
Neuropeptides

Chris Li and
Department of Biology City College of New York New York, NY 10031

Kyuhyung Kim
Department of Biology Brandeis University Waltham, MA 02454

Introduction
Neuropeptides are short sequences of amino acids that function either directly or indirectly to
modulate synaptic activity. In addition, neuropeptides may also function as primary
neurotransmitters. As in mammalian systems, the number of predicted neuropeptides in C.
elegans is well over one hundred (Li et al., 1999; Pierce et al., 2001); however, most of the
neuropeptides fall into two large families: the insulin-like peptides (Pierce et al., 2001; Li et
al., 2003) and the FMRFamide (Phe-Met-Arg-Phe-NH2)-related peptides or FaRPs, which are
referred to as FLPs in C. elegans (Li et al., 1998; Li, 2005). The remaining non-insulin, non-
FLP peptides are classified as the neuropeptide-like proteins or NLPs. The NLPs are a diverse
group of neuropeptides that have little similarity among each other (Nathoo et al., 2001). With
a few striking exceptions, the functions of the different neuropeptides remain largely unknown
in C. elegans. This overview serves to summarize the current state of the neuropeptide field.

Formation of Mature Neuropeptides
Neuropeptides are typically derived from larger precursor molecules, which undergo
posttranslational processing and sometimes modifications to yield mature peptides (see Fig.
1). A single neuropeptide precursor molecule can give rise to a single neuropeptide, multiple
distinct neuropeptides, multiple copies of a single neuropeptide, or any combination thereof.
As an additional mechanism to increase neuropeptide complexity in mammals, a single
precursor molecule can be differentially cleaved to yield different sets of peptides in different
cell types (Strand, 1999;Salio et al., 2006). Furthermore, in the mollusk Aplysia peptides from
a single precursor molecule can be sorted into different nerve terminals (Sossin et al., 1990).
Whether such differential processing and trafficking occurs in C. elegans is unclear.

Processing of Neuropeptide Precursor Molecules
Like mammalian precursor molecules (Steiner, 1998), the initial cleavages in C. elegans occur
C-terminal to dibasic residues flanking the peptide sequence (Rosoff et al., 1993; Marks et al.,
1995, 1997, 1998, 1999a, 2001; Husson et al., 2005, 2006); however, cleavages C-terminal to
mono- and tribasic residues have also been reported (Rosoff et al., 1993; Marks et al., 1997,
2001). The enzymes responsible for the initial endoproteolytic cleavage are kex2/subtilisin-
like proprotein convertases, which must themselves be cleaved to become active. Cleavage of
proprotein convertase is dependent on a chaperonin protein SBT-1 7B2 (Lindberg et al.,
1998; Sieburth et al., 2005). Four C. elegans proprotein convertases, kpc-1, egl-3/kpc-2, aex-5/
kpc-3, and bli-4/kpc-4, are present in C. elegans (Thacker and Rose, 2000). egl-3/kpc- 2 is
expressed in many, but not all neurons in the nervous system (Kass et al., 2001). Loss of egl-3/
kpc-2 results in defects in egg-laying, mechanosensation, and locomotion (Kass et al., 2001;
Jacob and Kaplan, 2003), indicating that EGL-3/KPC-2 cleaves precursors whose peptides
have diverse functions. Moreover, using a polyclonal anti-FMRFamide antibody that
recognizes the Arg-Phe-amide but not the non-amidated Arg-Phe-OH moiety (Marder et al.,
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1987), Kass and co-workers (2001) found decreased FMRFamide-like immunoreactivity in
egl-3/kpc-2 mutants, suggesting that egl-3/kpc-2 cleaves some, but not all FLP precursors and
that other proprotein convertases are active in the same cells. Among the other proprotein
convertases, a kpc-1 deletion mutant shows mild locomotory defects and slow growth,
suggesting that KPC-1 cleaves precursors of peptides involved in movement and growth
(Thacker and Rose, 2000). Mutations in aex-5/kpc-3 cause defecation defects (Thomas,
1990). aex-5/kpc-3 is expressed in muscle (Thacker and Rose, 2000), and has been proposed
to cleave a precursor molecule in muscle to produce a peptide that serves as a retrograde signal
to regulate exocytosis (Doi and Iwasaki, 2002). A major function of BLI-4/KPC-4 is to cleave
procollagen into collagen so that it can be deposited in the cuticle to give the cuticle structural
integrity. Hence, null alleles of bli-4/kpc-4 cause lethality (Thacker et al., 1995). However,
transcripts of bli-4/kpc-4 are also expressed in the nervous system (Thacker et al., 1995;
Thacker and Rose, 2000), although phenotypes associated with loss of bli-4/kpc-4 neural
transcripts are unknown. Collectively, these data indicate that multiple proprotein convertases
are active in neurons.

A peptidomic approach was also taken to determine the relative contribution of each proprotein
convertase in neuropeptide processing (Husson et al., 2006). FLP and NLP peptides were
isolated from wild type and different proprotein convertase mutants. kpc-1(gk8) and bli-4
(e937)/kpc-4 mutants showed a similar peptide profile as wild type, suggesting that their
contribution to peptide processing is minor or that the alleles examined, such as bli-4/kpc-4
(e937), do not completely remove gene function. For two alleles of egl-3(n729 and gk238)/
kpc-2 no peptides were isolated (Husson et al., 2006), confirming previous work that EGL-3/
KPC-2 is the major active proprotein convertase in neurons (Kass et al., 2001). However, as
previously reported (Kass et al., 2001), a residual level of FMRFamide-like immunoreactivity
remained. Surprisingly, a much decreased peptide profile was seen in aex-5(sa23)/kpc-3
mutants (Husson et al., 2006), providing strong evidence that aex-5/kpc-3 is also responsible
for neuropeptide precursor processing in neurons.

Once the precursor molecules are cleaved by the proprotein convertases, the basic residues
themselves are removed from the peptide sequences by the activity of carboxypeptidase E.
egl-21 encodes a neural-specific carboxypeptidase E that is expressed in about 60% of the
neurons (Jacob and Kaplan, 2003). Loss of egl-21 carboxypeptidase E causes more severe
phenotypes than those seen in the egl-3/kpc-2 proprotein convertase mutants. egl-21 null alleles
show defects in egg-laying, locomotion, mechanosensation, and defecation as well as
extremely low levels of FMRFamide-like immunoreactivity (Jacob and Kaplan, 2003). These
data suggest that cleavage by EGL-21, like EGL-3/KPC-2, yields peptides that function in
multiple behaviors and that EGL-21 is one of the carboxypeptidases E that cleaves FLP
precursor molecules. Two other carboxypeptidases are present in the C. elegans genome, but
their roles in neuropeptide processing have not been investigated (Jacob and Kaplan, 2003).

To protect themselves from degradation, neuropeptides are commonly modified at the N- or
C-terminus. In many circumstances, the modification also confers biological activity to the
neuropeptide, including in C. elegans (Schinkmann and Li, 1992). The most common known
modification in C. elegans is amidation. Based on the presence of a C-terminal glycine, which
donates an amino group in the amidation process, all of the FLPs and many of the NLPs are
likely to be amidated. In mammals two enzymes, peptidylglycine-alpha-hydroxylating
monooxygenase (PHM) and peptidyl-alpha-hydroxyglycine alpha-amidating lyase (PAL) act
sequentially to catalyze amidation; the enzymes are synthesized on the same molecule as
adjacent domains on a bifunctional protein, peptidyl- α-hydroxyglycine α-amidating lyase
(PAM) (Eipper et al., 1993). C. elegans contains at least one PAM-like and one PHM molecule
(Han et al., 2004). Decreased activity of T19B4.1, which encodes a monooxygenase, leads to
resistance to the acetylcholinesterase inhibitor aldicarb, suggesting that T19B4.1 may be a
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PAM-like molecule that processes neuropeptides (Sieburth et al., 2005). Whether T19B4.1
and/or other enzymes are involved in neuropeptide amidation has not been determined.

Neuropeptides are Released from Dense Core Vesicles
Bioactive neuropeptides are located in dense core vesicles derived from the trans-Golgi
network. By contrast, many of the classical small molecule transmitters are located in small,
clear vesicles that are clustered at the synaptic zones. The processing of the neuropeptide
precursor molecules starts in the endoplasmic reticulum with the removal of the signal peptide
and continues in the Golgi complex and the dense core vesicles themselves as the vesicles are
transported to the nerve terminal (Strand, 1999). UNC-104 kinesin is necessary for the transport
of small, clear vesicles in C. elegans (Hall and Hedgecock, 1991) and can also function as the
motor for dense core vesicles. Mutations in unc-104, for instance, cause an increase of
FMRFamide-like immunoreactivity in neuronal cell bodies (Schinkmann, 1994; Jacob and
Kaplan, 2003). Furthermore, fast, but not slow, anterograde transport of IDA-1, a
transmembrane protein localized to dense core vesicles, is lost in unc-104 mutants, suggesting
that at least two distinct motors can transport dense core vesicles (Zahn et al., 2004). Disruption
of unc-116, which encodes a kinesin molecule distinct from UNC-104, decreases overall
FMRFamide-like immunoreactivity (Schinkmann, 1994), suggesting that UNC-116 kinesin
also plays a role in dense core vesicle trafficking.

In contrast to small clear vesicles, dense core vesicles are not localized at synaptic zones, but
are more diffusely scattered around the nerve terminal (Strand, 1999; Salio et al., 2006).
Whereas contents in small clear vesicles can be released by focal increases of calcium at the
synaptic zone, release of neuropeptides from dense core vesicles appears to be dependent on
a general increase of calcium throughout the nerve terminal, which can occur after high levels
of stimulation (Strand, 1999; Salio et al., 2006). The exact mechanism for dense core vesicle
movement to the cell membrane is unknown. Some mechanisms may be conserved for small
clear and dense core vesicles. For instance, in C. elegans UNC-13 is necessary to prime both
types of vesicles for release (Richmond et al., 1999; Sieburth et al., 2007). A cytoplasmic
protein that promotes vesicle release by bridging between dense core vesicles and the plasma
membrane is calcium-dependent activator protein (CAPS) (Renden et al., 2001; Grishanin et
al., 2002). Similarly, C. elegans UNC-31 CAPS also promotes dense core vesicle release
(Sieburth et al., 2007); its activity appears to be modulated by IDA-1 (Cai et al., 2004).
Mutations in pkc-1 protein kinase I cause increased punta fluorescence of neuropeptide
precursor molecules, but not of GFP-SNB-1 puncta associated with synaptic vesicles,
suggesting that PKC-1 is specifically necessary for dense core vesicle release (Sieburth et al.,
2007). PKC-1 is expressed in the cholinergic ventral cord motor neurons and not the
GABAergic motor neurons (Sieburth et al., 2007), indicating that other protein kinases function
to promote dense core vesicle release in the GABAergic motor neurons. After release of the
vesicle’s contents, neuropeptides are cleared from the cleft by the action of proteolytic
enzymes, one of which may be NEP-1 neprilysin (Sieburth et al., 2005). Hence, unlike small
molecule transmitters, which can be recycled and reloaded into synaptic vesicles,
neuropeptides must be synthesized de novo in the cell body and transported down to the axon
terminal.

