
The Molecular Basis of Organ Formation: Insights From the C. 
elegans Foregut

Susan E. Mango
Department of Molecular and Cellular Biology, Harvard University, Cambridge, Massachusetts

Susan E. Mango: smango@mcb.harvard.edu

Abstract

The digestive tracts of many animals are epithelial tubes with specialized compartments to break 

down food, remove wastes, combat infection, and signal nutrient availability. C. elegans possesses 

a linear, epithelial gut tube with foregut, midgut, and hindgut sections. The simple anatomy belies 

the developmental complexity that is involved in forming the gut from a pool of heterogeneous 

precursor cells. Here, I focus on the processes that specify cell fates and control morphogenesis 

within the embryonic foregut (pharynx) and the developmental roles of the pharynx after birth. 

Maternally donated factors in the pregastrula embryo converge on pha-4, a FoxA transcription 

factor that specifies organ identity for pharyngeal precursors. Positive feedback loops between 

PHA-4 and other transcription factors ensure commitment to pharyngeal fate. Binding-site affinity 

of PHA-4 for its target promoters contributes to the progression of the pharyngeal precursors 

towards differentiation. During morphogenesis, the pharyngeal precursors form an epithelial tube 

in a process that is independent of cadherins, catenins, and integrins but requires the kinesin zen-4/
MKLP1. After birth, the pharynx and/or pha-4 are involved in repelling pathogens and controlling 

aging.
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INTRODUCTION

To form the pharynx, C. elegans faces developmental challenges that are similar to organ 

formation in more complex animals. With the ability to visualize individual cells during 

organogenesis and the development of powerful genetic and genomic tools, scientists have 

begun to dissect the pathways that control cell fate specification, morphogenesis, and 

postembryonic roles of the pharynx.
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ANATOMY OF THE MATURE PHARYNX

Ultrastructural studies have provided an in-depth view of pharynx architecture (Albertson & 

Thomson 1976). The pharynx is a bilobed, linear tube that is organized into three sections: 

At the anterior, the corpus pumps food (bacteria) into the pharynx and concentrates it by 

expelling excess water. The bacteria then pass through the isthmus by peristalsis and are 

ground up by chitinous projections in the terminal bulb (Figure 1) (Avery & Horvitz 1989). 

The pharynx is made up of 95 cells grouped into seven cell types: arcade cells, muscle or 

myoepithelial cells, epithelia, neurons, glands, marginal cells, and valves (Albertson & 

Thomson 1976, Horner et al. 1998). The bulk of the pharynx is composed of eight sections 

of muscles, pm1-pm8, that are positioned as rings along the longitudinal axis (Figure 1). The 

muscles and interdigitating marginal cells are arranged with threefold symmetry. The muscle 

fibers are organized radially so that contraction widens the pharyngeal lumen from a Y-shape 

to a triangle (Figure 1), whereas the marginal cells sit at the vertices of the Y and anchor the 

lumen during muscle contraction and relaxation (Figure 1). Both the muscles and marginal 

cells have characteristics of epithelia with adherens junctions and an apical surface that faces 

the lumen.

The pharyngeal lumen is lined with cuticle, which is continuous with the cuticle of the 

epidermis, although structurally distinct. Specialized cuticular fingers project into the lumen 

of the corpus and terminal bulb and may function as a sieve and teeth, respectively. These 

additions help propel bacteria down the pharynx and crush them to initiate the digestion 

process.

Five glands and twenty neurons are embedded within the pharyngeal myoepithelium (Figure 

1) (Albertson & Thomson 1976). The neurons are organized bilaterally with processes that 

extend along the left and right subventral surfaces or along the dorsal surface. They synapse 

on pharyngeal muscles or other pharyngeal neurons and control the rate of feeding (Avery & 

Horvitz 1987, 1989). The gland cells send processes into the pharyngeal lumen and secrete 

vesicles prior to hatching, at each larval molt, and during feeding. The glands produce 

mucins that may line the lumen and lubricate the passage of food (Smit et al. 2008). At the 

anterior, the pharynx attaches to the buccal cavity and epidermis with three rings of arcade 

cells and epithelial cells. At the posterior, the last pharyngeal muscle, pm8, links to the 

intestine via a toroid of six valve cells. For additional discussion of pharyngeal anatomy, see 

the Atlas of C. elegans anatomy (http://www.wormatlas.org/htm).

CELL FATE SPECIFICATION DURING EMBRYOGENESIS

Overview

To build the mature pharynx, C. elegans embryos first establish a pool of pharyngeal 

precursors and subsequently specify different cell-type identities such as pharyngeal muscle 

or pharyngeal gland. Three patterning systems govern these events. During the first 100 

minutes of embryogenesis, maternally deposited factors establish six founder cells, two of 

which give rise to pharyngeal cells. The maternal regulatory circuits segue into two zygotic 

patterning systems (Figure 2). One system distinguishes antero-posterior fates in daughter 

cells that divide along the A-P axis. This system functions reiteratively and helps specify the 
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founder cells in the pregastrula embryo, the pharyngeal precursors at the onset of 

gastrulation, and cell types within the pharynx during the terminal cleavage stages. A second 

patterning system generates a cluster of organ precursors in the early gastrula. Rather than 

lineage, cells within this domain are united to each other by their pharyngeal identity and the 

homogeneous expression of the FoxA transcription factor PHA-4. Subsequently, additional 

tissue and lineage-restricted factors establish different cell types within the pharynx in 

combination with PHA-4. The three pathways—founder cells, A-P patterning and tissue/

organ patterning—illustrate how a cohesive organ is built progressively from a 

heterogeneous pool of cells.

Founder Cells Are Established by Maternally Donated Factors

Two founder cells called AB and MS produce the pharyngeal cells and also generate other 

nonpharyngeal cell types. Independent pathways specify AB and MS and control their 

ability to produce pharynx (reviewed in Mango 2007). Ultimately, however, the pharyngeal 

cells produced by AB and MS are close neighbors, and some even fuse with each other 

(Figure 1) (Albertson & Thomson 1976). AB is formed by an asymmetric cell division at the 

one-cell stage (reviewed by Cowan & Hyman 2007). The Notch receptor glp-1 is maternally 

supplied and selectively translated in early AB descendants (see Table 1 for a list of genes 

with roles in pharyngeal development) (Evans & Hunter 2005). Two rounds of GLP-1/

Notch-mediated signaling ensure that a subset of AB descendants generate pharyngeal cells 

(Evans & Hunter 2005, Priess 2005). At the 4-cell stage, AB gives rise to an anterior 

daughter called ABa, which produces pharyngeal cells, and a posterior ABp daughter, which 

does not. The distinction in pharynx production depends on the ref-1 family of bHLH 

transcription factors, which are induced only in ABp by GLP-1/Notch signaling (Figure 3) 

(Neves & Priess 2005). The ref-1 family is comprised of six genes distantly related to the 

E(spl) family of transcriptional repressors (Neves & Priess 2005). These REF proteins 

repress transcription of the closely related T-box factors, tbx-37 and tbx-38, most likely 

directly (Neves & Priess 2005). tbx-37 and tbx-38 constitute a pair of redundant factors that 

are critical to produce pharynx from the AB lineage; their absence ensures that no ABp 

descendants generate pharyngeal cells in wild-type embryos (Good et al. 2004). This 

regulatory hierarchy explains why the inactivation of GLP-1 signaling at the 4-cell stage 

leads to an overabundance of pharyngeal cells, which are derived from ABp (Good et al. 

2004).

