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Cell Fate Speciﬁcation in the C. elegans Embryo
Morris F. Maduro*

Cell speciﬁcation requires that particular subsets of cells adopt unique expression patterns that ultimately deﬁne the fates of their descendants. In C. elegans, cell fate speciﬁcation involves the combinatorial action of multiple signals that produce activation of a small number of ‘‘blastomere speciﬁcation’’
factors. These initiate expression of gene regulatory networks that drive development forward, leading to
activation of ‘‘tissue speciﬁcation’’ factors. In this review, the C. elegans embryo is considered as a model
system for studies of cell speciﬁcation. The techniques used to study cell fate in this species, and the
themes that have emerged, are described. Developmental Dynamics 239:1315–1329, 2010. V 2010 Wiley-Liss,
Inc.
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CELL SPECIFICATION AND
ITS SIGNIFICANCE
During embryonic development in
metazoans, embryonic cells must ultimately assign fates to individual cells
and tissues. When a cell has been
speciﬁed for a particular fate, it is capable of generating those tissues if
cultured away from the remainder of
the embryo (Wolpert et al., 2007). As
all embryonic cells are derived from
the zygote by mitosis, cells must acquire differences in gene expression
over time. In most animal embryos
this is achieved through a combination of inherited maternal determinants, cell–cell interactions, positional
information
and
factors
segregated within a lineage from a
mother cell to its descendants. In
modern developmental biology, the
description of gene activities that
result in speciﬁcation constitutes a
gene regulatory network, or GRN
(Davidson
and
Erwin,
2006).

Although animal embryos have
evolved different ways of specifying
very early embryonic cells, the properties of GRNs are similar across
many systems (Davidson, 1991;
Davidson and Levine, 2008). Hence,
the study of cell speciﬁcation in model
systems can be used to exploit the
advantages of that system to reveal
new mechanistic insights into general
GRN properties. In addition, this
knowledge might ultimately result in
the ability to control cell fates experimentally with only minimal information about the underlying GRNs.

USE OF C. ELEGANS TO
STUDY CELL
SPECIFICATION
The C. elegans Embryo
The nematode C. elegans exhibits a
short generation time of 3 days.
Embryogenesis occurs in approximately 14 hr at room temperature,

and takes place entirely within an
ovoid, chitinous eggshell approximately 50 mm long (Fig. 1). By the end
of embryogenesis, the larva has 558
cells, is some 250 mm long and will
undergo a series of molts before forming the adult (Brenner, 1974; Sulston
et al., 1983). C. elegans demonstrates
eutely, displaying a constant number
of cells from animal to animal, the
result of a nearly invariant cell lineage that was described more than 25
years ago (Sulston et al., 1983). All
blastomeres at any particular time
have a unique history that can be
described in terms of the series of cell
divisions that gave rise to them from
the zygote. The cell lineage, therefore,
gives studies of development a highly
detailed frame of reference that places
every embryonic cell in a deﬁned spatiotemporal context.
Studies of cell fate speciﬁcation
have focused primarily on two classes
of speciﬁcation event (Table 1;
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Fig. 1. Partial C. elegans lineage, diagram and images showing stages of embryogenesis. A: The zygote undergoes a set of asymmetric cleavages to generate the six founder cells, AB, MS, E, C, D, and P4 (Sulston et al., 1983). Anterior cells are to the left. B: Diagram of early and midembryogenesis stages showing arrangement of blastomeres (first four diagrams) and location of pharynx, muscle, and gut at the 1.5-fold stage
and L1 larva. The P2 inductions of ABp (mediated by Notch/GLP-1 in ABp and Delta/APX-1 in P2) and EMS (Wnt/MAPK/Src pathway, abbreviated
Wnt for simplicity) are indicated (Priess et al., 1987; Moskowitz et al., 1994; Rocheleau et al., 1997; Thorpe et al., 1997; Rocheleau et al., 1999;
Bei et al., 2002). C: Stages of embryogenesis shown by differential interference contrast (DIC) micrographs. a–i: Stills from time lapse series (courtesy Bob Goldstein, used with permission). (a) Zygote. (b) Two-cell stage. (c) Four-cell stage. (d) Eight-cell stage. (e) Gastrula showing E daughter
cells (E2). (f) One-fold stage before start of elongation. (g) The 1.5-fold stage. (h) The two-fold stage. (i) The three-fold elongation. (j) Larva (different
embryo than in time lapse images) shortly after hatching. Images in a–f are shown with dorsal at top and anterior to the left; in g and h dorsal is
to the bottom. A C. elegans embryo is approximately 50 mm along its long axis, and a larva is approximately 250 mm long.

TABLE 1. Cell Speciﬁcation Genes in the C. elegans Embryo

Protein/product

Blastomeres and/or
tissues speciﬁed

Blastomere Identity - Maternal
SKN-1/bZIP-HD
PAL-1/Caudal

MS, E
C,D, E (weak contribution)

PIE-1/CCCH Zinc Finger

P lineage (germline)

(Bowerman et al., 1992)
(Hunter and Kenyon, 1996; Baugh et al., 2005;
Maduro et al., 2005b)
(Mello et al., 1992)

Blastomere Identity - Zygotic
MED-1,2/GATAa
END-1,3/GATA
TBX-35/T-box
CEH-51/NK-2 HD
PAL-1/Caudal

MS, E
E
MS
MS
C,D

(Maduro et al., 2001)
(Zhu et al., 1997; Maduro et al., 2005a)
(Broitman-Maduro et al., 2006)
(Broitman-Maduro et al., 2009)
(Hunter and Kenyon, 1996; Baugh et al., 2005)

Intestine (E)
Pharynx (AB, MS)
Body muscle (AB, MS, C, D)

(Fukushige et al., 1998)
(Horner et al., 1998; Kalb et al., 1998)
(Fukushige et al., 2006)

Epidermis (AB, C)
Epidermis (AB, C)

(Page et al., 1997)
(Gilleard et al., 1999)

Tissue Identity
ELT-2/GATA
PHA-4/FoxA
HLH-1/MyoD, UNC-120/MRF,
HND-1/Hand
ELT-1/GATA
ELT-3/GATA

Reference

a

There is some evidence of a weak maternal contribution of the meds to E speciﬁcation, but this has been disputed (Captan
et al., 2007; Maduro et al., 2007).