In addition to their release at synapses, neuropeptides also act as hormones, i.e., as long range
signaling molecules. Some of the first isolated mammalian neuropeptides, for instance, were
hormones released from the pituitary, adrenal glands, and the gut (Strand, 1999). Similarly,
neuropeptides in C. elegans released from neurons or non-neuronal cells (see below) may act
as hormones (see below). To monitor expression of neuropeptides into the pseudocoelom,
Sieburth et al. (2007) took advantage of the scavenger activity of the coelomocytes, which
continuously endocytose fluid from the pseudocoelom (Fares and Grant, 2002), and monitored
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release of GFP-tagged neuropeptide precursors into the pseudocoelom by the appearance of
GFP in the coelomocytes.

Immunocytochemical Localization of Neuropeptides
Before the sequencing of the C. elegans genome, one common method to identify neuropeptide
candidates was to use different antibodies from the mammalian field to stain the C. elegans
nervous system. Initial work reported immunoreactivity for cholecystokinin, Substance P,
melanocyte-stimulating hormone, met-enkephalin, beta-endorphin, and possibly
adrenocorticotopic hormone (S. McIntire, pers. comm.). Immunoreactivity was also detected
for FMRFamide (Schinkmann and Li, 1992), which was initially isolated from invertebrates
(Price and Greenberg, 1977) but for which related peptides were later found in mammals
(Dockray, 2004). Subsequent sequencing of the C. elegans genome (C. elegans Sequencing
Consortium, 1998) indicated that with the exception of Substance P- and FMRFamide-related
peptides, none of these mammalian peptide families have been identified in C. elegans (Nathoo
et al., 2001). Because of the similarity to the FLP neuropeptides, anti-cholecystokinin
antibodies are likely to have cross-reacted with FLPs. The antigens to which the other
mammalian antisera cross-reacted are unknown.

Identification of Putative Neuropeptide Genes
With the completion of the C. elegans genome, researchers were able to scan the genome for
candidate genes encoding neuropeptides. Certain groups focused on specific neuropeptide
families. For instance, several groups collectively identified forty genes that encode insulin-
like molecules (Table 1; Duret et al., 1998;Gregoire et al., 1998;Kawano et al., 2000;Pierce et
al., 2001;Li et al., 2003). Our lab group identified twenty-four flp genes (flp-1 to flp-23 and
flp-28) encoding peptides with a C-terminal RFamide moiety by cDNA isolation and BLAST
searches (Table 2;Li et al., 1998;Kim and Li, 2004; unpubl. obs.), while McVeigh and co-
workers (2005; A. Maule, pers. comm.) used EST data mining to identify five additional flp
genes, flp-24 to flp-27 and flp-32 (Table 2). Husson and Schoofs (pers. comm.) identified
flp-33 by isolating a FLP not encoded by any previously identified flp gene (Table 2). Some
of the flp genes also encode non-FLP peptides (Table 2). Hart and co-workers used similarity
and pattern-based scans in more general BLAST screens to identify other neuropeptide genes
(Nathoo et al., 2001). Using the characteristics of neuropeptide precursor processing, the
pattern-based scans were designed to search for peptide sequences that were flanked by mono-
or dibasic sequences. 34 non-insulin-like, non-FLP-like genes were identified and are referred
to collectively as the neuropeptide-like protein or nlp genes (Li et al., 1999;Nathoo et al.,
2001; A. Hart, pers. comm.); an additional eight nlp genes were recently identified in a different
screen and using peptidomic analysis (Table 3;Couillault et al., 2004;Husson et al., 2005). A
total of 112 neuropeptide genes encoding over 250 putative neuropeptides have now been
identified in C. elegans (Tables 1-3).

What is striking about the neuropeptide genes is how many of them are clustered on a
chromosome, suggesting that they arise from tandem gene duplications. In some cases, the
neuropeptide genes are only a few hundred or thousand base pairs apart. For instance, within
about 25,000 bp on chromosome I there are seven ins genes, ins-24 through ins-30, which do
not appear to be part of an operon. Similarly, many of the nlp genes are also physically close
(Nathoo et al., 2001). While the flp genes are clustered on certain chromosomes, particularly
the X chromosome, only a few (e.g., flp-2, 3, and 28) are as physically close as some of the
ins genes.

Because many of the flp neuropeptide genes encode multiple, distinct peptides, a nomenclature
was developed to designate the distinct peptides produced by one gene. Each peptide is now
designated by the gene name and a number. For instance, the flp-1 gene encodes eight distinct

Li and Kim Page 4

WormBook. Author manuscript; available in PMC 2009 September 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



peptides designated as FLP-1-1, FLP-1-2, etc. (Table 4). As more of the NLP and INS peptides
are isolated and their sequences confirmed, these peptides may also be given specific
designations.

Expression and Localization of Neuropeptide Genes
To determine whether a candidate neuropeptide gene is transcribed and to confirm the genomic
organization of the gene, two basic strategies have been used. One is to isolate cDNAs using
reverse transcription (RT)-polymerase chain reaction (PCR); the second is to scan the C.
elegans EST or ORFeome databases. Through these approaches, several groups have
determined that 37 of the 40 insulin-encoding genes (Gregoire et al., 1998; Kawano et al.,
2000; Pierce et al., 2001; Li et al., 2003), 28 of the 31 flp genes (Rosoff et al., 1992; Nelson et
al., 1998a; Kim and Li, 2004; McVeigh et al., 2005; I. Miskelly, N.J. Marks, and A. Maule,
pers. comm.; unpublished results), and 39 of the 42 nlp genes (Nathoo et al., 2001; Couillault
et al., 2004) are expressed. Based on these data, we predict that most, if not all, of the candidate
neuropeptide genes are expressed. The neuropeptide genes are relatively small and often have
only a few exons. For instance, the coding and intronic regions of sixteen flp genes are less
than 1 kilobase (Kim and Li, 2004; McVeigh et al., 2005). Among the nlp genes, a cluster of
six nlp genes (nlp-27, 28, 29, 30, 31, and 34) on chromosome V encode very similar transcripts
and have coding and intronic regions that range from 190 to 344 bp (Nathoo et al., 2001). The
small size of most neuropeptide genes and the small number of exons that comprise the genes
contribute to the difficulty of identifying all neuropeptide genes.

Because many of the C. elegans peptides have similar structures (for instance, the insulin-like
peptides share common A and B domains and the FLPs all share a common C-terminal Arg-
Phe-NH2), antibodies are difficult to generate against specific neuropeptides. Most peptide
antibodies cross-react with several peptides of similar amino acid sequences. For example, the
anti-FMRFamide antibody (Marder et al., 1987) recognizes FLPs encoded by several flp genes
(Schinkmann and Li, 1992; Kim and Li, 2004). To determine the expression pattern of different
neuropeptide genes, most researchers have made gene fusions of the promoter region of the
neuropeptide gene to the coding region of a reporter gene, of which green fluorescent protein
(GFP) is the most commonly used. The constructs are microinjected to generate transgenic
animals. This relatively simple method has been used to determine the expression pattern of
60 neuropeptide genes (Tables 1-3), including 15 insulin-like genes (Pierce et al., 2001; Li et
al., 2003), 19 flp genes (Kim and Li, 2004), and 27 nlp genes (Nathoo et al., 2001). For only
one gene thus far, flp-8, has the GFP expression pattern been confirmed by
immunocytochemistry with a FLP-8-specific monoclonal antibody (Sithigorngul et al., 1991;
Kim, 2003).

Although there are inherent caveats to these expression patterns, a number of conclusions can
be drawn from the data. First, the expression of neuropeptides is widespread in C. elegans and
includes expression in the nervous system as well as in non-neuronal tissue (Tables 1-3). For
instance, over 160 neurons, which represent over half of the 302 neurons in the C. elegans
nervous system, express one or more FLPs (Kim and Li, 2004). Similarly, expression of the
ins (Pierce et al., 2001), daf-28 (Li et al., 2003), and nlp (Nathoo et al., 2001) genes is
widespread. Second, there is considerable overlap in the expression patterns. Although each
gene appears to be expressed in a distinct set of neurons, a single neuron can express multiple
neuropeptide genes and show a considerable diversity of neuropeptide expression. For instance,
the chemosensory neuron ASI expresses daf-28, ins-1 and 9, nlp-1, 5, 6, 9, 14, 18, 24, and
27, and flp-2, 10, and 21 (Nathoo et al., 2001;Pierce et al., 2001;Li et al., 2003;Kim and Li,
2004); while some of these expression patterns may be artifactual, nevertheless ASI has the
potential to release a plethora of neuropeptides to modulate neuronal activity. Third,
neuropeptide expression is not limited to the nervous system. Neuropeptides, including those
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predicted by the ins, daf-28, flp, and nlp genes, are predicted to be in non-neuronal tissues,
including intestine, somatic gonad, muscle, and hypodermis (Nathoo et al., 2001;Pierce et al.,
2001;Li et al., 2003;Kim and Li, 2004). Secretion of neuropeptides from these tissues is likely
to have an endocrine role.

Initially, the expression patterns of different peptides were compared in C. elegans and other
nematodes by immunocytochemistry. The Ascaris nervous system, for instance, showed an
extensive distribution of FMRFamide-like immunoreactivity (Cowden et al., 1993), much
more than what was seen in C. elegans (Schinkmann and Li, 1992); however, the extent of
flp expression with the GFP reporters in C. elegans now matches that in Ascaris. More recently,
in situ hybridization has been used to examine the gene-specific expression pattern of different
neuropeptide genes in the parasitic nematode Globodera pallida. For the few Gp-flp genes
examined, there were several differences in the neurons in which the genes were expressed in
C. elegans (Kimber et al., 2002). For instance, flp-6 is not expressed in C. elegans tail neurons,
whereas Gp-flp-6 is expressed in several tail neurons (Kimber et al., 2002). The significance
of these differences is unknown, but could suggest that the function of the peptides diverged
in the related nematodes.

