with ABp as well as
ABa forming pharynx. If the nonpermissive temperature is maintained until the 12-cell stage then the phenotype is like
the maternal effect glp-1 null mutant, with equivalent cell divisions of ABp and ABa but no subsequent pharynx
formation.

Ultimately, formation of the entire pharynx is dependent on the zygotically expressed gene pha-4, encoding a winged
helix transcription factor homologous to the FoxA genes important in vertebrate gut development. pha-4 is activated
by T-box transcription factors, which become zygotically upregulated in both the ABa- and the MS-derived parts of the
pharynx. In the ABa-derived part they are the genes tbx-37 and -38, and in MS the gene tbx-35. In MS tbx-35 is
upregulated by the products of the zygotic genes med-1 and -2 which encode GATA-type transcription factors and are
themselves activated by SKN-1 (Fig. 12.11).

PHA-4 is responsible for controlling expression of pharyngeal genes in all the component cell types of the organ
through a “pharyngeal enhancer.” Among cell-type-specific genes that are activated are hlh-6, encoding a bHLH factor
controlling gland differentiation, and tbx-2, controlling muscle differentiation. The loss-of-function mutant of pha-4
lacks the entire pharynx, both the part formed from ABa and the part formed from MS. Use of a temperature-sensitive
allele shows that there is a requirement for pha-4 throughout development, for both early and late differentiation
events. The level of expression increases progressively during development. This means that promoters with a high
affinity for PHA-4 are turned on early, and those with a lower affinity are turned on later when the concentration of
PHA-4 protein has built up to a sufficient level. Apart from its role in the pharynx, PHA-4 also has functions in
gonadal development and affects the lifespan of the adult worm.

Intestinal development
The intestine is composed of 20 cells derived from the E blastomere. These cells polarize, intercalate with each other,
and become arranged around a gut lumen and joined with
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junctional complexes. The developmental specification of the E blastomere depends on induction from the P2 cell. This
emits a Wnt-like signal that causes the nearer, posterior, part of EMS to become E and the further, anterior, part to
follow the default specification of MS. This may be shown by removing the P2 cell, which causes both daughters of
EMS to resemble MS. A series of mom (more mesoderm) mutants have a similar effect to loss of P2. These encode
members of a Wnt-like pathway, and it was shown by mosaic analysis that the signaling components including the
product of the Wnt homolog itself (mom-2) were required in the P2 cell, while the receptor homolog (mom-5) was
required in EMS. Loss-of-function, maternal-effect mutations of these genes will convert E into a second MS. The
reverse phenotype results from loss of function of pop-1, which encodes an HMG domain transcription factor similar
to the Tcf and Lef factors in vertebrates. This converts MS into a second E, suggesting that formation of E depends on
inhibition of POP-1 activity by the Wnt-like signal. In vertebrates the Wnt-beta catenin pathway would normally
activate TCF/LEF. The C. elegans Wnt-like pathway is somewhat different and is variously called the “Wnt/MAPK
pathway” or “noncanonical Wnt pathway” but these terms are misleading in that they imply close similarity to
similarly named vertebrate pathways.

The C. elegans Wnt-like pathway operates as follows. The Wnt-like (MOM-2) signals though MOM-5 to activate both
a homolog of beta-catenin (WRM-1) and a SerThr kinase (LIT-1, for loss of intestine, a homolog of a Drosophila
kinase called NEMO). LIT-1 phosphorylates POP-1, and WRM-1 then facilitates its export from the nucleus. Another
distant homolog of beta-catenin, SYS-1 (symmetrical sisters), becomes elevated in the prospective E cell. POP-1
normally represses expression of end-1 and -3, which encode GATA factors needed for intestinal development. In the
MS nucleus where POP-1 remains high, these genes are repressed. But in the presence of an excess of SYS-1, POP-1
becomes an activator of the same target genes. So in the E lineage end-1 and -3 are activated (Fig. 12.11) and they
bring about activation of a battery of further genes controlling intestinal differentiation.