Labouesse and Mango, 1999). The
ﬁrst are the events that specify early
progenitors (Priess et al., 1987;
Bowerman et al., 1992; Mello et al.,
1992; Lin et al., 1995; Hunter and

Kenyon, 1996; Zhu et al., 1997;
Maduro et al., 2001, 2005a; Good
et al., 2004; Broitman-Maduro et al.,
2006). After fertilization, the zygote
undergoes a set of holoblastic clea-

vages to generate the six founder cells
AB, MS, E, C, D, and P4, distinguished by the synchrony of cell cycle
timing of their immediate descendants and the similar suite of fates
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Fig. 2. Analysis of gene expression and perturbations of normal development. A: In situ hybridization of a normal embryo with antisense end-3 probe showing expression in the gut precursor
E (Maduro et al., 2007). B: Nuclear expression of a translational end-3::END-3::GFP fusion in the
two daughters of E (Maduro et al., 2005a). C: A translational med-1::GFP::MED-1 fusion is localized to the nuclei of the MS and E daughters and further enriched in small puncta that correspond to an extrachromosomal array carrying the end-3 promoter (Maduro et al., 2002). D–F:
end-1(ok558) end-3(ok1448); pop-1(RNAi) embryos. The embryo on the left is rescued by an
extrachromosomal array that carries wild-type end-1 and end-3 and a ubiquitously expressed
sur-5::dsRed reporter transgene (Yochem et al., 1998). D: A differential interference contrast
(DIC) image showing terminal phenotype of pop-1(RNAi) (left embryo) and end-1,3; pop-1(RNAi)
(right embryo). E: Excess gut, visualized by polarized light, is seen in the left embryo due to
endoderm made by both MS and E (Owraghi et al., 2010). In the right-hand embryo, no gut is
made due to loss of end-1 and end-3, which are essential for specification of the endoderm precursor E. Both embryos arrest without significant embryo elongation because knockdown of
pop-1 blocks morphogenesis. F: Expression of a sur-5 reporter marks the presence of the rescuing end-1,3(þ) transgene in the embryo on the left. G: Wild-type embryo at the 1.75-fold
stage. H: Expression of hlh-1::GFP in embryo in G. I: Terminal phenotype of an embryo in which
TBX-35 was expressed before gastrulation. J: Expression of hlh-1::GFP occurs throughout the
embryo (Broitman-Maduro et al., 2006).

produced among descendants of each
founder (Fig. 1A) (Sulston et al.,
1983). Perturbations that alter these
early fates typically cause a transformation of one or more of the founder
cells into one of the other founder
cells, resulting in the loss or reduction
of one tissue type and the excess of
another (e.g., Fig. 2D–F). The second
type of speciﬁcation event studied
includes those that specify tissue
types, irrespective of cell lineage
(Page et al., 1997; Fukushige et al.,
1998, 2006; Horner et al., 1998; Kalb
et al., 1998). These factors are activated among descendants of multiple
founder cells, with intestine and
germline being the exceptions as they
are derived from only E and P4,
respectively. Loss of tissue identity
factors causes either another tissue
type to be made instead (Page et al.,
1997; Horner et al., 1998; Fukushige
et al., 2006) or a loss of tissue integrity (Fukushige et al., 1998). Recent

work has begun to elucidate connections between the two types of speciﬁcation events, with the surprising
result that tissue identity factors can
be directly activated by blastomere
factors long before the differentiated
tissues are made (Baugh et al., 2005;
Lei et al., 2009).
Development of C. elegans is mostly
autonomous, though cell–cell interactions induce some cells to adopt fates
by breaking inherent symmetries,
examples of which will be given later.
Development is also mosaic: ablation
of a cell, or extrusion of cells from the
embryo, does not result in compensation by the remaining cells. As a side
note, these characteristics are not typical of all nematodes. In Acrobeloides
nanus, embryonic development can
show regulation, as ablation of the AB
blastomere can result in compensation
by the remaining cells (Wiegner and
Schierenberg, 1999). As well, in the
basal nematode Enoplus brevis, no

early speciﬁed blastomeres are apparent (Voronov and Panchin, 1998).
The study of cell speciﬁcation in C.
elegans has been greatly facilitated by
the rich tools and resources available
in this system. This includes the ability to do forward and reverse genetics,
make transgenics, manipulate blastomeres, visualize all life stages, and
make use of the known cell lineage
and its completely sequenced genome.
What follows are examples of the
techniques that have been used for
the study of embryonic cell speciﬁcation mechanisms in this species, followed by a description of speciﬁcation
paradigms that have been found.
Finally, a perspectives section contemplates the future of the ﬁeld.

TECHNIQUES IN THE
C. elegans EMBRYO
Following Cell Lineages
Studying embryos at the level of the
cell lineage has been possible because
of the transparency of C. elegans at
all stages. During characterization of
wild-type development, lineages were
originally followed with repeated
observations by differential interference microscopy, aided by some video
recordings for early stages (Sulston
et al., 1983). Subsequently, time-lapse
four-dimensional (4D) microscopy has
allowed partial lineages to be constructed retrospectively in single
embryos until muscle movements
commence at approximately 400
min after ﬁrst cleavage, at the 1.5fold stage (Schnabel et al., 1997; Chisholm and Hardin, 2005). Early technologies used analog laserdisc video
of differential interference contrast
microscopy (Hird and White, 1993;
Schnabel et al., 1997). More recently,
computer-assisted ﬂuorescence timelapse microcopy using transgene
reporters has been developed (discussed below) (Murray et al., 2006).
In both cases, lineage reconstruction
can be facilitated by computer software such as Simi BioCell or StarryNite (Schnabel et al., 1997; Bao et al.,
2006; Murray et al., 2006).
Studying cell fate at this level can is
important for understanding the nature of changes in cell fate speciﬁcation that result from experimental perturbation. As mentioned above,
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blastomeres that have undergone a
change in fate continue to divide but
ultimately give rise to different tissues. In the process, the transformed
lineage may adopt a cell division pattern characteristic of a new lineage.
For example, an apparently complete
transformation is visible in the case of
deletions that remove end-1 and end3, a pair of linked GATA factor genes
that together specify the endoderm
fate (Zhu et al., 1998; Maduro et al.,
2005a). In embryos lacking function of
both genes, E adopts the fate of C, producing body muscle and epidermis,
with a transformation of its lineage to
one that is C-like. However, such
changed fates do not always show a
clear lineage transformation. In mex-1
mutant embryos, the AB granddaughters adopt MS-like fates, but the
transformations in the lineage itself
are not as clear (Mello et al., 1992;
Schnabel et al., 1996). Presumably,
incomplete transformations in mutant
backgrounds result from competition
among multiple factors in the same
lineage, as well as a change in cell–cell
interactions when a blastomere adopts
a fate outside of its normal context.
Because of the mosaic nature of
C. elegans embryonic development, in
practice it is not necessary to evaluate
the cell division pattern of an entire
lineage to identify a cell fate transformation. Ectopic activation of early
GFP reporters that anticipate the descendants made in a particular lineage can be taken as supportive evidence of a transformation in fate. At
the end of embryogenesis, the location
and number of ectopically produced
cells can be used to suggest a cell fate
transformation through the absence
of a particular tissue and the excess of
another. This is usually done through
the light microscope, but transmission
electron microscopy has also been
used to characterize ectopically misspeciﬁed tissues (Wolf et al., 1983;
Bowerman et al., 1992). A more conﬁdent assignment of ectopic tissues to
an early progenitor can be conﬁrmed
by using a laser microbeam to ablate
all other blastomeres, as was done to
characterize transformed E and MS
blastomeres in end-1,3(), med1,2(RNAi), and tbx-35(); ceh-51()
embryos (Zhu et al., 1997; Maduro
et al., 2001; Broitman-Maduro et al.,
2009). Cell morphology, antibody

staining or green ﬂuorescent protein
(GFP) reporters can then be used to
identify the descendants produced in
the resultant partial embryo.