All ABa descendants activate tbx-37 and tbx-38 expression, rendering these blastomeres 

competent to produce pharynx in response to inductive cues. At the 12-cell stage, GLP-1-

mediated signaling from MS to two ABa granddaughters activates the LAG-1 transcription 

factor (Mango et al. 1994, Moskowitz et al. 1994, Priess et al. 1987). The combination of 

active LAG-1 and TBX-37/TBX38 induces the organ selector gene pha-4, either directly or 

indirectly, by the 44-cell stage (or 4E stage) in a subset of ABa descendants (Good et al. 

2004, Horner et al. 1998, Smith & Mango 2007). A selector gene is a transcription factor 

that establishes positional, cell type, or in this case organ identity for groups of cells (Garcia-

Bellido 1975, Mann & Carroll 2002). PHA-4 is the central selector regulator for the pharynx 

and its activity is essential for all pharyngeal development (Mango et al. 1994). The 
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appearance of tbx-37/tbx-38 and pha-4 marks the transition to zygotic control of pharyngeal 

development within the AB lineage.

The MS founder cell is born at the 7-cell stage and generates pharyngeal cells by a pathway 

distinct from that of AB (Good et al. 2004, Priess & Thomson 1987). MS fate depends on 

SKN-1, a bZIP-related transcription factor that functions at the 4–8 cell stage to specify MS, 

its sister cell E, and their mother cell (Figure 3) (Bowerman et al. 1992, 1993). In the 

absence of skn-1, no pharynx is produced because MS and E are transformed into their 

cousin the C blastomere, which neither generates pharynx nor produces Notch ligands to 

signal to AB descendants. Conversely, mutants with ectopic SKN-1 activity produce extra 

MS-like cells and ectopic pharynx, revealing an instructive role for the SKN-1 protein 

(Mello et al. 1992). SKN-1 activates the transcription of a pair of GATA factors med-1 and 

med-2 in the 7-cell stage embryo (Maduro et al. 2001, 2007). The loss of both med genes 

leads to the loss of MS blastomere fate (Maduro et al. 2001, 2006), with controversial effects 

on E development (Captan et al. 2007; Goszczynski & McGhee 2005; Maduro et al. 2001, 

2007). The phenotype of med genes is similar to that of skn-1 for the MS lineage, suggesting 

the med genes are the major target of SKN-1 within the MS blastomere.

The MED factors recognize the consensus sequence RAGTATAC (R = A/G), a derivative of 

the canonical GATA site HGATAR (H = A/T/C) (Broitman-Maduro et al. 2005). A genome-

wide search for pairs of MED consensus sites uncovered MED target genes, including the 

transcription factor tbx-35 (Broitman-Maduro et al. 2005, 2006). tbx-35 is expressed within 

MS and its descendants and is necessary and sufficient to produce MS-derived body wall 

muscles and pharyngeal cells. However, differences between tbx-35 and med loss-of-

function phenotypes suggest there are additional important MED targets within the MS 

lineage (Broitman-Maduro et al. 2005, 2006; Robertson et al. 2004). Intriguingly, tbx-35 is 

closely related to tbx-37 and tbx-38, revealing a similar requirement for T-box factors during 

AB and MS pharyngeal development. The heavy reliance on T-box factors is reminiscent of 

vertebrate endoderm development, including VegT in Xenopus and eomesodermin in 

zebrafish and mice (Arnold et al. 2008, Bjornson et al. 2005, Heasman 2006). The vertebrate 

T-box proteins differ in their timing and the target genes they regulate (Grapin-Botton 2008), 

raising the question of whether T-box usage in endoderm specification represents 

evolutionary conservation or convergence. For example, Xenopus VegT is maternally 

contributed and initiates endoderm formation, whereas eomesodermin is zygotically 

activated and functions downstream of other initiating cues similar to C. elegans (Grapin-

Botton 2008). Both the upstream activators of eomesodermin and its downstream effectors 

appear distinct from those of TBX-35, TBX-37, and TBX-38.

These studies reveal the interplay between heterogeneous pools of precursor cells and the 

regulators that drive them toward pharyngeal fate. Similar processes function in vertebrate 

organs. For example, the pancreas is formed from separate pools of dorsal and ventral 

foregut endoderm. Like C. elegans, different molecular pathways are important to generate 

pancreatic cell types from these different populations of cells (reviewed by Zaret 2008). The 

different requirements of different precursor cells may have important consequences for our 

ability to manipulate developmental pathways, a goal of regenerative medicine. For example, 

GLP-1/Notch signaling represses pharynx development in AB descendants at the 4-cell 
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stage but induces pharynx development in these same cells at the 12-cell stage, which 

depends on the presence or absence of TBX-37 and TBX-38. These observations underscore 

the importance of understanding the cellular context of regulatory pathways during 

development.

Transition to Zygotic Control: A-P Patterning

Most divisions in the C. elegans embryo align along the A-P axis. A global system of A-P 

patterning distinguishes anterior blastomeres from their posterior sisters (Kaletta et al. 1997, 

Labouesse & Mango 1999, Lin et al. 1995). Anterior versus posterior identity, in 

combination with maternally contributed factors, generates a code that determines cell fates. 

For the pharynx, the best-described role of the A-P patterning system is to distinguish the 

anterior MS founder cell from its posterior sister E. This system depends on the Lef 

transcription factor POP-1 and its cofactor SYS-1/b-catenin (Huang et al. 2007; Kidd et al. 

2005; Lin et al. 1995, 1998; Phillips et al. 2007) (reviewed in Eisenmann 2005, Mizumoto & 

Sawa 2007). In MS, high POP-1 and low SYS-1 ensure POP-1 functions as a repressor, 

whereas in E, low POP-1 and high SYS-1 switch POP-1 into an activator. The levels of 

nuclear POP-1 and SYS-1 are set by the wnt and MAPK signaling pathways (Calvo et al. 

2001; Kaletta et al. 1997; Kidd et al. 2005; Lin et al. 1995, 1998; Lo et al. 2004; Maduro et 

al. 2001; Siegfried et al. 2004).

Two important POP-1 targets in MS and E are end-1 and end-3, which encode a pair of 

redundant GATA factors that specify E (intestinal) fate (Broitman-Maduro et al. 2005, Calvo 

et al. 2001, Maduro et al. 2002, Maduro & Rothman 2002, Shetty et al. 2005). POP-1 

repression of end-1 and end-3 transcription in MS quenches intestinal development. Thus, 

MS founder identity is established by SKN-1, MED-1/2, high POP-1, and low SYS-1. This 

regulatory hierarchy explains why reduced POP-1 activity leads to end-1 derepression in 

MS, conversion of MS into E, and therefore loss of MS-derived pharyngeal cells (Lin et al. 

1995, Maduro et al. 2005b). The direct transcriptional regulation of end-1 and end-3 by 

POP-1 is the only known example of how the A-P patterning system links to tissue/organ 

specification. POP-1 continues to be expressed at a high level in anterior daughters and a 

low level of posterior daughters throughout the embryo, but additional targets of POP-1 are 

unknown.

Specification of mesendoderm or endoderm by β-catenin/Lef signaling is conserved in 

diverse species ranging from vertebrates to cnidaria, echinoderms, and some 

lophotrochozoa, suggesting this may be an ancestral function (Grapin-Botton 2008, Henry et 

al. 2008, Schneider & Bowerman 2007, Wikramanayake et al. 2003). However, two aspects 

of this pathway are very different in C. elegans from most other animals. First, the Lef/β-

catenin system has expanded in C. elegans to control multiple A-P decisions throughout 

embryogenesis (Kaletta et al. 1997, Lin et al. 1998). For example, POP-1 contributes to 

pharyngeal development by distinguishing A-P identities at the 12-cell stage (Lin et al. 