The same mechanism of Wnt-like signaling affecting the ratio of POP-1 and SYS-1 in the two daughters, operates
many more times in C. elegans development, including the formation of the distal tip cells that control germ-cell
proliferation.

Analysis of postembryonic development

Control of developmental timing
Developmental timing is a critical process that is poorly understood in most organisms, but C. elegans has provided a
window into the problem by means of its heterochronic mutations. These are mutations that may either advance or
retard events from the normal developmental sequence, and which typically affect not just one structure but multiple
lineages (Fig. 12.13). After hatching C. elegans undergoes four larval stages called L1, -2, -3, -4, each separated from
the next by a molt of the extracellular cuticle secreted by the hypodermis. During each larval stage a precise set of
events normally takes place. For example the intestinal cells normally divide during L1 but not subsequently. In L2 a
subset of lateral hypodermal seam cells divide and in L4 they exit from the cell cycle and fuse to form cuticular lateral
ridges (alae).

Fig. 12.13 Examples of phenotypes of heterochronic mutations. Two larval
cell lineages are shown, called V and P, which undergo very different
division programs in normal development. They are coordinately affected
in the mutants. The precocious mutant causes skipping of a stage, the
retarded ones cause reiteration of the L1 events. lof, loss of function; gof,
gain of function. Reproduced from Moss. Curr Biology 2007; 17:
R425–R434, with permission from Elsevier.
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The first heterochronic mutant was called lin-4. Loss of function causes the L1 cell division patterns to be repeated,
with extra molts (Fig. 12.13). Another mutation, lin-14 (loss of function) causes a skipping of the L1 divisions and
occurrence of L2-type divisions during L1. Loss of both shows a lin-14 like phenotype. But the lin-14 gene also has
gain-of-function mutations that have lin-4-like effects. This indicates that lin-4 normally suppresses the action of
lin-14, and lin-14 is needed for the occurrence of L2 cell divisions. lin-14 encodes a transcription factor, and its
translation into protein is inhibited by the product of lin-4, which is a microRNA (miRNA, see Appendix). The
gain-of-function alleles of lin-14 have lost the 3′ untranslated region from the mRNA and are therefore resistant to the
inhibitory action of lin-4.

LIN-14 is normally present during L1, and brings about the L1 division events. lin-4 miRNA is normally expressed
from the end of L1, so by the start of L2, the translation of LIN-14 is being suppressed (Fig. 12.14a).

Fig. 12.14 (a) Diagram of relative expression behavior of the per homolog
lin-42, the microRNAs, and the proteins whose translation they inhibit. (b)
Some of the regulatory relationships controlling timing of larval stages.
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LIN-14 acts in parallel with LIN-28, a cytoplasmic RNA binding protein. Loss of function of lin-28 causes skipping of
L2 divisions. Like LIN-14, LIN-28 translation is also inhibited by lin-4 miRNA. LIN-14 and LIN-28 also stimulate
each other’s translation (Fig. 12.14b). Because they are mutually dependent in this way, removal of either will generate
a phenotype and suppress effects of loss of lin-4.

A similar switch occurs at the end of L2. This depends on three related miRNAs (miR-48, -84, -241) which suppress
translation of a transcription factor HBL-1 (a homolog of Drosophila Hunchback). HBL-1 controls the divisions of L2.
During L2, the three miRNAs are expressed and block its activity. If all three miRNAs are removed, the L2 divisions
are reiterated, due to persistence of HBL-1. If just one of them is overexpressed before L2 then the L2 divisions are
skipped due to premature removal of HBL-1.