Examining the Inﬂuence of
Cell–Cell Interactions
One of the more elegant techniques in
the C. elegans embryo is the study of
contextual effects on speciﬁcation by
direct manipulation of blastomeres
participating in a cell–cell interaction.
The study of context-speciﬁc effects
on cell fate can be achieved without
breaching the eggshell, by putting
pressure from the outside to nudge
cells, as was used to characterize
interactions that make ABp different
from ABa, and in the study of left–
right asymmetry (Priess and Thomson, 1987; Wood, 1991). A laser
microbeam can be used to ablate particular cells and prevent cell–cell
interactions, as was done to characterize speciﬁcation within the AB lineage (Gendreau et al., 1994) or to
block generation of AB- or MS-derived
pharynx (Hunter and Kenyon, 1996).
To isolate or block speciﬁc cell–cell
interactions, cells can be extruded
through holes in the eggshell to
reduce the number of possible cell
contacts in the remaining cells (Priess
and Thomson, 1987). Alternatively,
particular cell–cell interactions can
be reconstructed outside the eggshell,
as was done to characterize gut speciﬁcation (Goldstein, 1992). Cell–cell
contacts up to the 150-cell stage were
recently characterized systematically
in intact embryos (Hench et al., 2009).
In that study, approximately 1,500
cell–cell contacts lasting 2.5 min each
were identiﬁed, and the cell interactions were modeled by computer. This
resource, called Ce2008, will likely be
very useful for future studies on cell
interactions (Hench et al., 2009).

Forward and Reverse
Genetics
In addition to embryo manipulations,
cell–cell interactions can also be studied genetically. C. elegans possess a
hermaphrodite mode of reproduction,
which has greatly facilitated the recovery of mutations in developmentally important genes. The ﬁrst regulators to be identiﬁed that affected

early embryonic cell fate speciﬁcation
events were recovered in forward mutagenic screens that looked for maternal-effect embryonic lethal phenotypes exhibiting a deﬁcit of tissues of
one type and an excess of another.
Chemical or transposon-mediated
mutagenesis screens, followed by
mapping and molecular cloning, have
proven to be good ways of identifying
such regulators (Priess et al., 1987;
Kemphues et al., 1988). Such screens
recovered glp-1, which encodes a
Notch-like receptor important for
asymmetries in the AB lineage; apx-1,
which encodes a Delta-like ligand
that mediates a GLP-1-dependent
cell–cell interaction between P2 and
ABp that alters the fate of ABp
(Mango et al., 1994); a maternal-speciﬁc allele of pop-1, which encodes the
C. elegans TCF-like Wnt effector, important for MS and E fates (Lin et al.,
1995; Shetty et al., 2005); and skn-1,
important for speciﬁcation of EMS
fate (Priess et al., 1987; Bowerman
et al., 1992). Similar zygotic screens
identiﬁed the two endoderm speciﬁcation genes end-1 and end-3, by large
deletions that removed both genes
(Zhu et al., 1997; Maduro et al.,
2005a), the epidermal speciﬁcation
gene elt-1 (Page et al., 1997), and tbx37 and tbx-38, which participate in
speciﬁcation of some ABa descendants
(Good et al., 2004).
Factors not accessible by forward
mutagenesis, for example due to redundancy or requirement of genes in
other processes, can be discovered by
other approaches. Regulators can be
identiﬁed by their expression in an
early blastomere lineage. pal-1, which
encodes a Caudal-like homeoprotein,
was ﬁrst identiﬁed by zygotic mutants
and later found to play a central role
in speciﬁcation of C and D, the somatic descendants of P2, following the
discovery that PAL-1 protein is found
in the early P2 and EMS lineages
(Hunter and Kenyon, 1996; Hunter
et al., 1999). Similarly, tbx-35 was
identiﬁed as a candidate MS factor
because of its expression in the early
MS lineage (Robertson et al., 2004;
Broitman-Maduro et al., 2005).
The discovery of RNA interference
(Fire et al., 1998), coupled with the
completion of the C. elegans genome
sequence (Consortium, 1998), led to
the use of reverse genetics as a
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method to identify factors important
for cell speciﬁcation. Components of
the Wnt/MAPK signaling pathway
that mediate the P2-EMS interaction
were identiﬁed by both genetics and
RNAi (Rocheleau et al., 1997; Thorpe
et al., 1997). A systematic search of
GATA-like
transcription
factors
encoded in the C. elegans genome led to
the identiﬁcation of the MED-1,2 divergent GATA factors, which specify MS
and participate in speciﬁcation of E as
ﬁrst characterized by RNAi (Maduro
et al., 2001; Goszczynski and McGhee,
2005). More recently, a genome-wide
RNAi screen identiﬁed ceh-51, a gene
which functions in MS speciﬁcation
(Broitman-Maduro et al., 2009).
Although originally thought to act in
muscle speciﬁcation because of its
larval arrest phenotype, the expression
of ceh-51 was found to occur in the
early MS lineage, directly downstream
of the MS speciﬁcation factor TBX-35
(Broitman-Maduro et al., 2006, 2009).
As
another
reverse
genetics
approach, candidate genes may be
selectively targeted for recovery of
chromosomal mutations. Gene knockouts made following UV/TMP mutagenesis (Gengyo-Ando and Mitani,
2000) are available from the National
Bioresource Project (Mitani laboratory, Japan) and the Caenorhabditis
Genetics Center (CGC, University of
Minnesota, MN). Mutants at the CGC
are made by the C. elegans Gene
Knockout Consortium (Vancouver,
British Columbia, Canada, and Oklahoma City, OK; http://celeganskoconsortium.omrf.org). Random insertions
of transposons, such as Tc1 and Mos1,
have also been generated (Zwaal
et al., 1993; Granger et al., 2004). Alleles generated in these screens have
been used to study chromosomal
mutants for MS and E speciﬁcation
factors (Broitman-Maduro et al.,
2006, 2009; Maduro et al., 2007). For
example, after the T-box factor gene
tbx-35 was identiﬁed as a candidate
for MS speciﬁcation because of its
early MS lineage expression, a deletion allele, created by reverse genetics, was used to characterize its lossof-function phenotype (Robertson
et al., 2004; Broitman-Maduro et al.,
2005, 2006). The chromosomal mutant proved invaluable for identiﬁcation of tbx-35 as a critical MS regulator, as RNA interference against tbx-

35 was found to be almost completely
ineffective (Broitman-Maduro et al.,
2006). RNAi against the related genes
tbx-37 and tbx-38, which function together in speciﬁcation of ABa descendants, was also found to be ineffective (Good et al., 2004), suggesting
that early zygotic regulator genes
may be generally resistant to RNAi.