Biochemical Isolation of Neuropeptides
To determine whether the predicted peptides are produced, a few groups have begun the
biochemical isolation of the different peptides. Thus far, most of the biochemical isolations
have focused on the FLPs. To date, 36 FLPs encoded by seventeen flp genes (flp-1, 3, 5, 6, 8,
9, 11, 12, 13, 14, 16, 18, 19, 22, 24, 26, and 33) have been isolated (Rosoff et al., 1993; Marks
et al., 1995, 1997, 1998, 1999a, 2001; Davis and Stretton, 1996; Husson et al., 2005; S. Husson
and L. Schoofs, pers. comm.; Table 2). Indeed, the identification of flp-33 was based on the
biochemical isolation of the peptide. Two FLPs that are not encoded by any of the identified
flp genes have also been isolated (Davis and Stretton, 1996; N. Marks and A. Maule, pers.
comm.), underscoring the difficulty of identifying small neuropeptide genes with BLAST
searches. In the recent peptidomic analysis by Husson and coworkers (2005), twenty nine NLPs
encoded by 19 nlp genes were isolated (Table 3), suggesting that many of the NLPs are also
likely to be produced in C. elegans. These data also indicate that 112 is likely to be an
underestimate of the total number of neuropeptide genes.

Peptides identical to some of the predicted FLPs have been isolated from related nematodes
(Table 2), such as Ascaris suum (Cowden et al., 1989; Cowden and Stretton, 1993,1995;Yew
et all., 2005), Haemonchus contortus (Keating et al., 1995;Marks et al., 1999b), and
Panagrellus redivius (Geary et al., 1992; Maule et al., 1994a,b,1995). To date, most of the
isolated peptides in related nematodes belong to the FLP family (Yew et al., 2005). In addition,
the FLP-12 (AF24) and FLP-21 (AF9) peptides have been isolated from Ascaris suum (Cowden
and Stretton, 1995;Yew et al., 2005), suggesting that these peptides are also produced in C.
elegans. Similarly, several of the predicted NLPs are similar to peptides isolated from other
invertebrates (Nathoo et al., 2001). These data suggest that many of the predicted neuropeptides
are indeed produced and highlight the rich diversity of neuropeptides in C. elegans.

Neuropeptide Function
Based on the expression pattern of the peptides, the peptides are likely to participate in a
multitude of behaviors, including dauer formation, locomotion, egg-laying, and mechano- and
chemosensation. To determine the function of the different neuropeptides, the most common
strategy has been to inactivate or overexpress specific neuropeptide genes. This strategy has
certain drawbacks with large neuropeptide superfamilies because of the possible functional
overlap among the family members. Several neuropeptides, for instance, may bind and activate
the same receptor. Using RNAi to decrease neuropeptide activity has not been routinely
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performed because of the inefficiency of RNAi in neurons (Simmer et al., 2002). Nevertheless,
recent experiments have shown that several of the neuropeptide genes have unique functions.

The Insulin-like Gene Family
Newly hatched first larval stage (L1) animals sample their environment to assess its qualities
for reproductive growth. In the absence of food, newly hatched L1 animals will arrest
reproductive growth and remain in this arrested state until a food source becomes available
(Johnson et al., 1984). The decision to enter reproductive growth after hatching is dependent
on the activity of DAF-2, an insulin-like receptor, and ASNA-1, an ATPase that acts non-cell
autonomously and regulates the insulin pathway (see below; Gems et al., 1998; Kao et al.,
2007).

Under continued exposure to harsh environmental conditions, such as overcrowding, high
temperatures, or a scarce food supply during L1 or L2, C. elegans will undergo an alternative
life cycle, referred to as the dauer life cycle (Cassada and Russell, 1975). After L2, animals
enter the dauer state rather than L3 and remain in the dauer state until conditions improve,
whereupon they exit the dauer state and resume the lifecycle as L4 animals (Cassada and
Russell, 1975). The decision to enter reproductive growth or dauer is determined by parallel
signaling pathways: the insulin and transforming growth factor β (TGF β) pathways (Riddle
and Albert, 1997). Loss of either pathway results in constitutive dauer formation, indicating
that the pathways function independently. Many of the insulin and TGFβ pathway mutants are
temperature sensitive, and show an incompletely penetrant dauer phenotype at the permissive
temperature (Riddle and Albert, 1997). Lowering the activity of an insulin and TGFβ pathway
gene has a synergistic effect and causes a stronger dauer phenotype at the permissive
temperature than lowering the activity of either gene alone (Thomas et al., 1993). Similarly,
lowering the activity of asna-1 and a TGFβ pathway gene also leads to an enhanced dauer
phenotype at the permissive temperature, thereby linking the L1 arrest and dauer decision to
the insulin pathway (Kao et al., 2007). Hence, activation of DAF-2 leads to reproductive
growth, whereas inactivation of DAF-2 leads to dauer arrest (Riddle and Albert, 1997). DAF-2
also functions to determine lifespan (Kenyon et al., 1993) and to limit body size (McCulloch
and Gems, 2003). DAF-2 is the closest homologue to the mammalian insulin-like receptor
superfamily (Kimura et al., 1997), but recently a more divergent family of 56 putative insulin-
like receptors has been identified in C. elegans (Dlakic, 2002).

Members of the insulin superfamily are encoded by the ins genes and daf-28 in C. elegans;
fifteen of the ins genes and daf-28 are expressed in neurons, including some of the amphidial
chemosensory neurons (Pierce et al., 2001; Li et al., 2003). ins-1, ins-9, and daf-28 are
expressed in ASI and ASJ, chemosensory neurons, which are critical in the decision for dauer
formation (Bargmann and Horvitz, 1991), as well as in other neurons; ins-1 and daf-28 are also
expressed in non-neuronal tissue, such as intestinal cells (Pierce et al., 2001; Li et al., 2003).
Only two insulin-family genes that have been inactivated by mutation have been examined
thus far. INS-1 is most similar to mammalian insulin (Pierce et al., 2001). Loss of ins-1 has no
effect on dauer formation or longevity (Pierce et al., 2001). By contrast, the daf-28(sa191)
mutation causes transient dauer formation (Malone and Thomas, 1994). The mutation is likely
to act as a dominant negative whereby the daf-28(sa191) gene product antagonizes DAF-2
activity (Li et al., 2003). Overexpression of daf-28 in a decreased TGFβ signaling background
promotes exit from dauer, indicating that increased activity of the insulin pathway can bypass
the TGFβ pathway (Kao et al., 2007). These data suggest that DAF-28 normally activates the
DAF-2 insulin-like receptor to promote reproductive growth (Li et al., 2003). Consistent with
this hypothesis, levels of a Pdaf-28::GFP transgene are decreased during starvation or
application of dauer pheromone (Li et al., 2003), suggesting that daf-28 expression is regulated
by environmental cues, as would be expected for a dauer regulator. Expression of the
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Pdaf-28::GFP transgene is found in an increasing number of cells as the animal ages (Li et al.,
2003), suggesting that daf-28 is also involved in other behaviors, such as aging. ASNA-1 may
regulate levels of DAF-28 in the pseudocoelom; asna-1 mutants show decreased levels of
DAF-28::GFP in coelomocytes, indicating that less DAF-28::GFP is being released in the
pseudocoelom (Kao et al., 2007).

If other insulin-like peptides also signal through the DAF-2 receptor, then perturbations of
other ins genes may enhance or suppress the phenotypes of daf-2 and daf-28 mutants. The
phenotypes caused by overexpression of several ins genes, using their endogenous promoters,
were examined in different daf backgrounds. Overexpression of ins-1 and ins-18 caused a low
level of dauer arrest and enhanced the dauer phenotype of daf-2 and/or daf-7 TGFβ mutants,
whereas no dauer effects were seen with overexpression of ins-9, ins-19, ins-22, and ins-31
(Pierce et al., 2001). However, overexpression of ins-9 or of ins-31 and ins-19 in combination
in a wild-type or daf-2 mutant background caused embryonic or larval arrest, a phenotype
similar to one shown by some daf-2 alleles (Pierce et al., 2001). INS-1 and INS-18 may function
to antagonize the activity of DAF-2 or to down-regulate daf-2 to promote dauer formation
(Pierce et al., 2001), while INS-9, INS-31, and INS-19 may signal through DAF-2 to affect
other aspects of development. Overexpression of ins-4 or ins-6 can suppress or partially
suppress, respectively, the daf-28(sa191) mutation, suggesting that INS-4 or INS-6 can
functionally substitute for DAF-28 and activate the DAF-2 receptor when present at high levels
(Li et al., 2003). Furthermore, overexpression of ins-4 can bypass the effects of a mutation in
the TGFβ pathway (Kao et al., 2007). By contrast, overexpression of ins-7, 9, 17, 21, 22, and
23 did not suppress the daf-28(sa191) mutation (Li et al., 2003). These data indicate that several
insulin-like ligands signal through or affect DAF-2 activity to affect developmental growth
and dauer formation, while other insulin-like ligands signal through other non-DAF-2 insulin
receptors.

What are the roles of the other ins genes? Until mutants are isolated, the function of this large
class of neuropeptides is largely unknown. Recently, INS-1 was identified as a key
neuropeptide in the integration of behavior with the functional state of the animal. When placed
on a thermal gradient well-fed animals move towards the temperature on which they were
cultivated, whereas starved animals avoid the temperature at which they were cultivated
(Hedgecock and Russell, 1975). This thermotaxis behavior is mediated by the thermosensory
neuron AFD, which signals through the AIY interneuron (Mori and Ohshima, 1995). Well-fed
ins-1 mutants exhibit normal thermotaxis, indicating that the basic thermosensory properties
of AFD are intact in the mutants. Similar to starved wild-type animals, starved ins-1 animals
slow when encountering food, demonstrating that ins-1 animals can recognize their starvation
state (Kodama et al., 2006). However, starved ins-1 mutant move towards rather than away
from their cultivation temperature, presumably because they cannot integrate cultivation
temperature with starvation state (Kodama et al., 2006). This integration defect can be rescued
by expression of ins-1 in different neurons and is partially suppressed by mutations in daf-2
and age-1, suggesting that INS-1 acts non-cell autonomously to antagonize signaling through
the DAF-2 receptor (Kodama et al., 2006).