1998). This event establishes ABalp and ABara, which produce pharyngeal cells in response 

to GLP-1/Notch signaling and TBX-37/38 at later stages. A second difference is that 

vertebrate Lef/β-catenin activates Nodal signaling, which is a key inducer of endoderm in 

mammals (Grapin-Botton 2008). C. elegans lacks Nodal and does not use TGFβ signaling 
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during embryogenesis (Savage-Dunn 2005). Perhaps the small cell number and invariant 

lineage have enabled nematodes to discard signaling pathways, such as TGFβ and hedgehog, 

and evolve a more autonomous A-P patterning system instead.

Transition to Zygotic Control: pha-4 and Tissue/Organ Patterning

LAG-1, TBX-35, TBX-37/38, POP-1, and the MED factors initiate the zygotic phase of 

pharyngeal development. As this phase gets under way, cells destined to produce the 

pharynx and that derive from different cell lineages coordinate their development to form an 

integrated organ (Figure 2). One of the first signs of integration is that cells from different 

lineages but similar fates (e.g., pharynx) cluster together within the gastrulating embryo. 

Mutations that alter cell fate also alter cell positioning, suggesting that the cell clusters 

reflect developmental identities (Horner et al. 1998, Labouesse & Mango 1999, Schnabel et 

al. 2006). Another indication of altered embryonic organization is that many genes that 

function during the zygotic phase have phenotypes that affect a specific tissue or organ 

rather than an entire cell lineage (Mango et al. 1994, Okkema & Fire 1994, Okkema et al. 

1997, Roy Chowdhuri et al. 2006, Smith & Mango 2007). LAG-1, TBX-35, TBX-37/38, and 

the MED factors contribute to the transition—their mutant phenotypes affect cell lineages 

(e.g., MS)—but their downstream targets, described below, are geared towards tissues and 

organs such as MS-derived pharynx or muscle (Broitman-Maduro et al. 2006, Good et al. 

2004, Maduro et al. 2005a, Smith & Mango 2007).

The maternal patterning genes converge on the FoxA transcription factor pha-4. pha-4 is the 

central regulator of pharynx development and the only zygotic gene that deletes the entire 

pharynx when mutated (Figure 3) (Horner et al. 1998, Kalb et al. 1998, Mango et al. 1994). 

This dramatic phenotype reflects the direct involvement of PHA-4 in transcribing many, and 

perhaps all, genes selectively transcribed in the pharynx, including early acting 

developmental regulators and terminal differentiation genes that encode structural proteins 

and digestive enzymes (Anokye-Danso et al. 2008, Gaudet & Mango 2002, Kalb et al. 1998, 

Mango 2007, Morck et al. 2004, Raharjo & Gaudet 2007, Vilimas et al. 2004). The global 

expression and requirement for pha-4 in all pharyngeal cells suggests that the function of 

pha-4 is to specify organ identity within the pharynx (Horner et al. 1998).

Organ identity genes may exist in other animals. In the mammalian pancreas, both dorsal 

and ventral pancreatic progenitors activate pdx1, which is required for the outgrowth and 

maintenance of the pancreatic buds; pdx1 mutants selectively lack a pancreas ( Jonsson et al. 

1994, Offield et al. 1996). Similarly, the combined action of FoxA1 and FoxA2 establishes 

the liver, and double mutants fail to form even a liver bud in response to inductive cues (Lee 

et al. 2005). Global organ regulators like pha-4, FoxA1/2, and pdx1 may help coordinate the 

development of disparate populations of precursor cells into a cohesive organ.

Transcription of pha-4 is activated at the 2E–4E stage in MS-derived pharyngeal precursors 

and the 4E stage in AB-derived pharyngeal precursors (Baugh et al. 2003, Good et al. 2004, 

Horner et al. 1998, Smith & Mango 2007) and maintained in all pharyngeal cells throughout 

life (Alder et al. 2003, Azzaria et al. 1996, Horner et al. 1998, Kalb et al. 1998). This 

expression pattern fits well with the earliest defect that is associated with pha-4 mutations 

(Horner et al. 1998). Whereas wild-type pharyngeal precursors cluster together and ingress 
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during gastrulation (4E–8E stages), pha-4 mutant cells remain dispersed at the embryo 

surface (Horner et al. 1998). The timing of pha-4 expression and activity suggests that pha-4 
may be regulated directly by LAG-1 and TBX-37/38 within AB descendents at the 24-cell 

stage (Good et al. 2004) and TBX-35 in the MS lineage (Broitman-Maduro et al. 2006). 

pha-4 is also expressed in midgut and hindgut cells, some neurons, and the somatic gonad, 

although its functions in these other tissues are not well understood (Azzaria et al. 1996, 

Chen & Riddle 2008, Horner et al. 1998, Updike & Mango 2007).

The mechanism by which PHA-4 modulates transcription is unknown, but it may involve 

changes in the chromatin environment. In vertebrates, FoxA factors can alter the compaction 

of chromatin that surrounds target genes, which improves access for additional transcription 

factors (Cirillo et al. 2002, Lupien et al. 2008). In C. elegans, a subset of pharyngeal 

promoters recruit the histone variant HTZ-1/H2A.Z, and the loss of htz-1 activity is 

associated with delayed transcriptional onset (Updike & Mango 2006). Genome-wide, the 

presence of HTZ-1 correlates well with the presence of RNA polymerase II; but surprisingly, 

it does not correlate with transcriptional activity as monitored by microarray (Whittle et al. 

2008). These observations suggest that PHA-4 may modulate the chromatin environment 

and prime genes for activation but that PHA-4 itself is probably not the trigger for 

transcriptional onset.

Animals from cnidaria to humans have FoxA transcription factors, and these are always 

associated with the digestive tract (Lai et al. 1990, Lee et al. 2005, Duncan et al. 1998, 

Friedman & Kaestner 2006, Fritzenwanker et al. 2004, Olsen & Jeffry 1997, Weigel et al. 

1989b). In pha-4 mutants, some pharyngeal cells convert into non-neuronal ectoderm 

(Chanal & Labouesse 1997, Horner et al. 1998), and a fraction of embryos lack hindgut cells 

(Mango et al. 1994). These phenotypes are reminiscent of Drosophila fork head mutants, 

which lack foregut and hindgut, and instead form ectopic ectodermal head structures 

( Jurgens & Weigel 1988, Weigel et al. 1989a). Vertebrates also require FoxA factors to form 

the foregut and some of its derivatives, such as liver (Ang & Rossant 1994, Dufort et al. 

1998, Lee et al. 2005, Weinstein et al. 1994). In the liver, FoxA proteins activate a wide 

array of targets, analogous to C. elegans PHA-4 (Barthel et al. 1999, Duncan et al. 1998, 

Gualdi et al. 1996, Lee et al. 2002, Lehmann & Korge 1996, Tuteja et al. 2008, Wederell et 

al. 2008). Thus, the involvement of FoxA factors for foregut specification, differentiation, 

and function is evolutionarily ancient.