Transgene Reporters
Before the establishment of techniques to make C. elegans transgenic,
identiﬁcation of cells or tissue types
was achieved primarily by their
appearance in the light microscope or
by immunohistochemistry (Duerr,
2006; Yochem, 2006). RNA in situ
hybridization has also been used to
localize transcripts (e.g., Fig. 2A; Seydoux and Fire, 1995; Kohara, 2001;
Coroian et al., 2005).
Use of reporter transgenes, by far
the most frequently used method to
assess gene expression and to mark
tissues in C. elegans, became standardized through the use of gonadal
microinjection, ﬁrst with lacZ as a reporter, and subsequently GFP and its
variants (Fire et al., 1990; Mello
et al., 1991; Chalﬁe et al., 1994).
Transgene arrays made this way are
generally useful for zygotic genes, but
not for maternal genes which frequently undergo silencing due to the
repetitive nature of the arrays (Kelly
et al., 1997). Problems with expression of maternally expressed transgenes and mosaic expression of zygotic transgenes have been overcome
by the use of complex arrays (Kelly
et al., 1997), microparticle bombardment (Praitis et al., 2001), or transposon-mediated chromosomal integration (Frokjaer-Jensen et al., 2008).
The latter approach, which relies on
transgene-dependent repair of a chromosomal Mos1 excision event, is advantageous as it results in a known
location of the inserted transgene,
favors low copy number insertions,
and requires no additional technology
to implement in a lab that already
has standard microinjection working
(Frokjaer-Jensen et al., 2008).
Determining which cells in the
early embryo express a given gene is
usually a matter of recognizing the
expressing cells by their morphology
and context (e.g., end-3 reporter

expression in Fig. 2B, hlh-1 reporter
expression in Fig. 2H). For more complex patterns, cell identiﬁcation can
be facilitated by comparison with 4D
time lapse recordings (Hope, 1994).
Alternatively, mutant backgrounds
that transform speciﬁc lineages can
be used to conﬁrm that expression
patterns
change
appropriately
(Maduro et al., 2001). More recently,
semi-automated 4D ﬂuorescence microscopy has been used to follow
expression of embryonic transgenes
simultaneously with the lineage
(Murray et al., 2008). In these experiments, the expression of a cell-speciﬁc
reporter is viewed in a separate ﬂuorescent channel from a ubiquitously
expressed nuclear reporter, with the
pattern of cell divisions informing the
cell identities. Recently, a computational approach has been developed to
analyze expression of genes in L1 larvae (Long et al., 2009). In this
approach, cells are identiﬁed by their
positions in the larva, rather than
their lineage. Using this method, single-cell resolution expression patterns
of 93 reporter genes were used to
deduce the points in the embryonic
cell lineage that particular tissues
were speciﬁed by asymmetric cell
divisions (Liu et al., 2009). The coupling of ﬂuorescent in vivo reporters
with computer-aided image analysis
is clearly emerging as a powerful
approach for the rapid characterization of factors that are involved in
speciﬁcation of cells or tissues.
Aside from the use of transgene
reporters to identify the cells in which
a factor is expressed, there are three
other applications of transgenes that
are worth mentioning. First, factors
that are hypothesized to act as ‘‘master genes’’ can be tested outside their
normal context through overexpression driven by a heat shock promoter
(Stringham et al., 1992; Horner et al.,
1998; Zhu et al., 1998; Maduro et al.,
2001; Broitman-Maduro et al., 2006;
Fukushige et al., 2006). Such constructs permit the conditional activation of the factor of interest in essentially all somatic cells in the embryo
(e.g., hs-tbx-35 embryo in Fig. 2I,J;
Stringham et al., 1992). Second,
translational GFP fusions can be used
to visualize subcellular localization of
tagged proteins (e.g., GFP-tagged
END-3 in Fig. 2B). This has been
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done for proteins that show differential subcellular localization or stability in different cells, such as the b-catenin/asymmetry pathway components
TCF/POP-1 (Maduro et al., 2002) and
the divergent b-catenin SYS-1
(Huang et al., 2007; Phillips et al.,
2007). A third transgene-based technique, the ‘‘nuclear spot assay’’, takes
advantage of the repetitive nature of
multicopy transgene arrays. In this
approach, a GFP-tagged transcription
factor can be localized to the subnuclear region occupied by target arrays
that contain its binding sites. For
example, this approach was used to
show interaction of the endoderm factor ELT-2 with its own promoter
(Fukushige et al., 1999) and interaction of POP-1 and MED-1 with the
promoters of end-1 and end-3 (e.g.,
GFP::MED-1 subnuclear spots in Fig.
2C; Maduro et al., 2002). In principle,
this assay could be used to identify
and map transcription factor-DNA
interactions in an in vivo context,
with no prior knowledge of the binding sites.

Genome-Wide Approaches
Studies of C. elegans beneﬁt from a
complete genome sequence with thorough annotation by means of the centralized resource WormBase (http://
www.wormbase.org)
(Consortium,
1998; Harris et al., 2010). The genome
sequence has greatly facilitated molecular identiﬁcation of mutated
genes and has also been used for multiple other applications. Owing to the
ability of C. elegans to knock down endogenous gene expression by RNAi
through ingested dsRNA (Timmons
and Fire, 1998), libraries of bacteria
have been constructed that express
dsRNA targeted to each gene, permitting
genome-wide
RNAi-based
screens by bacterial feeding (Kamath
and Ahringer, 2003; Johnson et al.,
2005). A comprehensive list of the
entire suite of 1,000 C. elegans transcription factors has been compiled,
and this information has been used to
generate GFP reporters for many of
these (Reece-Hoyes et al., 2005, 2007).
Yeast two-hybrid studies have been
used to identify protein–protein interactions (Boxem et al., 2008). The
results of genome-wide screens,
expression pattern studies and pro-

tein interactions become available on
WormBase soon after publication.
The genome sequence has been
invaluable for whole-genome studies
of gene expression. An early use of
the sequence was in the generation of
microarrays, which can be used to
identify genes expressed in various
tissues such as the germline (Reinke
et al., 2000). Microarrays were used
to identify transcripts expressed in a
small number of precisely staged
early embryos (Baugh et al., 2003). To
work with such small samples, protocols were developed to linearly
amplify transcripts from limiting
amounts of RNA (Eberwine, 1996;
Baugh et al., 2003). These approaches
were used to identify genes that participate in C speciﬁcation, by isolating
mRNA from intact embryos in mutant
backgrounds that either created extra
C cells or abolished their speciﬁcation
(Baugh et al., 2005). These experiments elucidated a gene network for
PAL-1–dependent cell speciﬁcation of
the early C lineage (Baugh et al.,
2005). In a similar strategy designed
to identify genes that function in a
speciﬁc tissue, microarrays were used
to identify 240 transcripts enriched in
the pharynx in similarly made
pharynx(þ) and pharynx() embryos
(Gaudet and Mango, 2002).
Other genome-wide techniques are
aimed at identifying cis-regulatory
sites of interest. For example, all promoters, comprising the C. elegans
‘‘promoterome,’’ have been cloned and
used to generate reporter GFP fusions
of a subset of these (Dupuy et al., 2004,
2007). A subset of protein–DNA interactions have been identiﬁed by yeast
one-hybrid analysis using the promoterome (Deplancke et al., 2006). A
recent study reported the use of chromatin immunoprecipitation as a
method for verifying direct interaction
between PAL-1 and the muscle regulator MyoD/hlh-1 (Lei et al., 2009). A
large, multi-investigator project, modENCODE (model organism ENCyclopedia Of DNA Elements), is working
to systematically document all transcription factor-DNA interactions in
C. elegans and Drosophila (Celniker
et al., 2009). Information from all of
these genome-level projects will likely
lead to identiﬁcation of new genes and
protein-DNA interactions that are important for cell speciﬁcation.