At the end of the larval stages loss of function of let-7 causes reiteration of the last larval stage events. Conversely, loss
of function of lin-41 causes a precocious adult transition at the end of L3 instead of L4. let-7 encodes a miRNA that
suppresses translation of LIN-41. LIN-41 is a cytoplasmic protein that inhibits translation LIN-29, a Zn finger
transcription factor that triggers cell cycle exit and cell fusion characteristic of the adult state. Normally, let-7 miRNA
increases from late L3 and suppresses LIN-41 by the end of L4.
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How does this set of repressive interactions build up into a developmental timing controller? This is not really known,
but a clue comes from the properties of the lin-42 gene. Its mRNA and protein are expressed in a periodic manner, high
in inter-molts, and low during molts (Fig. 12.14a). The protein is located in nuclei and is homologous to the
Drosophila Per protein that has a central role in the control of circadian rhythms. Loss of function of lin-42 gives
precocious behavior. It has been suggested that expression of LIN-42 provides a gating mechanism within which the
cycles of miRNA expression and action occur.

Is there something about miRNAs that make them uniquely suitable to be regulators of developmental timing? This
also is not known. Many of the genes involved in C. elegans timing have vertebrate homologs. let-7 miRNA is
expressed during vertebrate development, and has been implicated in the progression of tumors, but a timing role is
unclear. lin-28A has become famous as one of the genes used to make induced pluripotent stem cells (iPS cells, see
Chapter 21), and in vertebrates is a target for the lin-4 homolog as it is in C. elegans. A possible link with timing has
come out of genome-wide association studies, showing that the presence of mutations in a closely related gene,
lin-28B, is correlate with an earlier onset of puberty in humans. In Drosophila loss of let-7 causes persistence of some
juvenile features into the adult stage, providing another possible link to timing mechanisms.

The vulva
The vulva is an epidermal structure formed in larval life around the mid-ventral opening of the gonad that is used for
egg laying and mating (Fig. 12.15). Its formation is controlled by an Epidermal Growth Factor (EGF)-like signal from
an internal cell called the anchor cell. The vulva arises from the cells called P5p, P6p, and P7p, which are the three
posterior daughters of the embryonically generated ectodermal cells P5, P6, and P7:

• P5p makes seven vulval descendants;
• P6p makes eight vulval descendants;
• P7p makes seven vulval descendants.

Fig. 12.15 Development of the C. elegans vulva. (a) Relationship of the
equivalence group cells to the gonad and anchor cell. (b) Normal lineage of
each cell. (c) Mutant phenotypes. The fate of each of the cells is indicated
for each phenotype.
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In the fourth larval stage these 22 cells undergo various movements and fusions to make the vulva itself. In addition,
the surrounding cells, called P3p, P4p, and P8p, are competent to make vulva, but in normal development they each
divide just once to make two cells that later enter the syncytial hypoderm. In discussions of the vulva the following
convention is used:

• formation of eight cells = primary fate 1°; normally followed by P6p;

• formation of seven cells = secondary fate 2°; normally followed by P5p and P7p;

• formation of two cells = tertiary fate 3°; normally followed by P3p, P4p, P8p.

Hermaphrodites are able to reproduce without a vulva, because the larvae can chew their way out of the body.
Therefore it is possible to screen worms for vulval defects which prevent egg laying. However, viable mutations are
often hypomorphic, with the corresponding null alleles of the same genes being lethal. The main classes of mutant are
vulvaless and multivulva, the latter forming supernumerary vulvas from the same P3p–P8p cell group.

The six P3p–P8p cells are said to make up an equivalence group, because they are all competent to form vulva and
they can replace each other in various experimental situations. This is clearly shown by their relations with the gonadal
anchor cell, which lies internally adjacent to P6p. If the anchor cell is ablated by laser microbeam radiation, then all
the P3p–P8p cells follow the tertiary fate 3° and no vulva is produced. If one of the P3p–P8p cells is removed by laser
microbeam ablation, then in certain cases one of its neighbors will take its place and a normal vulva will result. If the
anchor cell is moved relative to the P3p–P8p cells, as in various displaced gonad mutants, then whichever three of the
P3p–P8p cells that are nearest will produce the vulva.