Developmental Plasticity and Commitment to Pharyngeal Fate

When do embryonic cells commit to a pharyngeal fate? Despite the stereotyped cell lineage, 

four observations suggest that early C. elegans blastomeres are born developmentally plastic 

and not yet restricted in their cell-fate choices. First, prior to gastrulation (≤28 cell stage, 

≤2E), the cell lineage reveals that most blastomeres will generate many different types of 

cells. For example, MS produces pharyngeal cells, body wall muscles, the somatic gonad, 

scavenger cells, and even some neurons (Sulston et al. 1983). By approximately the 200-cell 

stage (8E-12E), most blastomeres are destined to produce cells of a single tissue or organ, 

such as pharyngeal cells from MSaaaap. Second, embryonic blastomeres adopt alternative 

fates when they are challenged with a heterologous regulator (Fukushige & Krause 2005, 
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Gilleard & McGhee 2001, Horner et al. 1998, Kiefer et al. 2007, Smith & Mango 2007, Zhu 

et al. 1998). A blastomere fated to produce pharynx, for example, can instead give rise to 

epidermis or muscle (Fukushige & Krause 2005, Gilleard & McGhee 2001, Kiefer et al. 

2007). Third, embryo manipulations have revealed that AB-derived blastomeres undergo 

regulative development and can respond to repositioning within the embryo by changing fate 

(Priess & Thomson 1987, Wood 1991). Signaling by the Notch and wnt pathways may 

redirect the development of repositioned cells (Eisenmann 2005, Priess 2005). Fourth, many 

genes that specify cell identity are expressed at or before the 8E stage (Bowerman et al. 

1992, Good et al. 2004, Horner et al. 1998, Priess et al. 1987, Roy Chowdhuri et al. 2006, 

Smith & Mango 2007). Loss of function mutations in these regulators produce cell-fate 

transformations, whereas genes expressed later are often associated with subtler pharyngeal 

phenotypes that involve morphology or differentiation (e.g., ceh-22, ceh-24, ceh-28, pha-1, 
pha-2, peb-1) (Fay et al. 2004, Fernandez et al. 2004, Harfe et al. 1998, Morck et al. 2004, 

Okkema & Fire 1994, Okkema et al. 1997, Ray et al. 2008, Schnabel & Schnabel 1990). 

Together, these observations suggest that C. elegans embryonic blastomeres are born 

developmentally plastic, and they acquire pharyngeal identity as plasticity is lost during 

gastrulation.

Three strategies ensure that embryonic blastomeres commit to pharyngeal fate (Figure 4). 

The first is positive-feedback loops between pha-4 and regulators of pharyngeal cell types. 

For example, a positive regulatory loop between PHA-4 and the helix-loop-helix protein 

HLH-6 is required to establish the pharyngeal glands (Raharjo & Gaudet 2007, Smit et al. 

2008). In the absence of hlh-6 activity, g2 glands are often missing and g1 glands fail to 

differentiate properly (Smit et al. 2008). PHA-4 directly activates hlh-6 transcription at the 

bean stage, but HLH-6 is required to maintain pha-4 expression in g2 glands (Raharjo & 

Gaudet 2007, Smit et al. 2008). A similar positive regulatory loop between PHA-4 and 

TBX-2 contributes to the production of pharyngeal muscles (Roy Chowdhuri et al. 2006, 

Smith & Mango 2007). The interdependence of PHA-4 and either HLH-6 or TBX-2 

suggests that commitment to pharyngeal identity is intimately linked to cell type 

specification within the pharynx.

All of the pharyngeal glands derive from the MS blastomere, whereas all muscles affected 

by tbx-2 derive from AB. This observation suggests that hlh-6 and tbx-2 are constrained by 

cell lineage in addition to tissue type. How lineage and tissue type converge on these factors 

is unknown but could theoretically involve the A-P patterning system or founder cell 

identities.

The second strategy for cell fate commitment is positive autoregulation (Figure 4). HLH-6, 

CEH-22 (an NK2.2 factor for pharyngeal muscle), and PHA-2 (a Hex factor in pharyngeal 

muscles and epithelia) all activate their own transcription, most likely directly (Kuchenthal 

et al. 2001, Morck et al. 2004, Raharjo & Gaudet 2007). For example, the ceh-22 locus 

contains two enhancer elements that initiate or maintain ceh-22 expression (Kuchenthal et 

al. 2001, Vilimas et al. 2004). The maintenance enhancer carries a CEH-22 binding site that 

is necessary and sufficient for activity. Thus, positive autoregulation contributes to robust, 

stable ceh-22 expression and a commitment to pharyngeal muscle fate. A similar scenario 

may exist for HLH-6 and PHA-2 in glands and epithelia, respectively.
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The third strategy for cell fate commitment is transcriptional repression, which is important 

to inhibit alternative cell fates (Figure 4). pha-4 is necessary and sufficient to inhibit 

ectodermal fate and to repress ectodermal genes, such as lin-26 and elt-3 (Horner et al. 1998, 

Kiefer et al. 2007). FoxA in sea urchin, mammals, and Drosophila may also function as a 

repressor (Haberman et al. 2003, Oliveri et al. 2006, Sekiya & Zaret 2007). How does 

PHA-4 distinguish between activation and repression activities? Repression of ectodermal 

fate requires the repressive Nucleosome Remodeling and Deacetylase (NuRD) complex and 

the Tripartite Motif TRIM factor TAM-1, which associates with PHA-4 in yeast two-hybrid 

assays (Kiefer et al. 2007, Li et al. 2004). In other animals, TRIM proteins physically 

interact with NuRD, suggesting a possible link between these proteins (Schultz et al. 2001). 

In vertebrates and Drosophila, FoxA factors interact with Groucho repressors to alter 

chromatin organization and histone acetylation (Sekiya & Zaret 2007, Wang et al. 2000). 

These observations suggest that PHA-4 and other FoxA factors may function as either 

repressors or activators, depending on the cofactors and promoter context, an idea to be 

tested in future biochemical experiments.

Downstream of PHA-4: Spatial and Temporal Control During Organogenesis

As development advances from gastrulation to differentiation, a developing organ passes 

through a series of transient states that are characterized by successive waves of 

transcription. What mechanisms ensure the progression of development while also providing 

a stable commitment to pharyngeal fate? One key input is combinatorial control and feed-

forward regulation. During pharyngeal muscle formation, for example, PHA-4 activates 

ceh-22 transcription during mid-embryogenesis (bean stage); and PHA-4 and CEH-22 

together activate terminal muscle genes, such as the myosins myo-1 and myo-2 (Gaudet & 

Mango 2002, Kalb et al. 1998, Mango et al. 1994, Okkema & Fire 1994, Okkema et al. 

1997). CEH-22 provides temporal precision and cell type specificity, because it is expressed 

later than PHA-4 and only in pharyngeal muscles (Okkema & Fire 1994). However, CEH-22 

is not the only input, because myo-2 is expressed normally in ceh-22 mutants (Okkema et al. 

1997). A good candidate to compensate for ceh-22 is the Hex homeobox factor pha-2, which 

is expressed in a subset of pharyngeal muscles (Avery 1993, Morck et al. 2004). PEB-1, a 

FLYWCH zinc finger factor related to Drosophila Mod(mdg4) (Beaster-Jones & Okkema 

2004, Kalb et al. 2002, Thatcher et al. 2001); and DAF-12, a nuclear hormone receptor 

(Antebi et al. 2000, Ao et al. 2004); also target the myo-2 promoter and contribute to 

activity. The novel protein pha-1 is required to maintain ceh-22 and myo-2 expression by an 

unknown mechanism (Okkema et al. 1997). Thus, multiple inputs ensure that the pharyngeal 

muscles are made and myo-2 is expressed. Layers of regulators probably also guarantee that 

other pharyngeal cell types are produced, similar to the pharyngeal muscles (Raharjo & 

Gaudet 2007, Smit et al. 2008).