Other approaches can be used to
identify lineage-speciﬁc transcripts.
These include using tissue-speciﬁc
expression of epitope-tagged Poly-A
binding protein to immunoprecipitate
transcripts, coupled with microarray
analysis or serial analysis of gene
expression (SAGE) tagging (Roy
et al., 2002; Pauli et al., 2006;
McGhee et al., 2009). Newer massively parallel sequencing methods,
such as RNA-seq, permit efﬁcient
identiﬁcation of full-length transcripts by coupling the technology
with approaches that enrich for
mRNAs present in particular lineages
or cells (Hillier et al., 2009; McGhee
et al., 2009; Wang et al., 2009). The
ﬁeld is just beginning to explore the
possibilities with this new technology.

Biochemical Methods
Biochemical methods have been used
to characterize protein-DNA or protein–protein interactions important
for cell speciﬁcation in C. elegans. As
examples, DNA-binding properties of
TCF/POP-1 and interactions of POP-1
with the Nemo-like kinase LIT-1 and
the divergent b-catenin WRM-1 were
studied in cultured cells (Shin et al.,
1999; Korswagen et al., 2000); coimmunoprecipitations from C. elegans
embryos were used to detect interaction between WRM-1 and LIT-1
(Rocheleau et al., 1999); gel shift analysis and DNaseI footprinting studies
have been reported for E and MS speciﬁcation factors in C. elegans (Stroeher
et al., 1994; Hawkins and McGhee,
1995; Broitman-Maduro et al., 2005,
2009); mass spectrometry was used to
identify proteins that can bind to the
promoter of end-1 (Witze et al., 2009);
and an NMR solution structure has
been solved for the MED-1 DNA-binding domain (Lowry et al., 2009). Therefore, although it can be difﬁcult in
practice to obtain biochemical quantities of C. elegans embryos (particularly
those of a speciﬁc stage), this has not
been a severe limitation to doing biochemical experiments.

Comparative Studies With
Other Nematodes
Approximately a dozen species have
been identiﬁed in Caenorhabditis
(Kiontke et al., 2004). Embryogenesis
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is found to be very similar between C.
briggsae and C. elegans (Zhao et al.,
2008). However, there are RNAiinduced
phenotype
differences
between these two species with
respect to the orthologues of skn-1
and pop-1 (Lin et al., 2009), suggesting that the underlying gene networks have undergone some changes.
Hence, comparative studies of embryo
cell speciﬁcation among Caenorhabditis species may be a way to probe the
ﬂexibility of speciﬁcation mechanisms
that produce the same output, similar
to what has been done postembryonically in the vulval lineages (Felix,
2007). Genome sequences are available for different nematode species,
and comparisons among noncoding
regions have generated cisRED, a
compendium of conserved putative
cis-regulatory sites (Sleumer et al.,
2009). RNAi by bacterial feeding is
also possible in C. briggsae (Winston
et al., 2007); this technique was used
in examining knockdown of skn-1 and
pop-1 (Lin et al., 2009), and it should
be possible to perform genome-wide
RNAi screens to identify cell fate
genes in C. briggsae. A recent comparative study described differences in
very early embryonic development,
before cell speciﬁcation events take
place, among multiple nematode species in different genera (Brauchle
et al., 2009). Comparisons of cell speciﬁcation events can therefore be useful both from an evolutionary standpoint, and to inform studies of C.
elegans development.
The C. elegans system clearly offers
a rich set of tools for the study of cell
fate speciﬁcation pathways, and
newer approaches that exploit massively parallel sequencing and computer-aided analysis of expression
patterns will almost certainly revolutionize the next phase of work in this
ﬁeld. Many themes of development
have already emerged from cell speciﬁcation studies in C. elegans, as
described below.

THEMES OF CELL FATE
SPECIFICATION IN THE
C. elegans EMBRYO
C. elegans development proceeds
through a lineage speciﬁcation phase
and an organ/tissue speciﬁcation

phase (Labouesse and Mango, 1999).
This suggests that there should be
two broad classes of cell speciﬁcation
genes: Those that act in the early
embryo in individual blastomeres to
specify lineage progenitors, irrespective of the tissue types made, and
those that act later, in multiple lineages, to specify the progenitors of particular tissues. Studies over the past
two decades have identiﬁed regulators of both types, and as mentioned
earlier, recent work has begun to connect them together. The results of
some of these studies will be
described in brief below to illustrate
examples of developmental themes.

Asymmetric Maternal
Determinants
Asymmetrically localized maternal
determinants are important to blastomere speciﬁcation in C. elegans. The
anterior–posterior axis of the embryo
is set by the point of sperm entry
(Gotta and Ahringer, 2001), and a network of gene products, including
products of the par genes, links this
information to the asymmetric
expression of maternal determinants
(Bowerman, 1998; Gonczy and Rose,
2005). The blastomere-speciﬁc activity of cell speciﬁcation factors occurs
by a combination of speciﬁc translation of maternal mRNAs, differential
activity and differential stability of
factors. For example, the maternally
contributed EMS speciﬁcation factor
SKN-1, which encodes a homeodomain/bZIP transcription factor, is
enriched in P1 and its daughters P2
and EMS (Bowerman et al., 1992,
1993; Seydoux and Fire, 1994). SKN-1
is also present in the daughters of P2
(P3 and C) and EMS (MS and E; Fig.
1). The CCCH zinc ﬁnger proteins
PIE-1, MEX-1, and OMA-1 are
involved in restricting SKN-1 activity
to the EMS lineage. Loss of function
of pie-1 or mex-1, or a gain of function
mutation in oma-1, results in ectopic
appearance of mesoderm and/or endoderm, the tissues that are speciﬁed by
SKN-1 (Mello et al., 1992; Lin, 2003;
Shirayama et al., 2006).