There are several vulvaless mutants, giving a similar pheno-type to anchor cell ablation. Some encode components of
the familiar EGF signaling pathway (see Appendix). The anchor cell ligand is a homolog of EGF encoded by lin-3.
The receptor is an EGF receptor homolog encoded by let-23. The homolog of the vertebrate Ras protein is encoded by
let-60, which has opposite phenotypes for loss-of-function and gain-of-function alleles. Loss-of-function mutants give
a vulvaless phenotype while gain-of-function (constitutively active) mutants give a multivulva phenotype. Double-
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mutant combinations work in a predictable way, for example the combination of let-23- and let-60 gof gives a
multivulva phenotype, because the Ras requirement lies downstream of the receptor. It is possible to visualize a
gradient of EGF activity centered on P6p in worms that are transgenic for an EGF reporter gene.

Although the gradient of EGF signaling should theoretically be enough to generate the three cell fates, there is also a
secondary signal emitted by P6p that activates the Notch pathway in P5p and P7p. In normal development the
combination of both these signals serves to control the formation of the vulva.

The germ line
An important aspect of postembryonic development is the maturation of the germ line. This derives from the P4 cell of
the early embryo, which inherits various determinants, some associated with the P-granules. As mentioned above, the
PIE-1 protein causes a general repression of genes transcribed by RNA polymerase II during the early stages. In the
newly hatched larva the germ line consists of just two cells descended from the P4 cell: Z2 and Z3. These express the
cgh-1 gene, which encodes an RNA helicase homologous to vasa in Drosophila. The cgh-1 gene is active in the germ
line thereafter, and the CGH-1 protein is one of the components of the P-granules found in the egg and segregated to
the germ-line lineage in early development. Treatment of worms with RNAi directed against cgh-1 causes death of the
oocytes and formation of nonfunctional sperm, suggesting a key function in the later stages of germ cell development.

In the larval and adult worm the germ cells lie within the gonad (Fig. 12.16a, b). There are about 60 germ cells by the
L2 stage and about 2000 in the adult hermaphrodite. Initially, the whole germ line is mitotic. As development proceeds
a meiotic zone appears. Initially, this produces sperm and later it switches to oocyte production. Interestingly, most
gene regulation during germ-cell development is carried out by translational rather than transcriptional control. The
sequence of events is spatially organized along the adult gonad such that the most mature cells lie near the vulva and
the most immature cells, which are still mitotic, at the blind ends of the gonad. Although the mitotic germ cells are
joined by cytoplasmic bridges, their cell divisions are not synchronized, so they do not form a true syncytium.

Fig. 12.16 Development of the C. elegans gonad. (a) Adult hermaphrodite
gonad. (b) Normal development. (c) Effect of removing the distal tip cell at
different stages.
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The tip of each branch of the gonad contains an important somatic cell called the distal tip cell whose function is to
maintain the neighboring germ-cell nuclei in mitosis (Fig. 12.17). These two cells derive from Z1 and Z4, progeny of
the MS blastomere. They are specified by the same Wnt-like mechanism that is earlier responsible for the E-MS
decision. The two distal progeny of Z1 and Z4 experience a high ratio of SYS-1 to POP-1, and become distal tip cells,
while the proximal daughters, with low and therefore repressive POP-1, form the anchor cells that control formation of
the vulva.

Fig. 12.17 The distal tip cell, visualized with a GFP reporter. Reproduced
from Kimble and Crittenden. Ann Rev Cell Dev Biol 2007; 23: 405–433,
with permission from Annual Reviews.
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As the gonads grow during larval life, the mitotic germ-cell zones elongate such that cells progressively leaves the
range of influence of the distal tip cell, whereupon they stop mitotic division and enter meiosis. Ablation of the distal
tip cell at any stage by laser irradiation causes all the remaining mitotic nuclei to enter meiosis. The composition of the
gonad following this is then appropriate to the stage of maturation reached, so an early ablation will create all sperm
while a late ablation will result in a nearly normal arrangement of oocytes and sperm (Fig. 12.16c). The distal tip cell
acts by expression of lag-2, which is a homolog of Delta. The receptor, encoded by glp-1 (the same gene required for
pharynx induction) is present on
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the germ-cell syncytial membrane. Zygotic loss-of-function mutations of glp-1 or of lag-2 have the
same effect as ablation of the distal tip cell.