Combinatorial control relies on weak transcription factors, none of which are sufficient for 

transcriptional activation. PHA-4, for example, is a feeble transactivator both in C. elegans 
(Horner et al. 1998) and in yeast (Kalb et al. 2002). The architecture of pharyngeal 

promoters also dampens the effect of any one factor. Binding sites for a particular 

transcription factor are often suboptimal and exist in only 1–2 copies per regulatory region 

(Gaudet & Mango 2002). The number of sites for a given factor can alter the impact of that 
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factor. For example, three PHA-4-binding sites are sufficient for activation, but most 

pharyngeal regulatory regions have only one PHA-4 site, which is not sufficient (Gaudet et 

al. 2004). Instead, pharyngeal promoters are targeted by several transcription factors to 

ensure that promoter firing depends on multiple weak inputs. The exact number of factors 

per promoter/enhancer region is unclear. Using a yeast one-hybrid approach, Deplancke and 

colleagues discovered an average of four factors per promoter (Deplancke et al. 2006). The 

factors discovered in this screen were presumably those that could bind as monomers or 

homomers in yeast, suggesting this is just the monomeric tip of a largely heteromeric 

iceberg. Additional bioinformatic screens have identified potential new regulatory sequences 

(Ao et al. 2004, Beer & Tavazoie 2004, GuhaThakurta et al. 2002), while forward and 

reverse genetic screens will continue to discover trans-acting factors (e.g., recently (Axang 

et al. 2008, Ray et al. 2008, Schmitz et al. 2008, Smit et al. 2008, Trzebiatowska et al. 2008, 

Updike & Mango 2007).

Surprisingly, the transcriptional network that guides pharyngeal development does not 

resemble the core endodermal network in mammals or sea urchins, at least not yet. 

Remnants of the vertebrate endodermal network exist in C. elegans: the previously discussed 

pha-4/FoxA and T-box gene, ceh-22, which has homologs in flies and vertebrates that are 

involved in visceral endoderm and pancreas development, respectively (Okkema et al. 1997); 

pha-2, whose vertebrate homologs pattern the foregut (Avery 1993, Morck et al. 2004), and 

hlh-6, which resembles the Drosophila salivary gland regulator Sage (Smit et al. 2008). 

Homologs of Sox17, FoxH1, or Mix genes have not yet been implicated in C. elegans gut 

development. Otx is critical for endoderm development in echinoderms (Hinman et al. 

2003), but no gut role is known for Otx factors in C. elegans despite its expression in the 

pharynx and intestine (Hobert 2005, Lanjuin et al. 2003). The spotty conservation between 

C. elegans and vertebrates has led some to suggest the C. elegans pharynx is the cognate of 

the vertebrate heart, but parallels between the heart and pharynx likely reflect convergent 

evolution and not conservation (discussed in-depth in Mango 2007). Instead, the absence of 

many endodermal patterning transcription factors in C. elegans may reflect the simple 

anatomy of the foregut and the small number of cells.

Combinatorial control is important, but it is not the only input for pharyngeal patterning. A 

second important contributor toward expression timing is the affinity of PHA-4 for its 

binding sites within promoters (Figure 5) (Gaudet & Mango 2002, Gaudet et al. 2004). 

Mutations that raise the affinity of PHA-4-binding sites shift the onset of target gene 

expression earlier, whereas lower-affinity sites delay activation (Gaudet & Mango 2002). 

These temporal shifts occur in the context of the promoter, and they are not an absolute 

predictor of transcriptional activation of target genes. For example, the myo-2 locus has 

high-affinity PHA-4-binding sites, but it is activated late, after the addition of CEH-22 and 

other transcription factors (Gaudet & Mango 2002, Okkema & Fire 1994). The temporal 

response of pharyngeal genes to PHA-4-binding site affinity reflects the increasing levels of 

PHA-4 during embryogenesis: low PHA-4 levels at the 2E and 4E stages, in which PHA-4 is 

first expressed, rising to maximum levels around the bean stage (Horner et al. 1998, Smith & 

Mango 2007). Partner proteins, and/or modifications that alter PHA-4 binding or activity, 

may also contribute to the differential responses of PHA-4 target genes, but these are 

currently unknown.
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Binding-site affinity has emerged as an important contributor to transcriptional control in 

multiple ways. In some instances, affinity contributes to temporal control, as it does for the 

pharynx. In these cases, the onset of expression reflects the concentration of active 

transcription factor in response to developmental progression (Ballas et al. 2005, Pearson & 

Doe 2003) or environmental cues (Chechik & Koller 2009, Lam et al. 2008). The role of 

affinity for expression timing has not yet been examined with regard to vertebrate FoxA 

proteins, but a survey of FoxA2 target genes suggested that affinity impacts the cellular 

focus. Genes with low-affinity FoxA2 sites are more likely to be expressed in the liver, 

which has high levels of FoxA2 and additional cooperative transcription factors, than genes 

with high-affinity sites (Tuteja et al. 2008). This regulation is reminiscent of Bicoid and 

Dorsal within the syncytial Drosophila embryo, in which DNA binding affinity contributes 

to spatial control (Ashe & Briscoe 2006). Target genes with low-affinity binding sites are 

active in embryonic regions that contain high levels of nuclear Bicoid or Dorsal, whereas 

targets with high-affinity binding sites can respond to lower levels in regions distal to the 

source of transcription factor. In addition to time and space, DNA-binding affinity can 

impact the strength of expression, as has been observed for the Pho5 locus in yeast (Lam et 

al. 2008). In these cases, higher affinity translates into stronger expression. In the pharynx, 

the strength of expression depends on combinatorial regulation with other transcription 

factors, and not PHA-4-binding-site affinity (Ao et al. 2004, Gaudet & Mango 2002, Gaudet 

et al. 2004). This result implies that a high-affinity, PHA-4-binding-site is not sufficient for 

robust transcriptional activity. The weakness of PHA-4 as a transcription factor (Gaudet et 

al. 2004, Kalb et al. 2002) provides a means to separate strength of expression from onset. In 

other situations, low-affinity sites may contribute to selectivity of target genes. For example, 

binding site affinity for the ets family distinguishes whether a target is recognized by ets 
alone (high-affinity site) or by ets in conjunction with binding partners (low-affinity sites) 

(Hollenhorst et al. 2007). In invertebrates, the binding of the dosage compensation complex 

relies on multiple low-affinity sites that ensure selective recognition of appropriate regions 

within the genome (Straub & Becker 2008). Thus, DNA-binding affinity can impact 

promoter selectivity and dynamics in multiple ways.

The transcriptional strategies of binding site affinity and combinatorial control are distinct 

from those of other organs such as the C. elegans intestine. Unlike the pharynx, the intestine 

is a simple organ composed of one cell type that derives from a single blastomere called E 

(Sulston et al. 1983). The anatomical simplicity is mirrored at the level of promoter 

architecture. The intestine is specified by tiers of GATA transcription factors that function 

for 1–2 cell divisions and elicit a relatively homogeneous transcriptional output (Maduro 

2008, McGhee 2007). These regulatory GATA factors are more potent activators than 

PHA-4 and therefore less dependent on combinatorial inputs. For example, widespread 

expression of the GATA factor END-1 (but not PHA-4) converts all somatic cells to 

intestinal fate (Horner et al. 1998, Zhu et al. 1998), and the ELT-2 GATA factor is a potent 

activator in yeast one-hybrid assays (Kalb et al. 2002). Targets of the MED-1/2 GATA 

factors carry two copies of the sequence RRRAGTATAC in a 100 bp stretch within 2 kb of 

the ATG start codon, and these features are sufficient to identify novel MED target genes 

(Broitman-Maduro et al. 2005). Once specified, intestinal differentiation and function is 

guided by ELT-2 (Fukushige et al. 1998). ELT-2 is the only known factor for intestinal 
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differentiation and probably acts in combination with additional transcription factors to 

respond to diverse stimuli, such as Notch signaling during morphogenesis (McGhee et al. 