INS-1, however, can also activate the DAF-2 receptor. Wild-type animals normally chemotax
towards sodium chloride (NaCl) (Ward, 1973). However, after pre-exposure to NaCl, starved,
but not well-fed animals will avoid NaCl; this behavior is referred to as salt chemotaxis learning
(Saeki et al., 2001). Several mutants, including daf-2, age-1, pdk-1, akt-1, and ins-1, are
defective for salt chemotaxis learning (Tomioka et al., 2006), implicating involvement of the
DAF-2 pathway in salt chemotaxis learning. Based on transgenic rescues and laser ablations,
Tomioka and co-workers (2006) propose that INS-1 is released from AIA interneurons to
activate DAF-2 receptors in ASER, thereby initiating the DAF-2 signaling cascade. Hence,
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INS-1 is involved in multiple integration events and whether it activates or antagonizes DAF-2
signaling is context dependent.

Acetylcholine is the primary excitatory transmitter at the neuromuscular junction in C.
elegans. Aldicarb blocks the effects of acetylcholinesterase, thereby increasing the amount of
acetylcholine at the synapse and causing paralysis and lethality (Nguyen et al., 1995). To
identify genes that are resistant to aldicarb, a genome-wide RNAi screen was performed on
eri-1;lin-15B or eri-1; dgk-1 lin-15B mutants, which have a sensitized background for RNAi
(Sieburth et al., 2005). In addition to the processing enzymes, decreased activity of four
neuropeptide genes, two ins genes (ins-22 and ins-31), one flp gene (flp-1), and one nlp gene
(nlp-12), conferred aldicarb-resistance, suggesting that the peptides encoded by these genes
modulate acetylcholine signaling (Sieburth et al., 2005).

The flp Family
Deletion mutants have been isolated for eleven flp genes (Nelson et al., 1998b; unpubl. obs.).
Inactivation of flp-1 causes several defects, including hyperactive movement (Nelson et al.,
1998b), defects in the timing of egg laying (Waggoner et al., 2000), thereby causing a decreased
number of eggs laid (unpubl. obs.), and decreased fat stores in flp-1(yn2) mutants (K. Ashrafi,
pers. comm.). FLP-1 peptides are also necessary for down-regulation of egg laying in the
absence of food (Waggoner et al., 2000) and modulation of acetylcholine signaling (see above;
Sieburth et al., 2005). The remaining flp mutants are currently being examined. Because so
many flp genes have overlapping expression patterns, the function of these genes may also
overlap and, therefore, be difficult to tease apart. Hence, deletion mutants are being screened
on a large variety of behavioral assays. For instance, the swimming or thrashing assay, which
involves placing animals in physiological buffer and counting the number of thrashes per
minute, is more sensitive for detecting locomotion defects than examining the animal’s
movement on a solid surface. By the thrashing assay, flp-9 was found to thrash significantly
less actively than wild-type animals (unpubl. obs.). Hence, to understand how the FLPs
function, mutants will be examined for subtle defects, animals carrying multiple knockouts
need to be isolated, and the receptor to which the peptides bind must be identified, as was done
in the case of flp-21. The function of flp-21 will be discussed in conjunction with the function
of its receptor, NPR-1.

The nlp Family
Although no nlp mutant has been examined thus far, several of the nlp genes may function as
anti-microbial peptides. In microarray analyses to identify genes whose expression levels are
changed in response to fungal or bacterial insults, expression of nlp-29, 31, and 33 was induced
(Couillault et al., 2004). Furthermore, the peptide encoded by nlp-31 has anti-microbial activity
and protects against fungal infection (Couillault et al., 2004). The peptides encoded by nlp-24,
25, 27, 28, and 30 are similar to those encoded by nlp-29, 31, and 33, suggesting that these
peptides also have anti-microbial functions (Couillault et al., 2004). nlp-29 is expressed in the
hypoderm and intestine (Nathoo et al., 2001), nlp-31 in the hypoderm and embryos (Nathoo
et al., 2001), and nlp-33 exclusively in the hypoderm (Couillault et al., 2004), suggesting that
the peptides encoded by these genes only function as anti-microbial agents. By contrast,
nlp-24 and 27 are also expressed in neurons (Nathoo et al., 2001) and may function both as
anti-microbial agents and neuropeptides. The expression patterns of nlp-25 and 28 are
unknown, so whether the peptides encoded by these genes also function as anti-microbial
agents is unknown. As described above, nlp-12 is involved in modulating acetylcholine
signaling (Sieburth et al., 2005).
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Neuropeptide Receptors
As mentioned above, the function of a specific neuropeptide may be difficult to discern. Not
only are multiple neuropeptides expressed in a single cell, but a specific neuropeptide may
bind to multiple receptors. As illustrated above with the insulin-like peptides and their
receptors, an alternative strategy to determine the function of neuropeptides is to inactivate the
receptors to which the peptides bind.

Of the 1000 G-protein-coupled receptors in C. elegans, over 50 of them are likely to be
neuropeptide receptors (Bargmann, 1998). Sixty G-protein receptors that were predicted to
bind either a small molecule transmitter or a neuropeptide were inactivated by RNAi and
screened for behavioral deficits (Keating et al., 2003). RNAi of six receptors, C16D6.2,
C25G6.5, C26F1.6, F35G8.1, F41E7.3, and F59C12.2, resulted in either an increased or
decreased brood size (Keating et al., 2003). Disruption by RNAi of eight receptors, AC7.1
(tachykinin-like), C15B12.5, C10C6.2, C24A8.4, F15A8.5, F59D12.1, T02E9.1, and
T05A1.1, causes locomotion defects (Keating et al., 2003). The phenotypes from the RNAi
data were confirmed in two cases by the isolation of deletion mutants in T05A1.1 and F35G8.1
(Keating et al., 2003). Several of the ligands for these receptors have now been identified (see
below).

For the FLPs, many FaRP receptors have been isolated from other systems. With the exception
of a molluscan FMRFamide-gated amiloride-sensitive channel that has homology to the
MEC-4 and MEC-6 mechanoreceptors (Lingueglia et al., 1995), other identified FMRFamide
receptors are G-protein coupled receptors (Tensen et al., 1998; Bonini et al., 2000; Cazzamali
and Grimmelikhuijzen, 2002; Meeusen et al., 2002; Duttlinger et al., 2003). To match FLP
ligands to specific G protein-coupled receptor binding partners, several groups have expressed
candidate receptors in either heterologous cells or Xenopus oocytes (Kubiak et al., 2003a, b;
Lowery et al., 2003; Rogers et al., 2003; Mertens et al., 2004; Table 2). Different FLP ligands
were applied and several assays were used as the read out. Interestingly, all FLP receptors
examined thus far can be activated by multiple FLPs. Some of the receptors are activated by
multiple peptides encoded by one gene, while other receptors can be activated by peptides
encoded by different genes. A few examples will be described below.

The Upjohn/Pharmacia group (Kubiak et al., 2003a,b;Lowery et al., 2003) transfected
candidate receptors and chimeric G proteins into Chinese hamster ovary (CHO) cells, and used
binding to GTPγS, a non-hydrolyzable form of GTP, as the readout. Binding of the cognate
ligand to the receptor would presumably activate the receptor, thereby activating G proteins.
GTPγS binding to membranes of transfected cells, therefore, indicates ligand binding. The
group determined that peptides encoded by flp-15, GGPQGPLRFamide and
RGPSGPLRFamide, activate C10C6.2 with an EC50 (concentration which produces 50%
maximal activation) of 250 and 160 nM, respectively (Kubiak et al., 2003b). No other FLP
activated the receptor, despite some FLPs, such as FLP-21 GLGPRPLRFamide, with high
sequence similarity at the C-terminus (Kubiak et al., 2003b).

Mertens and coworkers (2004) expressed candidate receptors and Gα16 in HEK or CHO cells
and screened for an increased calcium response, as monitored by an increase in fluorescence.
The sensitivity of this system may be lower than that when using GTPγS binding as the readout,
because the concentration of peptide needed to activate many receptors is generally much
higher (usually in the μM rather than nM range). Nevertheless, Mertens and coworkers found
that C26F1.6 binds to peptides encoded by two flp genes (Mertens et al., 2004). One flp-7-
encoded peptide, FLP-7-2 TPMQRSSMVRFamide, activates C26F1.6 with an EC50 of ~1
μM; by contrast, FLP-7-1 SPMQRSSMVRFamide, which differs from FLP-7-2 by only one
amino acid at the N-terminus, did not active the receptor at concentrations up to 10 μM.
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Interestingly, despite less sequence similarity, FLP-11-1 AMRNALVRFamide activates
C26F1.6 with an EC50 of ~1.33 μM.

A FLP receptor can also bind to a diverse group of peptides with a range of activities. The
Y59H11AL.1 receptor binds to 15 peptides encoded by 6 flp genes with EC50 values ranging
from 25 nM to 5 μM (Mertens et al., 2006). Only three of the peptides, however, FLP-7-3
SPMERSAMVRFamide (25 nM), FLP-1-8 KPNFMRYamide (100 nM), and FLP-11-1
AMRNALVRFamide (750 nM) have EC50 values less than 1 μM (Mertens et al., 2006). While
FLP-7-3 and FLP-11-1 have C-terminal sequence similarity, the structure of FLP-1-8 appears
to be very different. Note that peptides encoded by flp-7 bind to two receptors, C26F1.6 and
Y59H11AL.1. Where these two receptors are expressed may give us some clues as to how
FLP-7 peptides affect behavior. Given that a FLP receptor can bind to multiple peptides
encoded by different genes and a single peptide can bind to multiple receptors, the potential
complexity of peptide actions in C. elegans is astounding.

de Bono and coworkers searched specifically for the ligand to the NPR-1 receptor, a homologue
to the mammalian neuropeptide Y receptor. Mutations in the NPR-1 receptor affect aggregation
behavior (de Bono and Bargmann, 1998) and tolerance to alcohol (Davies et al., 2004). On an
agar plate with a bacterial food source, wild-type animals feed alone (referred to as solitary
feeding); a mutation in npr-1 causes the animals to aggregate during feeding (referred to as
social feeding) and accumulate at the edges of the bacteria (referred to as bordering behavior;
de Bono and Bargmann, 1998). The aggregation behavior of npr-1 mutants can be suppressed
by mutations in gcy-35 or gcy-36 (Cheung et al., 2004), both of which encode soluble guanylate
cyclases (Morton et al., 1999). GCY-35 guanylate cyclase binds oxygen, and the aggregation
behavior of npr-1 mutants may be related to oxygen levels in the local environment of the
animals (Gray et al., 2004). To identify the NPR-1 ligand, the de Bono group injected constructs
for NPR-1 as well as inwardly rectifying potassium channels into Xenopus oocytes, and
screened for receptor activation of the potassium channels (Rogers et al., 2003). Because no
neuropeptide Y is present in C. elegans, the assumption was that the NPR-1 ligand was a FLP.
Both Rogers et al. (2003) and Kubiak et al. (2003a) determined that FLP-21 binds to NPR-1;
in addition, Rogers et al. (2003) found that peptides encoded by flp-18 also activated NPR-1.
Animals carrying a mutation in flp-21 display only mild aggregation compared to npr-1 mutants
(Rogers et al., 2003). Two explanations may account for the difference in phenotypes between
the FLP-21 ligand and the NPR-1 receptor mutants. The first is that the flp-21 mutation may
be a partial loss of function allele instead of a null allele; the second is that FLP-18 ligands,
which also bind NPR-1, may functionally substitute for the loss of FLP-21 ligands (Rogers et
al., 2003). As with the other FLP receptors, NPR-1 is promiscuous in its binding to multiple
FLP ligands produced by different flp genes. As with other FLPs, FLP-18 peptides bind
multiple receptors, including NPR-1 (Kubiak et al., 2003a; Rogers et al., 2003) and Y58G8A.
4 receptor (Kubiak et al., 2008).