Cell Induction Events
The lineage gives the appearance of
an autonomous system of fate deter-

mination. However, several cell induction events are required to specify
particular fates, and hence patterns
of gene expression, in the early
embryo (Gonczy and Rose, 2005). Two
of these involve the four-cell stage
blastomere P2, which provides an inductive signal to both ABp and EMS,
the two cells it contacts (Fig. 1B). In
the ﬁrst interaction, the sister cells
ABa and ABp are initially equivalent,
but the interaction of ABp with P2
breaks this equivalence (Priess et al.,
1987; Priess and Thomson, 1987;
Moskowitz et al., 1994). This induction is dependent on the Notch signaling pathway: the AB cells express
maternal GLP-1/Notch protein, and
P2 expresses APX-1/Delta (Evans
et al., 1994; Mango et al., 1994;
Mickey et al., 1996). A key result of
the P2-ABp interaction is the repression of tbx-37 and tbx-38 in the ABp
lineage, so that their activation is restricted to the ABa lineage (Good
et al., 2004). GLP-1/Notch signaling is
involved in other cell inductions in
the early embryo, including an interaction between MS and ABa descendants that induces formation of the anterior portion of the pharynx (Priess
et al., 1987; Moskowitz et al., 1994).
In the second P2-dependent cell–
cell interaction, P2 polarizes its sister
cell EMS, such that the EMS spindle
rotates to become aligned with the anterior–posterior axis, and the side of
EMS in contact with P2 will generate
the endoderm precursor E when EMS
divides (Goldstein, 1992; Schlesinger
et al., 1999). The default state of the
daughters of EMS is the MS fate, producing mesoderm (body muscles,
pharynx, and other cells). Overlapping Wnt/MAPK/Src signals are used
in the P2-EMS interaction (Rocheleau
et al., 1997, 1999; Thorpe et al., 1997,
2000; Schlesinger et al., 1999; Bei
et al., 2002). Loss of function of these
components leads to an E to MS
transformation. The nuclear effector
TCF/POP-1 is required primarily for
repression of endoderm fate in MS, as
loss of pop-1 function leads to the
reverse transformation, MS to E (Lin
et al., 1995). Though initially characterized in the MS-E decision, the
Wnt/b-catenin asymmetry pathway
was found to be involved in several
asymmetric cell divisions, both in the
embryo and in many postembryonic
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cell divisions (Kaletta et al., 1997; Lin
et al., 1998; Mizumoto and Sawa,
2007; Phillips et al., 2007). Recurrent
‘‘Wnt asymmetry’’ has been found in a
polychaete annelid, suggesting this
mechanism for making sister cells different may be widespread in protostomes (Schneider and Bowerman,
2007).
Although the known cell–cell interactions involve cells in direct contact,
a recent study suggests that a relay
mechanism, operating over many cell
diameters, orients cell divisions along
the anteroposterior axis (Bischoff and
Schnabel, 2006). As Wnt/b-catenin
asymmetry operates in cell divisions
that occur along this axis, such a
global mechanism would play an important role in orienting dividing cells
to access this system for the correct
establishment of asymmetric fates.

Autonomous Lineage
Speciﬁcation
Lineage speciﬁcation factors are
active very early in embryogenesis
and are expressed only transiently,
passing control of lineage identity to
another tier of regulators. The speciﬁcation of MS and E is an example of a
combinatorial control mechanism in
which two maternal pathways converge to result in lineage-speciﬁc activation of blastomere identity factors
(Fig. 3). Maternal SKN-1 speciﬁes the
descendants of EMS as endomesodermal, and the input of the Wnt/b-catenin asymmetry pathway, through the
nuclear effector POP-1, makes the descendants of EMS different from each
other (Maduro and Rothman, 2002). A
pair of zygotic target genes of SKN-1,
med-1 and med-2, are activated in
EMS in response to SKN-1 (Maduro
et al., 2001). MED-1,2, divergent
members of the GATA transcription
factor family, are required to specify
MS, and they also contribute to speciﬁcation of E in parallel with SKN-1,
Wnt-signaled POP-1, and a small but
detectable input from PAL-1 (Maduro
et al., 2001, 2005b; Goszczynski and
McGhee, 2005; Shetty et al., 2005;
Broitman-Maduro et al., 2009). The
result of these inputs is the activation
of T-box factor gene tbx-35 in MS, and
the endoderm GATA factor genes end1 and end-3 in E (Zhu et al., 1997;
Maduro et al., 2005a; Broitman-

Fig. 3. The abbreviated endomesoderm gene regulatory network as an example of a C. elegans gene regulatory network for cell specification. Maternal factors (boxed) act in combinations
to activate zygotic blastomere specification factors, which in turn leads to activation of tissue
specification factors. SKN-1 activates zygotic med-1,2, which in MS activates tbx-35 (Maduro
et al., 2001; Broitman-Maduro et al., 2006). TBX-35 and another unknown factor activate ceh-51
(Broitman-Maduro et al., 2009). The combination of TBX-35 and CEH-51 activities specifies MS
identity. Farther downstream, the pharynx organ identity factor PHA-4, and the muscle identity
network consisting of Hand/HND-1, MyoD/HLH-1, and SRF/UNC-120 are activated (Horner
et al., 1998; Kalb et al., 1998; Fukushige et al., 2006). In MS, POP-1 represses the endoderm
specification genes end-1 and end-3 (Lin et al., 1995; Maduro et al., 2002; Shetty et al., 2005).
In E, POP-1 is modified by the Wnt/b-catenin asymmetry pathway so that it now becomes an
activator in conjunction with the b-catenin SYS-1 (Maduro et al., 2005b; Shetty et al., 2005;
Huang et al., 2007; Phillips et al., 2007). PAL-1, SKN-1 and the MEDs also contribute to activation of end-1 and end-3, and there is evidence that END-3 also contributes to end-1 activation
(Maduro et al., 2001, 2005b, 2007). Downstream of E specification, the GATA factor ELT-2 (with
possible contributions by ELT-4 and ELT-7) specifies the intestinal fate (McGhee et al., 2009).
The blastomere specification factors are expressed only transiently, for as little as one or two
cell cycles, while the tissue identity factors are expressed throughout the lifespan of the animal.
Asterisks denote regulatory connections which are known to be direct. For simplicity, the model
presented here leaves out other tissues made by MS and other factors that restrict SKN-1 activity to EMS; for additional information, the reader is referred to more comprehensive versions of
this network (Maduro, 2009; Owraghi et al., 2010).

Maduro et al., 2006). In MS, POP-1
(in its default, unsignaled state)
blocks endoderm speciﬁcation by
directly repressing end-1 and end-3
(Maduro et al., 2002, 2005b, 2007;
Shetty et al., 2005). In E, this repression is relieved by the Wnt-dependent
modiﬁcation of POP-1, which lowers
its nuclear levels and allows it to form
a bipartite activator with the divergent b-catenin SYS-1 (Huang et al.,
2007; Phillips et al., 2007). The major
role of POP-1 in MS appears to be
repression of end-1 and end-3, as triple mutant pop-1; end-1 end-3

embryos appear to specify MS (Owraghi et al., 2010). Once activated, the
zygotic MS and E speciﬁcation factors
specify these cells autonomously. Consistent with this, when overexpressed
outside of the EMS context, ectopically expressed TBX-35 and END-1/3
are able to reprogram early blastomeres into mesodermal or endodermal precursors (Fig. 2I,J; Zhu et al.,
1998; Maduro et al., 2005a; BroitmanMaduro et al., 2006).
In a second example of blastomere
speciﬁcation, the C cell is speciﬁed by
maternal PAL-1, which activates
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zygotic pal-1 in the C lineage and
activates a suite of genes to specify Cderived tissues (Hunter and Kenyon,
1996; Baugh et al., 2005). In the C
speciﬁcation network, zygotic PAL-1
activates unique sets of transcription
factor targets to specify epidermal or
muscle progenitors. These include a
pair of redundant T-box factors, tbx-8
and tbx-9, and the GATA factor gene
elt-1 to specify ectoderm, and the
muscle speciﬁcation network, consisting of Hand/HND-1, SRF/UNC-120,
and MyoD/HLH-1 (Page et al., 1997;
Andachi, 2004; Baugh et al., 2005;
Fukushige et al., 2006), discussed
below. The activation of the PAL-1
targets was observed to occur sequentially in temporal phases (Baugh
et al., 2005); indeed, the zygotic transcriptome of the embryo appears to
change dynamically in such temporal
waves, suggesting that tiers of regulatory cascades, operating at each cell
cycle, are a feature of most zygotic
cell speciﬁcation events (Baugh et al.,
2003).