2009, Neves et al. 2007, Rasmussen et al. 2008). Thus, the simplicity of the intestine is 

mirrored with a simpler transcriptional strategy compared to the pharynx: potent 

transcription factors, less consensus sequence heterogeneity, and simpler promoter 

architecture. Additional analysis of promoter structures will reveal if these distinctions 

continue to hold true for the pharynx and intestine.

MORPHOGENESIS

Gastrulation and cell division are virtually complete by mid-embryogenesis, and the 

pharyngeal primordium is visible as a single-cell layered cyst bordering the nascent intestine 

(Portereiko & Mango 2001, Sulston et al. 1983). Adherens junctions link the pharyngeal 

cells to each other and to the intestine in the interior of the embryo (Leung et al. 1999). Over 

the next 60 minutes, the pharyngeal cells become reorganized to form a linear gut tube that 

connects the gut to the external epidermis (Portereiko & Mango 2001). This process is 

initiated by the anterior pharyngeal epithelial cells, which reorient their apicobasal polarity 

to convert the pharyngeal cyst into a short tube that borders the anteriorly located arcade 

cells (Figure 6). In the second step the arcade cells undergo a mesenchymal to epithelial 

transition, which establishes a continuous epithelium between the epidermis and the pharynx 

(Figure 6). Finally, in the third step, the cells of the pharynx, buccal cavity, and epidermis 

appear to contract their apical surfaces, which pulls the cells more closely together. These 

events produce a continuous pharyngeal epithelium; subsequent events shape the pharynx 

into a bilobed tube.

Epithelium Formation of the Pharyngeal Arcade Cells

Like their vertebrate and Drosophila counterparts, C. elegans epithelia possess apical and 

basolateral domains separated by junctions, which is the apical junction or CeAJ in C. 
elegans (Labouesse 2006, Lockwood et al. 2008). The CeAJ resembles a combination of the 

zonula adherens and septate junctions of other species. Adherens proteins, such as HMR-1/

cadherin, HMP-1/alpha-catenin, HMP-2/beta-catenin, JAC-1/p120-catenin, ZOO-1/ZO, and 

VAB-9/claudin-like, populate the upper half of the of the CeAJ toward the apical surface 

(Costa et al. 1998; Lockwood et al. 2008; Pettitt et al. 1996, 2003; Simske et al. 2003). 

These components anchor actin cables within the CeAJ but, surprisingly, they are not needed 

to establish epithelial polarity or intercellular adhesion (Costa et al. 1998, Pettitt et al. 2003, 

Simske et al. 2003). The lower half of the CeAJ contains the MAGUK protein DLG-1/discs 

large and its binding partner, the coiled-coil protein AJM-1 (Bossinger et al. 2001, Koppen 

et al. 2001). This complex contributes to the integrity of the junction, judging by 

ultrastructural studies, but does not localize cadherin/catenin to the CeAJ (Koppen et al. 

2001, McMahon et al. 2001). Inactivation of components from both the upper and lower 

domains of the CeAJ leads to defects in adhesion and rupturing of the epithelium (Koppen et 

al. 2001, McMahon et al. 2001, Simske et al. 2003). LET-413/scribble is confined to the 

basolateral domain, in which it restricts the localization of CeAJ and apical domain 

components (Chanal & Labouesse 1997, Koppen et al. 2001, Legouis et al. 2000, McMahon 

et al. 2001). In the absence of let-413, junctional components spread basally. The apical 
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domain shares components with the vertebrate tight junction and subapical domain of 

Drosophila such as the PAR-3/PAR-6/aPKC complex (Izumi et al. 1998, Leung et al. 1999, 

Simske & Hardin 2001, Tabuse et al. 1998, Totong et al. 2007). The inactivation of par-6 
interferes with the localization of other apical proteins and junctional integrity. However, 

epithelial cells are still polarized along the apicobasolateral axis in par-6 mutants (Aono et 

al. 2004, Nance 2005, Totong et al. 2007).

These studies and others have demonstrated that many proteins that are required to establish 

or maintain epithelia in other animals are not essential to form the pharyngeal epithelium. 

Examples include homologs of Crumbs, cadherins, catenins discs-large, ZO-1, Scribble, and 

α- or β-integrins (Baum & Garriga 1997, Chanal & Labouesse 1997, Costa et al. 1998, 

Drubin & Nelson 1996, Legouis et al. 2000, Pettitt et al. 1996, Simske & Hardin 2001, 

Williams & Waterston 1994). The data suggest that additional molecules are needed in C. 
elegans to build epithelia. Studies with other organisms suggest that alternative routes for 

epithelium formation exist in these animals also (Baas et al. 2004, Bilder et al. 2003, Harris 

& Peifer 2004). For example, in the absence of armadillo/β-catenin, Drosophila gut cells 

retain some epithelial characteristics (Harris & Peifer 2004, 2005).

The kinesin-like protein ZEN-4/MKLP and its partner CYK-4/RhoGAP are required to 

polarize the arcade cells (Portereiko et al. 2004). Apical and adherens junction proteins fail 

to accumulate at the cell surface of arcade cells from zen-4 mutants, even though these 

proteins are synthesized in the cell. Thus, zen-4 and perhaps also cyk-4 are important for 

targeting proteins to the apical surface and CeAJ. Recent studies suggest that CYK-4 

modulates cell polarity in other contexts by controlling Rho family GTPase activity and the 

contractile actomyosin cytoskeleton (D’Avino & Glover 2009, Jenkins et al. 2006). Future 

studies will determine if it fulfills the same role in epithelia.

Epithelial Remodeling to Build a Single-Celled Tube

Once the epithelium is formed, individual cells acquire stereotyped shapes during the 

process of morphogenesis. For example, pm5 muscles are long and thin and form the 

isthmus, whereas pm6 and pm7 are squat discs within the terminal bulb. Little is known 

about the processes that dictate pharyngeal cell shapes with the exception of pm8. pm8 is a 

toroid-shaped muscle that links the pharynx to the pharyngeal intestinal valve and intestine. 

Prior to morphogenesis, pm8 sits at the dorsal surface of the pharyngeal primordium. It 

detaches from the basal lamina and migrates ventrally along a tract of LAM-3 and EPI-1 

laminins to span the dorsoventral axis (Figure 7) (Rasmussen et al. 2008). To form a tube, 

pm8 wraps around finger-like projections from nearby marginal cells and forms a C-shaped 

tube. This tube fuses into a toroid in response to the fusogen AFF-1 (Rasmussen et al. 2008).