Pharmacology of FLP Neuropeptides
Because many of the FLPs have been also found in parasitic nematodes (Cowden et al.,
1989; Cowden and Stretton, 1993, 1995; Keating et al., 1995; Marks et al., 1999b) and,
therefore, present possible targets for anti-helminthetic drugs, there has been an interest in
examining the physiological effects of FLPs both in C. elegans as well as in parasitic
nematodes. In C. elegans the effects of FLPs have been examined in a pharyngeal preparation
(Table 2; Rogers et al., 2001). Muscles of exposed pharyngeal terminal bulbs were impaled
with microelectrodes to record changes of activity and action potential frequency. Surprisingly,
many of the tested FLPs modulated the action potential frequency (Rogers et al., 2001).
Peptides encoded by flp-5, 6, 8, and 14 increased the action potential frequency, while peptides
encoded by flp-1, 3, 9, 13, and 16 decreased the action potential frequency. These data are
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consistent with the expression of some of these FLPs in the pharynx (Kim and Li, 2004) and
suggest that multiple FLPs are involved in feeding behavior. Whether the different FLPs signal
through one or multiple FLP receptors has yet to be determined.

Similarly, application of peptides encoded by 20 flp genes had a range of effects on body wall,
reproductive, and pharyngeal muscle of Ascaris suum (Fellowes et al., 1998; Bowman et al.,
2002; Moffett et al., 2003; Trailovic et al., 2005; for reviews see Maule et al., 1996; Brownlee
et al., 1996; Brownlee and Walker, 1999; Brownlee et al., 2000), and it is likely that these FLPs
have similar effects in C. elegans. On Ascaris muscle, different FLPs can activate different ion
channels. Application of KPNFLRFamide (FLP-1-6) to somatic muscle cells, for instance,
opens chloride channels, while application of SDPNFLRFamide (FLP-1-4) opens potassium
channels (Bowman et al., 1996, 2002). The effects of KSAYMRFamide (FLP-6) on somatic
muscle are context-dependent: application to ventral muscles causes contraction while
application to dorsal muscles causes relaxation (Maule et al., 1994a). The response to FLPs
can also be more complex. For instance, application of KNEFIRFamide (FLP-8) or
KHEYLRFamide (FLP-14) to somatic muscle strips elicits biphasic responses consisting of
an initial hyperpolarization, followed by an excitatory phase of rhythmic contractions (Cowden
and Stretton, 1993; Bowman et al., 1996). More recently, Stretton and coworkers have begun
to characterize the effects of C. elegans and Ascaris FLPs on the synaptic activity of Ascaris
motor neurons (Davis and Stretton, 2001). Overall, the number of FLPs that can elicit
physiological effects is striking and highlights the complex and intricate ways that different
FLPs can modulate synaptic and muscle activity.

Summary
The diversity of neuropeptides in C. elegans rivals the numbers found in mammals. Although
many of the peptides appear to be invertebrate specific, the insulin-like and FMRFamide-
related peptides have counterparts in mammals. The daunting task of determining the
regulation and functions of the different peptides remains. This task is complicated by the
overlapping expression and redundant functions of the different peptides, as well as by their
ability to bind multiple receptors, and, likewise, by the ability of the receptors to bind multiple
ligands. While most, if not all, FLPs and NLPs are likely to signal through G protein-coupled
receptors and the insulin-like ligands to signal through receptor tyrosine kinases, the identities
of these receptors are still largely unknown. Despite the limited information available thus far,
we envision that neuropeptides are involved in all behaviors in C. elegans.
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Figure 1.
Processing of a neuropeptide gene product: flp-1 as an example. After translation of the
flp-1A transcript, pre-pro-FLP-1A is cleaved by signal peptidase in the endoplasmic reticulum
to release the signal peptide. The propeptide pro-FLP-1A is further cleaved C-terminal to
mono-, di-, or tribasic residues (indicated by K and R) by proprotein convertases, such as
EGL-3/KPC-2. The basic amino acids are removed by carboxypeptidases E, such as EGL-21,
to yield the basic neuropeptides. The FLP-1A peptides are further modified by the addition of
an amide group donated from the C-terminal glycine, a reaction which may be catalyzed by
T19B4.1, to yield the active peptides. After release, peptides are removed from the synaptic
cleft by proteolytic degradation, which may be mediated by NEP-1. With the exception of
PNFMRFYamide, all flp-1A encoded peptides have been biochemically isolated (Li, 2005).

Li and Kim Page 20

WormBook. Author manuscript; available in PMC 2009 September 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Li and Kim Page 21
Ta

bl
e 

1
N

eu
ro

pe
pt

id
e 

G
en

es
 E

nc
od

in
g 

In
su

lin
-li

ke
 P

ep
tid

es
 in

 C
. e

le
ga

ns

G
en

e#
C

os
m

id
L

G

Pu
ta

tiv
e 

pe
pt

id
es

@
E

xp
re

ss
io

n 
pa

tte
rn

+
Fu

nc
tio

n 
or

Ph
en

ot
yp

e
R

ec
ep

to
r

R
ef

.#

da
f-2

8
Y

11
6F

11
B

.1
V

V
PG

V
A

V
R

A
C

G
R

R
LV

PY
V

W
SV

C
G

D
A

C
EP

Q
EG

ID
IA

TQ
C

C
TY

Q
C

TA
EY

IQ
TA

C
C

PR
LL

A
SI

, A
SJ

, P
Q

R
,

ot
he

r n
eu

ro
ns

,
hi

nd
gu

t, 
ph

ar
yn

ge
al

m
us

cl
e,

 h
yp

od
er

m
is

pr
om

ot
es

re
pr

od
uc

-
tiv

e 
gr

ow
th

D
A

F-
2

1

in
s-

1
F1

3B
12

.5
IV

SI
R

LC
G

SR
LT

TT
LL

A
V

C
R

N
Q

LC
TG

LT
A

F
G

G
IA

TE
C

C
EK

R
C

SF
A

Y
LK

TF
C

C
N

Q
D

D
N

A
SI

, A
SJ

, A
SH

, A
D

F,
A

IA
, A

IM
, A

SE
, A

SG
,

A
W

A
, B

A
G

, N
SM

,
in

te
st

in
e,

 v
ul

va
l

m
us

cl
es

D
A

F-
2

an
ta

go
ni

st
?

D
A

F-
2?

2,
 3

,
4

in
s-

2
ZK

75
.2

II

V
Q

K
R

LC
G

R
R

LI
LF

M
LA

TC
G

EC
D

TD
SS

ED
LS

H
IC

C
IK

Q
C

D
V

Q
D

II
R

V
C

C
PN

SF
R

K
am

ph
id

ia
l, 

la
bi

al
,

ve
nt

ra
l c

or
d,

 &
ta

il 
ne

ur
on

s,
ph

ar
yn

x,
 v

ul
va

2

in
s-

3
ZK

75
.3

II

G
D

K
V

K
IC

G
TK

V
LK

M
V

M
V

M
C

G
G

EC
SS

TN
EN

IA
TE

C
C

EK
M

C
TM

ED
IT

TK
C

C
PS

R
am

ph
id

ia
l, 

la
bi

al
,

la
te

ra
l, 

ve
nt

ra
l

co
rd

, &
 d

or
sa

l
pr

oj
ec

tin
g 

ne
ur

on
s

2

in
s-

4
ZK

75
.1

II

V
PA

G
EV

R
A

C
G

R
R

LL
LF

V
W

ST
C

G
EP

C
TP

Q
ED

M
D

IA
TV

C
C

TT
Q

C
TP

SY
IK

Q
A

C
C

PE
K

am
ph

id
ia

l, 
la

bi
al

,
ve

nt
ra

l c
or

d,
do

rs
al

 p
ro

je
ct

in
g,

&
 ta

il 
ne

ur
on

s,
hy

po
de

rm
is

D
A

F-
2

2,
 5

in
s-

5
ZK

84
.3

II

A
D

R
H

TN
Y

R
SC

A
LR

LI
PH

V
W

SV
C

G
D

A
C

Q
PQ

N
G

ID
V

A
Q

K
C

C
ST

D
C

SS
D

Y
IK

ET
C

C
PF

D
am

ph
id

ia
l, 

la
bi

al
,

ve
nt

ra
l c

or
d,

la
te

ra
l p

ro
je

ct
in

g,
&

 ta
il 

ne
ur

on
s,

vu
lv

a

2

in
s-

6
ZK

84
.6

II

V
PA

PG
ET

R
A

C
G

R
K

LI
SL

V
M

A
V

C
G

D
LC

N
PQ

EG
K

D
IA

TE
C

C
G

N
Q

C
SD

D
Y

IR
SA

C
C

P
am

ph
id

ia
l, 

la
bi

al
,

ve
nt

ra
l c

or
d,

 &
ta

il 
ne

ur
on

s

D
A

F-
2

2

in
s-

7
ZK

12
51

.2
IV

V
PD

EK
K

IY
R

C
G

R
R

IH
SY

V
FA

V
C

G
K

A
C

ES
N

TE
V

N
IA

SK
C

C
R

EE
C

TD
D

FI
R

K
Q

C
C

P
am

ph
id

ia
l, 

la
bi

al
,

ve
nt

ra
l c

or
d,

 &
ta

il 
ne

ur
on

s

2

in
s-

8
ZK

12
51

.1
1

IV

V
PE

Q
K

N
K

LC
G

K
Q

V
LS

Y
V

M
A

LC
EK

A
C

D
SN

TK
V

D
IA

TK
C

C
R

D
A

C
SD

EF
IR

H
Q

C
C

P
am

ph
id

ia
l, 

la
bi

al
,

ve
nt

ra
l c

or
d,

 &
ta

il 
ne

ur
on

s, 
vu

lv
a

2

in
s-

9
C

06
E2

.8
X

TL
ET

EK
IY

R
C

G
R

K
LY

TD
V

LS
A

C
N

G
PC

EP
G

TE
Q

D
LS

K
IC

C
G

N
Q

C
TF

V
IR

K
A

C
C

A
D

K
L

A
SI

, A
SJ

O
ve

re
xp

re
s-

si
on

 c
au

se
s

em
br

yo
ni

c
an

d 
la

rv
al

ar
re

st

D
A

F-
2?