Tissue Speciﬁcation Factors
The second major class of cell speciﬁcation factors determines the identity
of individual organs and/or tissues.
Unlike lineage identity factors, which
are expressed transiently, tissue identity factors are expressed both in progenitors and through adulthood.
Endoderm (or gut) identity is speciﬁed by the GATA factor ELT-2, immediately downstream of the E identity
factors END-1 and END-3 (Fukushige
et al., 1998; Maduro et al., 2005a;
McGhee et al., 2009). ELT-2 is at the
top of an endoderm gene network that
includes thousands of genes (Pauli
et al., 2006; McGhee et al., 2007). In
the AB and C lineages, the GATA factor ELT-1 speciﬁes epidermal identity,
perhaps in conjunction with the
related factor ELT-3 (Page et al.,
1997; Gilleard and McGhee, 2001).
Body muscle cells, made primarily in
the C, D and MS lineages, are speciﬁed by the combined activity of Hand/
HND-1, MyoD/HLH-1, and SRF/
UNC-120 (Baugh and Hunter, 2006;
Fukushige et al., 2006). The myogenic
potential of HLH-1 is determined in
part by activity of POP-1, showing
that tissue identity factors also work
in combinatorial interactions similar

to
blastomere
identity
factors
(Fukushige and Krause, 2005). In the
MS and AB lineages, pharynx identity is determined by the FoxA/PHA-4
factor, which activates hundreds of
genes in the developing pharynx
(Horner et al., 1998; Kalb et al., 1998;
Gaudet and Mango, 2002).
Within tissues, additional gene networks must be activated that specify
unique domains within the territory.
In the pharynx, multiple types of tissues are speciﬁed during organogenesis, as the pharynx consists of neurons, epithelial and muscle cells,
among others (Mango, 2007). PHA-4
speciﬁes these cells in combination
with other factors. To specify the muscle cells that are made in the pharynx, PHA-4 works with the CEH-22
homeoprotein to activate the pharynx-speciﬁc myosin gene myo-2
(Okkema and Fire, 1994; Vilimas
et al., 2004). In the gland cells, a combinatorial code of factors, including
PHA-4, activates the gland-speciﬁc
gene hlh-6 (Raharjo and Gaudet,
2007). Hence, within a single organ or
tissue, additional speciﬁcation networks specify particular cell types.
Such tissue factors may also maintain
the differentiation state of the tissue,
and even activate different genes in
response to the environment after development (Fukushige et al., 1998;
McGhee et al., 2007).

Redundancy
One theme that has emerged during
the study of cell speciﬁcation is that
multiple gene products, with overlapping functions, can participate in the
same event. The pairs of regulators
MED-1,2, END-1,3, and TBX-37,38
are good examples of redundant function in development of the MS, E and
ABa lineages, respectively (Maduro
et al., 2001, 2005a; Good et al., 2004).
While these paralogous pairs of factors are likely the result of gene duplications, there are other examples of
overlapping function that result from
convergent activities of unrelated factors. In MS speciﬁcation, TBX-35 and
the homeoprotein CEH-51 make similar contributions, and ceh-51 is also a
direct target of tbx-35 (BroitmanMaduro et al., 2009). In C speciﬁcation, multiple factors function in parallel downstream of PAL-1 (Baugh

et al., 2005). The P2-EMS interaction
involves overlapping Wnt/MAPK/Src
pathways (Rocheleau et al., 1997;
Thorpe et al., 1997; Meneghini et al.,
1999; Bei et al., 2002). Zygotic activation of endoderm speciﬁcation in E is
the result of input from MED-1,2,
SKN-1, Wnt-signaled POP-1 and
PAL-1 (Maduro et al., 2005b, 2007;
Huang et al., 2007; Phillips et al.,
2007). In these examples involving E,
a fully penetrant loss of endoderm
speciﬁcation is generally apparent
only when multiple factors are
knocked down simultaneously (Bei
et al., 2002; Maduro et al., 2005a,
2007). In tissue speciﬁcation, muscle
identity results from the convergent
activities of HND-1, UNC-120, and
HLH-1, as only knockdown or mutation of all three together can abolish
speciﬁcation of muscle (Fukushige
et al., 2006).
It is not clear why this type of redundancy exists. It may be adaptive
to have multiple genes specify lineages to ensure developmental robustness under different environmental
conditions, or perhaps different gene
batteries were recruited into common
lineages over time. For redundancy
involving multiple paralogs of an ancestral gene, duplications may be stabilized by some other selective force,
such as acquisition of new functions
or mutual loss of subsets of the original function or expression (Force
et al., 1999). For example, med-1-like
genes have undergone extensive
duplications in other Caenorhabditis
species (Coroian et al., 2005; Lowry
et al., 2009), while end-3 has some
expression and functional differences
with end-1 (Maduro et al., 2005a).
Redundancy is also evident in
embryo morphogenesis. Many cell
speciﬁcation factors were identiﬁed
by mutagenic screens that presupposed embryonic lethality as a consequence of blastomere mis-speciﬁcation. However, there is at least one
example of a cell speciﬁcation mutant
that displays both embryonic and
larval lethality: Double mutants of
end-1 and end-3, while lacking all
endoderm, can still undergo a fairly
normal morphogenesis and generate
elongated larvae that can hatch
(Owraghi et al., 2010). Hence, it
seems likely that multiple, parallel
pathways
contribute
to
the
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morphogenesis of the embryo besides
those that specify blastomere identity,
suggesting that other cell speciﬁcation factors could be identiﬁed as
those for which a mutant phenotype
results in larval lethality or even
viability.
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The Use of Developmental
Regulators in Other Contexts
As in many other systems, early C.
elegans developmental regulators
have been found to have unrelated
functions that occur after their roles
in speciﬁcation. This is especially true
of the maternal factors. The Wnt/bcatenin asymmetry pathway and
POP-1 are used in multiple asymmetric divisions, as mentioned earlier
(Kaletta et al., 1997; Lin et al., 1998;
Mizumoto and Sawa, 2007). The EMS
speciﬁcation factor SKN-1 has a more
ancient role in the differentiated
intestine in response to stress (An
and Blackwell, 2003; An et al., 2005).
The C speciﬁcation factor PAL-1 has
later roles in development of the male
tail (Hunter et al., 1999; Edgar et al.,
2001). In contrast, additional roles for
the zygotic speciﬁcation factors med1,2, end-1, 3, tbx-35, tbx-37, 38, and
ceh-51 have yet to be deﬁned. This
may be related to how recently these
genes were recruited into cell speciﬁcation. A genome comparison of C. elegans with nematodes outside the Caenorhabditis genus found that the
early zygotic regulators were the least
likely to be recognizable in other
genomes, while the maternal and tissue speciﬁcation factors were more
conserved (Maduro, 2006). Hence,
these genes may not have yet
acquired other functions, or else their
later roles are subtle and have
escaped identiﬁcation.