Notch is involved in at least two of these morphogenetic steps. Notch is required for pm8 to 

delaminate from the dorsal surface. Notch signaling also activates AFF-1 expression and 

represses EFF-1 in pm8, which ensures pm8 fuses with the right partner (itself) and not an 

alternative cell. Although Notch proteins play a key role in pm8 morphogenesis, neither 

LIN-12 nor GLP-1 are expressed in other pharyngeal cells. Thus, the dramatic remodeling of 

most pharyngeal cells depends on other undescribed pathways.
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In addition to these well-characterized examples, there are additional factors that affect 

pharynx morphogenesis by unknown processes such as cell fate, differentiation, or 

morphogenesis (Table 2). The predicted transcription factors ast-1/ETS TF, die-1/ZnF, 
unc-39/SixTF, ceh-43/distal-less, and elt-5/GATA are associated with Pun phenotypes, but 

their targets are unknown (Aspock & Burglin 2001, Heid et al. 2001, Koh et al. 2002, 

Schmid et al. 2006, Yanowitz et al. 2004). Double mutant combinations between lin-35/Rb 
and the ubiquitin conjugating enzyme ubc-18 (Fay et al. 2003), or between pha-1/DUF1114 

and either ubc-18 or ari-1/Ariadne, lead to a Pun phenotype (Fay et al. 2004, Qiu & Fay 

2006). One model to explain these interactions is that inappropriate expression of an 

unknown factor X leads to a Pun phenotype. Normally, X is kept in check by transcription 

repression (e.g., LIN-35) and protein degradation (e.g., UBC-18 or ARI-1).

Mutations in cdh-4 generate some arrested animals with unattached pharynges (Schmitz et 

al. 2008). cdh-4 and its paralog cdh-3 encode Fat-like cadherins with cadherin, laminin G, 

and EGF domains; and both are expressed in the pharynx (Pettitt et al. 1996, Schmitz et al. 

2008). In other animals, Fat-like cadherins have been implicated in polar cell polarity (PCP) 

(Simons & Mlodzik 2008). C. elegans may possess a PCP-like pathway (Eisenmann 2005, 

Park et al. 2004, Wu & Herman 2006), but its role in pharyngeal development is unclear.

The shape of the pharyngeal isthmus depends on the homeobox factor pha-2 (Morck et al. 

2004) and the βH(heavy)-spectrin sma-1 (McKeown et al. 1998). Animals that lack pha-2 
have an overly thick pharyngeal isthmus and behave like non-isthmus cells, which suggests 

that pha-2 establishes isthmus (pm5) fate or morphology (Morck et al. 2004). Conversely, 

mutations in eya-1, which is similar to the phosphatase component eyes absent (Rebay et al. 

2005), result in thin pharynges and reduced pumping rates (Furuya et al. 2005). eya-1 is 

partially redundant with vab-3/pax-6, suggesting that the regulatory circuit that controls eye 

development in other animals may have adopted a new function for anterior development in 

C. elegans, which lacks eyes (Furuya et al. 2005).

Mutations in ten-1 teneurin and nid-1 nidogen disrupt the basement membrane surrounding 

the pharynx (Trzebiatowska et al. 2008). ceh-22 mutants also have defects in basement 

membrane biogenesis (Okkema et al. 1997), but whether CEH-22 regulates basement 

membrane components is unknown.

PHA-4 AND THE PHARYNX AFTER BIRTH: AGING

Most studies of pha-4 and the pharynx have focused on embryonic roles, but recent data 

implicate this pair for postembryonic life. pha-4 is required after birth for the development 

of both the pharynx and gonad (Ao et al. 2004, Gaudet & Mango 2002, Updike & Mango 

2007). In adults, pha-4 functions downstream of let-363/Target of Rapamycin (TOR) kinase 

and its partner daf-15/Raptor to mediate lifespan extension (Hansen et al. 2007, Jia et al. 

2004, Panowski et al. 2007, Sheaffer et al. 2008, Vellai et al. 2003). The inactivation of 

TOR, or components of the translation machinery, prolongs life (Chen et al. 2007; Curran & 

Ruvkun 2007; Hansen et al. 2005, 2007; Kaeberlein & Kennedy 2008; Pan et al. 2007; 

Syntichaki et al. 2007; Vellai et al. 2003). Although TOR controls protein homeostasis 

(Hansen et al. 2007, Meissner et al. 2004, Wullschleger et al. 2006), genetic epistasis 
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experiments suggest that TOR and the protein translation machinery extend lifespans with 

different mechanisms. For example, the loss of the translation initiation factor ife-2/eIF4E 
reduces protein biosynthesis and extends lifespan in a pathway that may require daf-16/
FoxO but not pha-4/FoxA (Hansen et al. 2007, Sheaffer et al. 2008, Syntichaki et al. 2007). 

On the other hand, reduced rsks-1/S6 kinase or TOR signaling lowers protein biosynthesis 

and prolongs life in a pathway that depends on pha-4 but not daf-16 (Hansen et al. 2007, Pan 

et al. 2007, Sheaffer et al. 2008, Vellai et al. 2003). A simple model is that TOR activates S6 

kinase in C. elegans, as it does in other organisms, and these kinases regulate pha-4. Given 

that PHA-4 protein levels and localization do not change in response to TOR or S6 kinase 

(Sheaffer et al. 2008), kinases probably modulate the activity of PHA-4, either directly or 

indirectly. The activity of PHA-4 has not been monitored, in part because there are no 

known targets of PHA-4 that mediate longevity. Previous studies implicated PHA-4 for 

transcriptional activation of super-oxide dismutases sod-1, sod-2, sod-4, and sod-5 in adults 

(Panowski et al. 2007). However, it is unclear whether these genes are direct PHA-4 targets 

and whether they modulate longevity. The inactivation of the sod genes alone or in 

combination does not shorten C. elegans lifespan (Doonan et al. 2008, Van Raamsdonk & 

Hekimi 2009). Conversely, SOD mimetics do not prolong life (Keaney et al. 2004). Genes 

involved in autophagy have emerged as another possible set of targets, based on genetic and 

cell biological analyses (Hansen et al. 2008).

Where do TOR and PHA-4 function to promote longevity? The pharynx ages over time, 

which could contribute to the health and longevity of animals. The rate of pharyngeal 

pumping declines with age (Bolanowski et al. 1981, Huang et al. 2004), and the pharynx 

exhibits sarcopenia with loss and damage of muscles (Chow et al. 2006, Garigan et al. 2002, 

Herndon et al. 2002). However, PHA-4 is expressed in other organs as well as the pharynx, 

namely the gonad, the intestine, and parts of the nervous system (Azzaria et al. 1996, Chen 

& Riddle 2008, Horner et al. 1998), all of which are involved in lifespan (Mukhopadhyay & 

Tissenbaum 2007).

Reduced food intake without malnutrition or dietary restriction (DR) is a potent means to 

extend life for C. elegans and other species. DR can be induced by different approaches in 

nematodes, and these have different genetic requirements (Bishop & Guarente 2007, Greer 

et al. 2007, Honjoh et al. 2009, Hosono et al. 1989, Houthoofd et al. 2002, Kaeberlein et al. 

2006, Klass 1977, Lee et al. 2006, Mair et al. 2009, Smith et al. 2008). For example, DR on 

petri plates (sDR) requires daf-16/FoxO, AMP kinase, and insulin signaling (Greer & Brunet 

2009, Greer et al. 2007), whereas DR in liquid (Houthoofd et al. 2002, Klass 1977) or by 

genetic manipulation (Lakowski & Hekimi 1998, Meissner et al. 2004) is independent of 

daf-16 but requires pha-4/FoxA and other factors (Bishop & Guarente 2007, Hansen et al. 

2005, Houthoofd et al. 2002, Kaeberlein et al. 2006, Lee et al. 2006, Panowski et al. 2007). 