2

WormBook. Author manuscript; available in PMC 2009 September 23.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Li and Kim Page 22
G

en
e#

C
os

m
id

L
G

Pu
ta

tiv
e 

pe
pt

id
es

@
E

xp
re

ss
io

n 
pa

tte
rn

+
Fu

nc
tio

n 
or

Ph
en

ot
yp

e
R

ec
ep

to
r

R
ef

.#

in
s-

10
T0

8G
5.

12
V

A
FP

FQ
IC

V
K

K
M

EK
M

C
R

II
N

PE
Q

C
A

Q
V

N
K

IT
EI

G
A

LT
D

C
C

TG
LC

SW
EE

IR
IS

C
C

SV
L

2

in
s-

11
C

17
C

3.
4

II

A
PH

H
D

K
R

H
TA

C
V

LK
IF

K
A

LN
V

M
C

N
H

EG
D

A
D

V
LR

R
TA

SD
C

C
R

ES
C

SL
TE

M
LA

SC
TL

TS
SE

ES
TR

D
I

la
bi

al
, v

en
tra

l
co

rd
, &

 ta
il

ne
ur

on
s

2

in
s-

12
C

17
C

3.
19

II

A
PS

H
EK

TH
K

K
C

SD
K

LY
LA

M
K

SL
C

SY
R

G
Y

SE
FL

R
N

SA
TK

C
C

Q
D

N
C

EI
SE

M
M

A
LC

V
V

A
PN

FD
D

D
LL

H
2

in
s-

13
C

17
C

3.
18

II

N
K

C
O

Y
SK

K
K

Y
K

IC
G

V
R

A
LK

H
M

K
V

Y
C

TR
G

M
TR

D
Y

G
K

LL
V

TC
C

SK
G

C
N

A
ID

IQ
R

IC
L

2

in
s-

14
F4

1G
3.

16
II

SE
D

IK
C

D
A

K
FI

SR
IT

K
LC

IH
G

IT
ED

K
LV

R
LL

TR
C

C
TS

H
C

SK
A

H
LK

M
FC

TL
K

PH
EE

EP
H

H
EI

2

in
s-

15
F4

1G
3.

17
II

G
N

D
FQ

PR
D

N
K

H
H

SY
R

SC
G

ES
LS

R
R

V
A

FL
C

N
G

G
A

IQ
T

EI
LR

A
LD

C
C

ST
G

C
TD

K
Q

IF
SW

C
D

FQ
I

2

in
s-

16
Y

39
A

3A
.5

II
I

R
EL

K
R

C
SV

K
LF

D
IL

SV
IC

G
TE

SD
A

E
IL

Q
K

V
A

V
K

C
C

Q
EQ

C
G

FE
EM

C
Q

H
A

N
LK

ID
K

I
2

in
s-

17
F5

6F
3.

6
II

I

G
SL

K
LC

PP
G

G
A

SF
LD

A
FN

LI
C

PM
R

R
R

R
R

SV
SE

N
Y

N
D

G
G

G
SL

LG
R

TM
N

M
C

C
ET

G
C

EF
TD

IF
A

IC
N

PF
G

2

in
s-

18
T2

8B
8.

2
I

IS
LQ

Q
A

D
G

R
M

K
M

C
PP

G
G

ST
FT

M
A

W
SM

SC
SM

R
R

K
R

A
LI

A
PS

IR
Q

LQ
TI

C
C

Q
V

G
C

N
V

ED
LL

A
Y

C
A

PI
am

ph
id

ia
l, 

ve
nt

ra
l

co
rd

, t
ai

l, 
&

ph
ar

yn
ge

al
 n

eu
ro

ns

D
A

F-
2

an
ta

go
ni

st
?

D
A

F-
2?

2

in
s-

19
T1

0D
4.

13
II

Y
II

D
SS

ES
Y

EV
LM

LF
G

Y
K

R
TC

G
R

R
LM

N
R

IN
R

V
C

V
K

D
ID

PA
D

ID
PK

IK
LS

EH
C

C
IK

G
C

TD
G

W
IK

K
H

IC
SE

EV
LN

FG
FF

EN
O

ve
re

xp
re

s-
si

on
 c

au
se

s
la

rv
al

ar
re

st

D
A

F-
2?

2

in
s-

20
ZK

84
.7

II

K
EP

K
H

H
H

H
H

H
R

H
K

G
Y

C
G

V
K

A
V

K
K

LK
Q

IC
PD

LC
SN

V
D

D
N

LL
M

EM
C

SK
N

LT
D

D
D

IL
Q

R
C

C
PE

2

in
s-

21
M

04
D

8.
1

II
I

SK
SH

SK
K

H
V

R
FL

C
A

TK
A

V
K

H
IR

K
V

C
PD

M
C

LT
G

E
EV

EV
N

EF
C

R
M

G
Y

SD
SQ

IK
Y

IC
C

PE
am

ph
id

ia
l, 

ve
nt

ra
l

co
rd

, &
 ta

il
ne

ur
on

s

2

in
s-

22
M

04
D

8.
2

II
I

M
D

A
H

TD
K

Y
V

R
TL

C
G

K
TA

IR
N

IA
N

LC
PP

K
PE

M
K

G
IC

ST
G

E
Y

PS
IT

EY
C

SM
G

FS
D

SQ
IK

FM
C

C
D

N
Q

am
ph

id
ia

l, 
la

bi
al

,
ve

nt
ra

l c
or

d,
la

te
ra

l p
ro

ce
ss

pr
oj

ec
tin

g,
 &

 ta
il

ne
ur

on
s

M
od

ul
at

es
ac

et
yl

ch
ol

i
ne si

gn
al

in
g

2,
 6

WormBook. Author manuscript; available in PMC 2009 September 23.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Li and Kim Page 23
G

en
e#

C
os

m
id

L
G

Pu
ta

tiv
e 

pe
pt

id
es

@
E

xp
re

ss
io

n 
pa

tte
rn

+
Fu

nc
tio

n 
or

Ph
en

ot
yp

e
R

ec
ep

to
r

R
ef

.#

in
s-

23
M

04
D

8.
3

II
I

Q
V

TD
A

H
SE

LH
V

R
R

V
C

G
TA

II
K

N
IM

R
LC

PG
V

PA
C

EN
G

E
V

PS
PT

EY
C

SM
G

Y
SD

SQ
V

K
Y

LC
C

PT
SQ

am
ph

id
ia

l, 
la

bi
al

,
&

 v
en

tra
l c

or
d

ne
ur

on
s

2

in
s-

24
ZC

33
4.

3
I

M
G

LI
R

A
N

Q
G

PQ
K

A
C

G
R

SM
M

M
K

V
Q

K
LC

A
G

G
C

TI
Q

N
D

D
LT

IK
SC

ST
G

Y
TD

A
G

FI
SA

C
C

PS
G

FV
F

2

in
s-

25
ZC

33
4.

8
I

K
PE

A
Q

R
R

C
G

R
Y

LI
R

FL
G

EL
C

N
G

PC
SG

V
SS

V
D

IA
TI

A
C

A
TA

V
PI

ED
LK

N
M

C
C

PN
L

2

in
s-

26
ZC

33
4.

1
I

IG
N

H
H

H
G

TK
A

G
LT

C
G

M
N

II
ER

V
D

Q
LC

N
G

Q
C

TR
N

Y
D

A
LV

IK
SC

H
R

G
V

SD
M

EF
M

V
A

C
C

PT
M

K
LF

IH
2

in
s-

27
ZC

33
4.

11
I

FL
A

PS
TA

A
K

R
R

C
G

R
R

LI
PY

V
Y

SI
C

G
G

PC
EN

G
D

II
IE

H
C

FS
G

TT
PT

IA
EV

Q
K

A
C

C
PE

LS
ED

PT
FS

S
2

in
s-

28
ZC

33
4.

9
I

A
SP

TC
G

R
A

LL
H

R
IQ

SV
C

G
LC

TI
D

A
H

H
E

LI
A

IA
C

SR
G

LG
D

K
EI

IE
M

C
C

PI
2

in
s-

29
ZC

33
4.

10
I

D
FG

A
Q

R
R

C
G

R
H

LV
N

FL
EG

LC
G

G
PC

SE
A

PT
V

E
LA

SW
A

C
SS

A
V

SI
Q

D
LE

K
LC

C
PS

N
LA

2

in
s-

30
ZC

33
4.

2
I

R
EP

V
V

A
A

Q
G

A
K

K
TC

G
R

SL
LI

K
IQ

Q
LC

H
G

IC
TV

H
A

D
D

LH
ET

A
C

M
K

G
LT

D
SQ

LI
N

SC
C

PP
IP

Q
TP

FV
F

2

in
s-

31
 a

T1
0D

4.
4

II

FV
H

H
FD

H
SM

FA
R

PE
K

TC
G

G
LL

IR
R

V
D

R
IC

PN
LN

Y
TY

K
IE

W
EL

M
D

N
C

C
EV

V
C

ED
Q

W
IK

ET
FC

R
A

PR
FN

FF
G

PS
F

O
ve

re
xp

re
s-

si
on

 c
au

se
s

la
rv

al
ar

re
st

$ ;
M

od
ul

at
es

ac
et

yl
ch

ol
i

ne si
gn

al
in

g

D
A

F-
2?