The GLP-1 signal inhibits the activity of a pair of proteins GLD-1 and -2, respectively an RNA binding
protein and a polyA polymerase, that are present in the germ line and are needed for progression to
meiosis. It also upregulates daz-1, encoding another RNA binding protein required for oocyte
maturation. daz-1 is a homologue of the human gene daz (deleted in azoospermia) although this is
required for spermatogenesis rather than oogenesis. So, although the development of the C. elegans
germline is quite different from that of the other model organisms, a number of the key molecular
components controlling the process are still found to be conserved.

Programmed cell death
During normal development of the C. elegans hermaphrodite 131 cells die out of 1090 generated,
mostly during a death wave from 250–450 minutes of development (Fig. 12.18). They are mainly small
cells and collectively represent only 1% of the biomass. Most deaths are autonomous and occur shortly
after the cell was born. A few depend on signals from neighboring cells, shown by the fact that certain
cells normally destined to die will survive if their neighbor has been ablated by laser irradiation.
Although there are some differences, the sequence of events is generally similar to mammalian
apoptosis, with a condensation of the nucleus, a shrinkage of the cell to a membrane-bound body, and
engulfment by neighboring cells.

Fig. 12.18 An embryonic cell death (arrow). Reproduced from
Lettre and Hengartner. Nature Rev Mol Cell Biol 2006; 7: 97–108,
with permission from Nature Publishing Group.
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Cell-death-defective (ced) mutants affect all the cell deaths in the organism, while some other mutants
affect the decisions of particular cells to die. Most of the ced mutants interfere with the engulfment of
the dead cells, but three of them are components of the actual death program itself. In loss-of-function
mutants of ced-3 and ced-4, all of the cells normally destined to die now survive. The ced-9 gene has
both loss-of-function and gain-of-function alleles. In loss-of-function mutants there is excessive cell
death, while in gain-of-function mutants there is some survival of cells that normally die. Excess cell
survival is also shown on overexpression of wild-type ced-9. Double mutants of the type ced-9–;ced-3–

or ced-9–;ced-4– also show target cell survival, so it follows that the normal function of ced-9 must be
to repress ced-3/4, which are themselves downstream of ced-9 and necessary to execute the death
program (Fig. 12.19). Genetic mosaic experiments show that the ced-3/4 wild-type gene has to be
present in the target cell itself in order for it to die.

Fig. 12.19 The cell-death pathway. (a) Normal cell death. (b)
Phenotypes of mutants. (c) The pathway in C. elegans and in
mammals.
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Classic experiments Cell lineage and cell death
The first two references are the papers describing the complete cell lineage of C. elegans, derived from
painstaking observation by interference microscopy. The third is a detailed anatomical study. In the
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course of this work a number of programmed cell deaths were described. Later analysis of the cell death
(ced) mutants showed that the biochemistry of the process was common to higher animals and allowed
the elucidation of the pathway. Sydney Brenner, Robert Horvitz, and John Sulston were awarded the
Nobel Prize for Physiology for this work in 2002.

Sulston, J.E. & Horvitz, H.R. (1977) Postembryonic cell lineages of the nematode Caenorhabditis
elegans. Developmental Biology 56, 110–156.

Sulston, J.E., Schierenberg, E., White, J.G. & Thomson, J.N. (1983) The embryonic-cell lineage of the
nematode Caenorhabditis-elegans. Developmental Biology 100, 64–119

White, J.G., Southgate, E., Thomson, J.N. & Brenner, S. (1986). The structure of the nervous-system of
the nematode Caenorhabditis-elegans. Philosophical Transactions of the Royal Society of London
Series B-Biological Sciences 314, 1–340.