Phenotypic and genetic epistasis analyses suggest that TOR also functions in the DR 

pathway (Hansen et al. 2007, Meissner et al. 2004, Pan et al. 2007, Sheaffer et al. 2008). In 

organisms in which it has been tested, both the TOR pathway (e.g., yeast, Drosophila) and 

DR (e.g., yeast, Drosophila, rodents) extend lifespan, suggesting that this is an ancient 

pathway to control longevity. For additional details on DR, protein translation, and 

longevity, see the recent review by Kaeberlein & Kennedy (2008).
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In addition to aging, the pharynx is susceptible to pathogens such as Salmonella enterica 
(Millet & Ewbank 2004). The pharynx participates in the immune response by physically 

crushing bacteria with the pharygneal grinder and secreting antimicrobial peptides (Millet & 

Ewbank 2004). Resistence of the pharynx to infection depends on the CED-1 and TOL-1 

receptors and a noncanonical unfolded protein response (UPR) (Haskins et al. 2008, Tenor 

& Aballay 2008, Troemel et al. 2006). The inactivation of any of these factors allows S. 
enterica to invade the pharynx and leads to death. CED-1 is required to induce the UPR 

response, whereas TOL-1 induces defensin-like factor ABF-2 and the heat-shock protein 

HSP 16.41 (Haskins et al. 2008, Tenor & Aballay 2008). The pathway from receptors to 

activated genes is currently mysterious.
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SUMMARY POINTS

1. The C. elegans pharynx offers a powerful system to track organogenesis from 

the earliest stages of embryonic cell fate specification to the final stages of aging 

and death.

2. Maternally-contributed factors specify founder blastomeres in the pregastrula 

embryo. Subsequently, two zygotic patterning systems—one centered on 

cellular ancestry and one on organ identity—establish the pharyngeal precursor 

cells.

3. Commitment to pharyngeal fate depends on positive feedback loops between the 

central regulator of the pharynx, pha-4/FoxA, and additional transcriptional 

regulators on positive autoregulation by transcription factors and on negative 

repression of factors that dictate alternative fates.

4. DNA binding affinity contributes towards the selection of target genes by FoxA 

transcription factors. In C. elegans, PHA-4 binding affinity modulates the onset 

of expression of targets in combination with additional transcription factors.

5. During mid-embryogenesis the pharynx precursors undergo a mesenchymal to 

epithelial transition (MET), which is the first step of tube formation. MET 

depends on pathways independent of cadherins, catenins, and integrins.

6. Tube formation is only understood for the pm8 muscle precursor, which 

undergoes an epithelial-mesenchymal transition and cell reorientation along the 

dorsoventral axis. These events are guided by glp-1/Notch signaling and the 

extracellular matrix. pm8 wraps around its neighboring cells to form a C-shaped 

cell, which self-seals in response to the AFF-1 fusogen to form a single-celled 

tube.

7. More recently, the pharynx and pha-4 have emerged as regulators of post-

embryonic processes, notably aging and the immune response, both in adults.
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FUTURE ISSUES

1. Although we have a broad outline of how patterning events occur, many 

mechanistic details are still lacking. For example, in the early embryo, we do not 

understand how the embryo transits from maternal regulation, which specifies 

founder cells and their lineages, to zygotic control of organs and tissues. Nor do 

we understand how the A-P patterning system dictates cell identities at a 

mechanistic level. This will require identifying targets of POP-1 and elucidating 

their roles in cell-fate specification.

2. We have only a rudimentary understanding of how different cell types are 

established during the terminal stages of pharynx development. Thus, a 

challenge for the future will be to determine if the examples we understand can 

be generalized to all cell types and all regulatory circuitry.

3. During morphogenesis, a future goal is to determine how to form epithelia by 

pathways that do not require cadherins or integrins and how to shape those 

epithelia into the distinctive morphologies of the mature pharynx.

4. Finally, the involvement of the pharynx and pharyngeal factors in immunity and 

aging is a recent discovery, and there are a host of unanswered questions. Future 

analyses are needed to identify new players and flesh out their regulatory 

relationships.
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Figure 1. 
Pharynx anatomy. (a) Nuclei within the pharynx are shown as muscles (red ), neurons 

( purple), epithelia (orange), marginal cells ( pink), and glands (brown). Arcade cells and 

pharyngeal intestinal valves are not shown. (b) The bulk of the pharynx is composed of eight 

layers of muscles (pm1–8) ( green) and three groups of structural marginal cells (mc1–3) 

( purple). (c) Muscles and marginal cells are arranged with threefold rotational symmetry, as 

shown in the cross section. Adapted from Mango (2007) and Altun & Hall [Wormatlas 

(http://www.wormatlas.org)].
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Figure 2. 
Two zygotic patterning systems. (a, b) For lineage-based regulation, cells that derive from a 

single progenitor blastomere cluster together. With each antero-posterior division, anterior 

versus posterior fates are established between pairs of daughter cells. Cell nuclei are shown 

in (a) and fields of cells are shown in (b). (c, d ) During organ/tissue regulation, cells from 

different lineages that are destined to produce common cell types cluster together, revealing 

a shared organ or tissue identity. Nuclei are shown in (c) and fields of cells are shown in (d ). 

Adapted from Labousse & Mango (1999).
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Figure 3. 
Early developmental pathways. Features of pharyngeal development from the 4-cell stage to 

the 28-cell stage. This period is under the control of maternal factors, but transitions to 

zygotic control with the activation of tbx-35, tbx-37, tbx-38, and pha-4. (Left panels) show 

cells and the cell types they produce. (Right panels) illustrate genetic regulatory 

relationships. The pharynx is generated from a subset of blastomeres ( green) (i.e., ABa and 

EMS at the 4-cell stage). Descendents of green cells that do not produce pharyngeal cells are 

( gray). Reprinted from Mango (2007).
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Figure 4. 
Strategies for cell fate commitment. Commitment to pharyngeal fate depends on (a) positive 

feedback loops between pairs of transcription factors, (b) positive autoregulation, and (c) 

repression of alternative fates. Adapted from Mango (2007).
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Figure 5. 
Strategies for temporal control. (a) As embryogenesis proceeds, PHA-4 protein accumulates. 

Affinity of PHA-4 protein for its DNA-binding site contributes to early (high affinity) versus 

late (lower affinity) onset of expression. (b) Feed-forward regulation contributes to late onset 

expression of target genes, including those with high-affinity PHA-4-binding (e.g., myo-2). 

(c) Pharyngeal genes are regulated by additional factors (A and B) in addition to PHA-4. 

These can include both activators and repressors. Adapted from Mango (2007).
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Figure 6. 
Pharyngeal morphogenesis. Left panels depict stages of reorientation (a to b, stage 1), 

epithelialization (b to c, stage 2), and contraction (c to d, stage 3). Yellow cells denote arcade 

cells, which are initially mesenchymal (a, b), but later become epithelialized (c, d ). Green 

cells represent cells in the pharyngeal primordium. Right panels show midstage embryos 

stained for cell periphery (red ) (αUNC-70/β spectrin) and adherens junctions ( green), 

(MH27/α-AJM-1) merge is yellow. The basement membrane surrounding the pharynx is 

denoted by a dotted yellow line in both sets of panels. Reprinted from Mango (2007).
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Figure 7. 
Building a single-celled tube. (a) Prior to morphogenesis, pharyngeal muscle pm8 (red ) sits 

at the dorsal surface of the pharyngeal primordium. pm8 delaminates from the dorsal surface 

and migrates along a track of laminin laid down by an adjacent pharyngeal cell (mc3V) to 

span the DV axis. (b) To form a tube, pm8 forms a C-shaped cell and subsequently fuses 

with itself to generate a toroid. Adapted from Rasmussen et al. (2008).
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