2$ ; 6

in
s-

31
 b

K
A

LE
R

SC
G

PK
LF

TR
V

K
TV

C
G

E
D

IN
V

D
N

K
V

K
IS

D
H

C
C

TP
EG

G
C

TD
D

W
IK

EN
V

C
K

Q
TR

FN
FF

R
Q

FL
2$

in
s-

31
 c

D
SP

Q
R

SC
G

PQ
LF

K
R

V
N

TL
C

N
E

N
IN

V
EN

N
V

SV
SK

SC
C

ES
A

A
G

C
TD

D
W

IK
K

N
V

C
TQ

H
K

PF
V

FR
PG

FY
2$

in
s-

32
Y

8A
9A

.6
II

R
SR

R
EL

IC
G

R
R

LS
K

TV
TN

LC
V

EM
N

PQ
K

EE
D

IA
TK

C
C

K
N

K
G

C
SR

EY
IK

SI
M

C
PD

E
2, O

ST

in
s-

33
W

09
C

5.
4

I

H
G

Q
K

H
C

G
TK

IV
R

K
LQ

M
LC

PK
M

C
TI

SD
D

TL
LT

EM
C

SH
SL

FD
D

EI
Q

LR
C

C
PK

ED
E

2, O
ST

WormBook. Author manuscript; available in PMC 2009 September 23.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Li and Kim Page 24
G

en
e#

C
os

m
id

L
G

Pu
ta

tiv
e 

pe
pt

id
es

@
E

xp
re

ss
io

n 
pa

tte
rn

+
Fu

nc
tio

n 
or

Ph
en

ot
yp

e
R

ec
ep

to
r

R
ef

.#

in
s-

34
F5

2B
11

.6
IV

K
TT

A
A

PL
A

Q
V

N
PQ

C
LR

R
LT

LL
A

R
G

V
C

R
Q

PC
Q

PS
D

K
PK

TS
A

Q
Q

LL
Q

LA
C

SA
R

R
PT

N
EQ

II
SY

C
C

PE
K

SG
2

in
s-

35
K

02
E2

.4
V

K
M

D
EN

A
FG

IN
N

R
H

C
Q

R
A

LK
V

Y
SF

A
IC

G
A

IC
Q

N
Y

EK
IL

M
EG

C
G

ST
V

M
LT

M
Q

R
TK

LI
C

C
PE

PV
D

SD
EL

FN
2, O

ST

in
s-

36
Y

53
H

1A
.4

I

IR
K

R
H

PE
G

K
LV

IR
D

C
K

R
Y

LI
M

Y
SR

TI
C

K
EK

C
EK

FD
ER

N
D

IT
FS

IN
LQ

FI
FT

D
LL

V
EG

C
H

SN
Q

TL
SN

ER
TR

EL
C

C
PN

A
G

SN
2

in
s-

37
F0

8G
2.

6
II

N
PI

H
PV

PN
A

A
FL

PY
R

SC
G

SH
LV

H
R

A
FE

A
C

SG
K

K
D

R
SS

D
V

D
LW

K
M

C
C

K
D

EC
TD

LD
IK

ES
LC

K
Y

A
SQ

G
Y

G
V

2, O
ST

in
s-

38
C

17
C

3.
20

II

SQ
R

SH
V

FS
Y

K
K

H
C

G
R

R
IV

SL
V

Q
A

C
D

ID
H

D
LS

ID
C

C
TQ

N
C

SS
EF

V
SQ

R
SH

V
FS

Y

in
s-

39
F2

1E
9.

4
X

IF
R

M
TI

SF
C

SQ
V

EC
Q

N
M

EA
M

Q
K

IC
N

TT
TP

TI
H

V
G

EL
C

C
PE

FF
EQ

V
K

D
D

FV
TL

L
ES

T

# G
en

es
 fo

r w
hi

ch
 E

ST
s, 

O
R

Fe
om

es
 (O

ST
), 

or
 c

D
N

A
s h

av
e 

be
en

 is
ol

at
ed

 a
re

 in
 b

ol
d;

 e
nc

od
ed

 p
ep

tid
es

 a
re

 b
as

ed
 o

n 
se

qu
en

ce
 h

om
ol

og
ie

s t
o 

ot
he

r i
ns

ul
in

-li
ke

 p
ep

tid
es

. C
os

m
id

 a
nd

 L
G

 d
at

a 
on

ly
in

di
ca

te
d 

fo
r i

ns
-3

1 
a;

 in
s-

31
 b

 a
nd

 in
s-

31
 c

 a
re

 th
e 

sa
m

e.

$ U
nc

le
ar

 w
hi

ch
 in

s-
31

 c
on

st
ru

ct
 w

as
 u

se
d 

fo
r o

ve
re

xp
re

ss
io

n 
an

d 
fu

nc
tio

na
l d

at
a.

 S
ee

 R
ef

er
en

ce
s.

# R
ef

er
en

ce
s a

re
 as

 fo
llo

w
s:

 1
, L

i e
t a

l.,
 2

00
3;

 2
, P

ie
rc

e e
t a

l.,
 2

00
1;

 3
, K

od
am

a e
t a

l.,
 2

00
6;

 4
, T

om
io

ka
 et

 al
., 

20
06

; 5
, K

ao
 et

 al
., 

20
07

; 6
, S

ie
bu

rth
 et

 al
., 

20
05

. E
ST

 o
r O

ST
 in

 E
ST

 o
r O

R
Fe

om
e d

at
ab

as
es

in
di

ca
te

d 
on

ly
 if

 n
ot

 id
en

tif
ie

d 
in

 c
an

on
ic

al
 re

fe
re

nc
e 

an
d 

se
qu

en
ce

 sp
an

s a
t l

ea
st

 o
ne

 in
tro

n.
 M

od
ifi

ed
 fr

om
 L

i (
20

05
).

WormBook. Author manuscript; available in PMC 2009 September 23.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Li and Kim Page 25
Ta

bl
e 

2
N

eu
ro

pe
pt

id
e 

G
en

es
 E

nc
od

in
g 

FM
R

Fa
m

id
e-

re
la

te
d 

Pe
pt

id
es

 in
 C

. e
le

ga
ns

G
en

e#
C

os
m

id
L

G

Pu
ta

tiv
e 

pe
pt

id
es

@
E

xp
re

ss
io

n
pa

tte
rn

+
Fu

nc
tio

n 
or

 P
he

no
ty

pe
R

ec
ep

to
r^

R
ef

.##

flp
-1

F2
3B

2.
5

IV

* SA
D

PN
FL

R
FG

* SQ
PN

FL
R

FG
* A

SG
D

PN
FL

R
FG

* SD
PN

FL
R

FG
* A

A
A

D
PN

FL
R

FG
**

(K
)P

N
FL

R
FG

A
G

SD
PN

FL
R

FG
(K

)P
N

FM
R

Y
G

A
IA

, A
IY

,
A

V
A

, A
V

E,
A

V
K

, R
IG

,
R

M
G

, M
5

in
vo

lv
ed

 in
 lo

co
m

ot
io

n,
eg

g 
la

yi
ng

, a
nd

 fa
t

de
po

si
tio

n;
 S

A
D

PN
FL

R
F-

N
H

2
in

hi
bi

ts
 fr

eq
ue

nc
y 

of
ph

ar
yn

ge
al

 a
ct

io
n

po
te

nt
ia

ls
; m

od
ul

at
es

ac
et

yl
ch

ol
in

e 
si

gn
al

in
g

(C
25

G
6.

5,
Y

58
G

8A
.4

,C
16

D
6.

2,
Y

59
H

11
A

L.
1)

1-
11

,
K

A

flp
-2

W
07

E1
1.

3
X

* SP
R

EP
IR

FG
LR

G
EP

IR
FG

A
IA

, R
ID

,
PV

W
, I

5,
 M

C
(A

SI
, M

4,
he

ad
 m

us
cl

es
,

an
 e

xt
ra

 p
ai

r
of

 c
el

ls
 in

th
e 

he
ad

)

T1
9F

4.
1a

/b
2,

 9
,

10
, 1

2

flp
-3

W
07

E1
1.

2
X

SP
LG

TM
R

FG
* TP

LG
TM

R
FG

* EA
EE

PL
G

TM
R

FG
N

PL
G

TM
R

FG
* A

SE
D

A
LF

G
TM

R
FG

ED
G

N
A

PF
G

TM
R

FG
* SA

EP
FG

TM
R

FG
* SA

D
D

SA
PF

G
TM

R
FG

* N
PE

N
D

TP
FG

TM
R

FG

IL
1,

 P
Q

R
; S

P,
C

P9
SA

EP
FG

TM
R

F-
N

H
2 i

nh
ib

its
fr

eq
ue

nc
y 

of
 p

ha
ry

ng
ea

l
ac

tio
n 

po
te

nt
ia

ls

C
53

C
7.

1a
(Y

58
G

8A
.4

,
C

16
D

6.
2)

2,
6-

9, 12

flp
-4

C
18

D
1.

3
II

PT
FI

R
FG

A
SP

SF
IR

FG
A

D
L,

 A
SE

L,
A

V
M

, A
W

C
,

FL
P,

 P
H

A
,

PH
B

, P
V

D
, I

5,
I6

, N
SM

C
16

D
6.

2
2,

7,
12

flp
-5

C
03

G
5.

7
X

* G
A

K
FI

R
FG

A
G

A
K

FI
R

FG
A

PK
PK

FI
R

FG

PV
T,

 R
M

G
, I

4,
M

4,
ph

ar
yn

ge
al

m
us

cl
e,

am
ph

id
ia

l
ne

ur
on

, (
PB

,
I2

); 
ra

ys
 1

,
5,

 7
, H

O
B

G
A

K
FI

R
F-

N
H

2 i
nc

re
as

es
fr

eq
ue

nc
y 

of
 p

ha
ry

ng
ea

l
ac

tio
n 

po
te

nt
ia

ls

(C
25

G
6.

5)
2,

6-
8,

12

flp
-6

F0
7D

3.
2

V

x6
 * K

SA
Y

M
R

FG
* pQ

Q
D

SE
V

ER
EM

M
A

SE
, A

FD
,

A
SG

, P
V

T,
 I1

(o
ne

 o
r t

w
o

pa
irs

 o
f h

ea
d

ce
lls

); 
ra

ys
2,

 5
, 6

, 7

in
cr

ea
se

s f
re

qu
en

cy
 o

f
ph

ar
yn

ge
al

 a
ct

io
n

po
te

nt
ia

ls

2,
6,

8,
12

,1
3

WormBook. Author manuscript; available in PMC 2009 September 23.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Li and Kim Page 26
G

en
e#

C
os

m
id

L
G

Pu
ta

tiv
e 

pe
pt

id
es

@
E

xp
re

ss
io

n
pa

tte
rn

+
Fu

nc
tio

n 
or

 P
he

no
ty

pe
R

ec
ep

to
r^

R
ef

.##

flp
-7

F4
9E

10
.3

X

x3
 * SP

M
Q

R
SS

M
V

R
FG

x2
 *

TP
M

Q
R

SS
M

V
R

FG
SP

M
ER

SA
M

V
R

FG
SP

M
D

R
SK

M
V

R
FG

A
LA

, A
V

G
,

PH
B

, P
D

A
,

PV
W

, R
IC

, S
A

A
(R

M
D

V
/S

M
D

V
,

PH
A

)

Y
59

H
11

A
L.