Conservation of Mechanisms
Across Species
Although C. elegans development is
considered to be derived relative to
other nematodes, as a result of optimization for rapid embryogenesis
(Schierenberg, 2001), there are multiple examples of the similar use of factors for similar speciﬁcation events,
suggesting that core features have
been conserved through evolution.
Endomesoderm in vertebrates is speci-

ﬁed by GATA factors, similar to the
speciﬁcation of MS/E by the MED-1,2
GATA factors (Reiter et al., 1999;
Maduro et al., 2001; Patient and
McGhee, 2002). In Drosophila, the
GATA factor Serpent speciﬁes endoderm, similar to the END-1,3 and
ELT-2 GATA factors in C. elegans
(Reuter, 1994; Fukushige et al., 1998;
Maduro et al., 2005a). T-box and NK-2
homeodomain factors (similar to the
MS speciﬁcation factors TBX-35 and
CEH-51, respectively) also act in mesoderm development in Drosophila and
vertebrates (Lyons et al., 1995; Horb
and Thomsen, 1999; Reim and Frasch,
2005). Body muscle speciﬁcation by
MyoD/HLH-1 and Hand/HND-1 is
similar to the use of the bHLH factors
MyoD and Hand in speciﬁcation of different muscle types in vertebrates
(Srivastava, 1999; Tapscott, 2005). As
well, the regulatory network formed
by the endomesoderm and C lineage
speciﬁcation genes has features similar to those in other systems, such as
feed forward loops, autoregulation,
and multiple input motifs (Baugh
et al., 2005; Maduro, 2006; Swiers
et al., 2006). The C. elegans system,
therefore, provides a way to learn
about processes of speciﬁcation that
are common to all metazoans.

PERSPECTIVES
Building a Complete Network
The goal of embryonic cell speciﬁcation studies in C. elegans, following
the lead of work in the sea urchin
Strongylocentrotus
purpuratus
(Davidson et al., 2002) and other
ﬁelds, is the generation of a comprehensive gene regulatory network that
connects all transcription factor and
cell–cell signaling events from zygote
to larva. A comprehensive network
would itself be an immense achievement, and it would lead to other applications, such as mathematical modeling, and there may also be new
paradigms of cell speciﬁcation to be
discovered. To date, there is a fair bit
of information about key regulators
that are important for both blastomere speciﬁcation and tissue speciﬁcation, but there is a knowledge gap
in the linkage between these, and the
connection of these factors with the
generation of the complex lineage pat-

terns and cellular morphogenesis
within each tissue type. How do cells
adopt reproducible positions in the
embryo? How are cell movements in
morphogenesis tied to cell speciﬁcation? Do these later lineage speciﬁcation events use similar mechanisms
as those that happen early?
Construction of an exhaustive gene
regulatory network requires spatiotemporal proﬁling of all transcription
factors, perturbation of these, and
characterization of the effects that
these have on expression of all other
regulators (Materna and Oliveri,
2008; Li and Davidson, 2009). Thus
far, building the C. elegans embryo
speciﬁcation network has relied primarily on mutations identiﬁed
through open-ended screening, or by
identiﬁcation of candidate genes
based on expression patterns. Mutational screens have been biased toward factors that play more essential
roles. Phenotypes of genes acting
later in the cell lineage may exhibit
only larval lethality, or even be viable,
because they may affect only a small
number of cells. As well, speciﬁcation
events that involve parallel functions
of redundant genes, or events that
involve factors that have both early
and late functions, might be missed
entirely without conditional alleles.
Hence, a candidate gene approach
that starts with known expression
patterns may ultimately be the best
way to build a more comprehensive
network. Newer technologies aimed
at identifying promoter–DNA interactions, and the expression of all transcription factors, will likely provide a
data set that can be mined for cell
speciﬁcation gene candidates. Without a full perturbation analysis, however, these studies are still only a
starting point. One potential technical limitation to a large-scale molecular characterization of expression is
the difﬁculty of obtaining large numbers of synchronized embryos; newer
technologies are emerging that allow
characterization of gene expression
proﬁles on small samples with high
sensitivity (Geiss et al., 2008). Given
the rate of technological advances, it
is likely that a description of transcription at the level of single cells,
describing all blastomeres in the C.
elegans embryo, will soon be possible
at modest cost.
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Knowledge Gaps: What Is Left
to Find?
Aside from the completion of the gene
network, there continue to be questions about cell fate speciﬁcation in C.
elegans. First, there is no known set
of regulators that dictates neuronal
identity, analogous to the regulators
identiﬁed for muscle, endoderm, epidermis and pharynx. RNAi knockdown of the histone acetyltransferase
gene cbp-1 results in a failure of the
embryo to generate the aforementioned tissue types, but neurons continue to be made, suggesting that
neuron fate may be a default condition when no other fate has been
speciﬁed (Shi and Mello, 1998;
Hobert, 2005). Many genes have been
identiﬁed that are required for speciﬁcation of a subset of neurons, or even
just asymmetric divisions that lead to
neurons; however, it may be that a
complex set of regulators works together and has simply not yet been
identiﬁed, analogous to the muscle
speciﬁcation network (Finney and
Ruvkun, 1990; Hallam et al., 2000;
Frank et al., 2003; Fukushige et al.,
2006). Just as a neuronal identity factor is not apparent, it is similarly not
clear what factor(s) may specify AB
fate, as blastomere identity factors
are known for all the other founder
cells. It may be that because AB generates the majority of neurons, there
is no ‘‘AB factor’’ to be found, only factors that are required to break symmetrical divisions through cell–cell
interactions (Sulston et al., 1983;
Moskowitz et al., 1994; Good et al.,
2004).
Whereas much is known about cell
speciﬁcation in the C. elegans embryo,
some questions are wide open for
study. Do miRNAs or other noncoding
RNAs play roles in lineage speciﬁcation? How is the cell speciﬁcation network
robust
to
environmental
changes? And given that there are
other ways that nematodes have
evolved early embryo speciﬁcation
mechanisms (Voronov and Panchin,
1998; Goldstein, 2001; Schulze and
Schierenberg, 2009), what is inherently special about the C. elegans
gene network, and what is ﬂexible?
Future work, with new tools and
questions, will no doubt make many
more contributions to this area.
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