Yuan, J.Y., Shaham, S., Ledoux, S., Ellis, H.M. & Horvitz, H.R. (1993) The C-elegans cell-death gene
ced-3 encodes a protein similar to mammalian interleukin-1-beta-converting enzyme. Cell 75, 641–652.

Hengartner, M.O. & Horvitz, H.R. (1994). C. elegans cell-survival gene ced-9 encodes a functional
homolog of the mammalian protooncogene bcl-2. Cell 76, 665–676.

ced-9 codes for the homolog of the mammalian protein BCL2. Discovered originally as an oncogene
product, it is a cytoplasmic protein that is an inhibitor of apoptosis. CED-9 and BCL2 are
interchangeable, therefore worms transgenic for
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mammalian BCL2 show inhibition of cell death, and ced-9– mutants can be rescued by BCL2. ced-3
codes for a homolog of the interleukin 1β-converting enzyme (ICE). This is a cysteine protease that
cleaves at Asp-X sequences, and is the prototype member of the family of caspases, of which many are
now known. The caspases are the enzymes that actually bring about cell death, and the targets for the
CED-3 protease include poly-ADPR polymerase (involved in DNA repair), lamins (nuclear membrane
proteins), and other nuclear proteins. CED-3 itself will cause apoptosis if introduced into mammalian
cells. ced-4 codes for a protein whose mammalian homolog is called Apaf1 and which activates
procaspase 9. CED-4 itself similarly activates CED-3 and is inhibited by CED-9.

The final stage of the cell death process is the engulfment of the apoptotic cells by neighboring cells. C.
elegans does not possess specialized phagocytes and the engulfment is carried out by nonspecialized
cells. But as in mammalian phagocytosis a critical step is the recognition of a particular phospholipid,
phosphatidyl serine, on the surface of the cell to be engulfed. A number of the ced genes are defective in
engulfment and their homologs are thought also to be important for the properties of mammalian
phagocytes. Examples are ced-1, encoding a homolog of the mammalian SREC (scavenger receptor
from endothelial cells), and ced-7, encoding an ABC (ATP binding cassette) transporter protein, one of a
large class of proteins responsible for transport of small molecules and ions across cell membranes.

As with asymmetric cell division, the discovery of the mechanism of programmed cell death is an area
in which C. elegans genetics has made an important contribution to general cell biology.

New directions for research
In recent years C. elegans has been used extensively for research into the mechanisms of aging (see
Chapter 19), and other topics such as the mechanisms of pathogenesis. An understanding of basic
developmental mechanisms is an important foundation for these types of work.

Key points to remember
• C. elegans is very favorable for genetic experimentation. It is a self-fertilized hermaphrodite with a
short generation time.

• The precise cell lineage of all cells in the embryo and adult has been described. This serves as a
resource for all kinds of experimental work.

• The early regional pattern of the embryo arises through the action of the PAR proteins, which become
segregated along the anteroposterior axis after fertilization and control the distribution of other
cytoplasmic determinants between the early blastomeres.

• Various steps of C. elegans development depend on inductive interactions. These utilize the same
molecular pathways as other animals. For example the formation of the pharynx from the AB cells
depends on a Delta-like signal from the P2 and MS cells. The formation of the E lineage depends on a
Wnt-like signal from the MS cell.

• Postembryonic development also involves inductive interactions. The EGF/Ras pathway is important
for vulval development and the Notch pathway for the maintenance of the mitotic germ line.

• Heterochronic mutations affect multiple cell lineages in a coordinated manner, and may cause
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advancement or retardation of developmental events relative to the normal schedule.

• C. elegans has made important contributions to cell biology by helping to elucidate the mechanisms of
cell polarization and of apoptotic cell death.

Further reading

Websites
http://www.wormbook.org/

http://www.wormbase.org/
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