1,
C

26
F1

.6
2,

 9
,

10
,

12
, 1

5

flp
-8

F3
1F

6.
4

X

x3
 * K

N
EF

IR
FG

A
U

A
, P

V
M

, U
R

X
(R

M
G

/A
D

A
, a

n
ex

tra
 p

ai
r o

f
ce

lls
 in

 th
e

he
ad

); 
C

P9

in
cr

ea
se

s f
re

qu
en

cy
 o

f
ph

ar
yn

ge
al

 a
ct

io
n

po
te

nt
ia

ls
;

ov
er

ex
pr

es
si

on
 c

au
se

s
de

fe
ca

tio
n 

de
fe

ct
s

in
vo

lv
ed

 in
 m

al
e 

tu
rn

in
g

be
ha

vi
or

2,
6,

12
,

16
,

A
S,

 U
P

flp
-9

C
36

H
8.

3
IV

x2
 * K

PS
FV

R
FG

in
hi

bi
ts

 fr
eq

ue
nc

y 
of

ph
ar

yn
ge

al
 a

ct
io

n
po

te
nt

ia
ls

; k
no

ck
ou

t
sh

ow
s s

lig
ht

sl
ug

gi
sh

ne
ss

(Y
59

H
11

A
L.

1)
6,

 8
,

9,
 1

2,
16

,
17

,
U

P

flp
-1

0
T0

6C
10

.4
IV

Q
PK

A
R

SG
Y

IR
FG

A
IM

, A
SI

,
A

U
A

, B
A

G
,

B
D

U
, D

V
B

,
PQ

R
, P

V
R

,
U

R
X

, v
ul

D

in
vo

lv
ed

 in
 m

al
e 

tu
rn

in
g

be
ha

vi
or

2,
12

flp
-1

1
K

02
G

10
.4

X

* A
M

R
N

A
LV

R
FG

* A
SG

G
M

R
N

A
LV

R
FG

* N
G

A
PQ

PF
V

R
FG

* SP
LD

EE
D

FA
PE

SP
LQ

G

A
U

A
, B

A
G

, D
A

,
D

D
, D

V
B

, L
U

A
,

PH
C

, P
V

C
,

SA
B

, U
R

X
, V

D
,

uv
1,

 h
ea

d
m

us
cl

e
(s

oc
ke

t
ce

lls
); 

ra
y 

4

Y
59

H
11

A
L.

1,
C

26
F1

.6
 (C

16
D

6.
2)

2,
6-

9,
12

, 1
5

flp
-1

2
C

05
E1

1.
8

X

* R
N

K
FE

FI
R

FG
A

V
H

/A
V

J, 
B

A
G

,
PD

A
, P

V
R

,
SA

A
, S

D
Q

, S
M

B
(B

D
U

); 
ra

ys
1,

 4
, 5

, 7
,

C
P9

in
vo

lv
ed

 in
 m

al
e 

tu
rn

in
g

be
ha

vi
or

2,
 1

2,
16

flp
-1

3
F3

3D
4.

3
IV

* A
M

D
SP

FI
R

FG
* A

A
D

G
A

PF
IR

FG
* A

PE
A

SP
FI

R
FG

* A
SP

SA
PF

IR
FG

* SP
SA

V
PF

IR
FG

A
SS

A
PF

IR
FG

* SA
A

A
PL

IR
FG

A
SE

, A
SG

,
A

SK
, B

A
G

, D
D

,
I5

, M
3,

 M
5

(a
n 

ex
tra

pa
ir 

of
 c

el
ls

in
 th

e 
he

ad
);

V
SP

A
PE

A
SP

FI
R

F-
N

H
2 i

nh
ib

its
fr

eq
ue

nc
y 

of
 p

ha
ry

ng
ea

l
ac

tio
n 

po
te

nt
ia

ls

(Y
59

H
11

A
L.

1)
2,

 6
,

8,
 9

,
12

,
16

,
18

, 1
9

flp
-1

4
Y

37
D

8A
.1

5
II

I

x4
 * K

H
EY

LR
FG

in
cr

ea
se

s f
re

qu
en

cy
 o

f
ph

ar
yn

ge
al

 a
ct

io
n

po
te

nt
ia

ls

(C
25

G
6.

5,
C

16
D

6.
2)

6,
 7

,
9,

 1
6,

20
, 2

1

WormBook. Author manuscript; available in PMC 2009 September 23.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Li and Kim Page 27
G

en
e#

C
os

m
id

L
G

Pu
ta

tiv
e 

pe
pt

id
es

@
E

xp
re

ss
io

n
pa

tte
rn

+
Fu

nc
tio

n 
or

 P
he

no
ty

pe
R

ec
ep

to
r^

R
ef

.##

flp
-1

5
ZK

52
5.

1
II

I

* G
G

PQ
G

PL
R

FG
* R

G
PS

G
PL

R
FG

PH
A

, I
2,

so
ck

et
/s

he
at

h
ce

lls
(p

ha
ry

ng
ea

l
m

us
cl

e,
se

ve
ra

l c
el

ls
in

 th
e 

he
ad

)

C
10

C
6.

2
C

16
D

6.
2

2,
7,

9,
 2

0,
22

flp
-1

6
F1

5D
4.

8
II

x2
 * A

Q
TF

V
R

FG
* G

Q
TF

V
R

FG
A

Q
TF

V
R

F-
N

H
2 i

nh
ib

its
fr

eq
ue

nc
y 

of
 p

ha
ry

ng
ea

l
ac

tio
n 

po
te

nt
ia

ls

6,
 8

,
20

flp
-1

7
C

52
D

10
.1

1
IV

x2
 K

SA
FV

R
FG

K
SQ

Y
IR

FG
B

A
G

, M
5 

(a
n

ex
tra

 p
ai

r o
f

ce
lls

 in
 th

e
he

ad
); 

ra
ys

1,
 5

, 7

2, 20

flp
-1

8
Y

48
D

7A
.2

X

**
(D

FD
)G

A
M

PG
V

LR
FG

* EM
PG

V
LR

FG
x3

 *
* (S

Y
FD

EK
K

)S
V

PG
V

LR
FG

* EI
PG

V
LR

FG
* SE

V
PG

V
LR

FG
* D

V
PG

V
LR

FG

A
V

A
, A

IY
,

R
IG

, R
IM

, M
2

(M
3,

 tw
o

ex
tra

 p
ai

rs
of

 c
el

ls
 in

th
e 

he
ad

);
ra

ys
 2

, 6

C
16

D
6.

2
Y

58
G

8A
.4

C
53

C
7.

1a
N

PR
-1

(C
25

G
6.

5,
F4

1E
7.

3)

2,
 6

,
7,

 9
,

15
,

19
,

20
,

23
-2

6,
U

P

flp
-1

9
M

79
.4

X

* W
A

N
Q

V
R

FG
* A

SW
A

SS
V

R
FG

A
IN

, A
W

A
,

B
A

G
, H

SN
, U

R
X

(a
n 

ex
tra

pa
ir 

of
 c

el
ls

in
 th

e 
ta

il)
;

ra
ys

 5
, 7

, 9
,

C
EM

2,
 6

,
8,

 9
,

20

flp
-2

0
E0

1H
11

.3
X

x2
 A

M
M

R
FG

A
LM

, A
SE

L,
A

V
M

, L
U

A
,

PL
M

, P
V

C
,

PV
M

, P
V

R
,

R
IB

/A
IB

 (P
V

T)

in
vo

lv
ed

 in
 m

al
e 

tu
rn

in
g

be
ha

vi
or

 a
nd

 m
as

se
d

tra
in

in
g 

re
te

nt
io

n

2,
 2

0,
O

H

flp
-2

1
C

26
F1

.1
0

V

G
LG

PR
PL

R
FG

A
D

L,
 A

SI
,

A
SH

, A
SJ

,
A

SK
, F

LP
,

U
R

A
, M

C
, M

4,
M

2;
 C

P6
–9

,
SP

, D
V

F

m
ut

at
io

n 
ca

us
es

 m
ild

ag
gr

eg
at

io
n 

be
ha

vi
or

N
PR

-1
C

25
G

6.
5

Y
58

G
8a

.4

2,
7,

23
-2

5

flp
-2

2
F3

9H
2.

1
I

x3
 * SP

SA
K

W
M

R
FG

A
IM

, A
SG

,
A

V
A

, A
V

G
,

A
V

L,
 C

EP
,

PV
D

, P
V

W
,

R
IC

/A
IZ

, R
IV

,
SM

D
, U

R
A

,
uv

1;
 6

 o
ut

 o
f

9 
C

P

(Y
59

H
11

A
L.

1)
2,

 6
,

8,
 9

,
20

WormBook. Author manuscript; available in PMC 2009 September 23.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Li and Kim Page 28
G

en
e#

C
os

m
id

L
G

Pu
ta

tiv
e 

pe
pt

id
es

@
E

xp
re

ss
io

n
pa

tte
rn

+
Fu

nc
tio

n 
or

 P
he

no
ty

pe
R

ec
ep

to
r^

R
ef

.##

flp
-2

3
F2

2B
7.

2
II

I

V
V

G
Q

Q
D

FL
R

G
(T

K
FQ

D
FL

R
FG

)
2,

 A
M

flp
-2

4
C

24
A

1.
1

II
I

* V
PS

A
G

D
M

M
V

R
FG

9,
 2

7

flp
-2

5
K

04
H

4.
7

II
I

D
Y

D
FV

R
FG

* A
SY

D
Y

IR
FG

9,
 2

7

flp
-2

6
R

17
3.

4
X

**
(E

)F
N

A
D

D
LT

LR
FG

* G
G

A
G

EP
LA

FS
PD

M
LS

LR
FG

* FR
LP

FQ
FF

G
A

N
ED

FN
SG

LT
* N

Y
Y

ES
K

PY

9,
 2

7

flp
-2

7
C

25
H

3.
5

II

(E
A

SA
FG

D
II

G
EL

K
G

K
)G

LG
G

R
M

R
FG

* pQ
PI

D
EE

R
PI

FM
E

9,
 2

7

flp
-2

8
W

07
E1

1.
4

X

* A
PN

R
V

LM
R

FG
9, U

P

flp
-3

2
R

03
A

10
.2

X

A
M

R
N

SL
V

R
FG

A
M

flp
-3

3
T0

7D
10

.6
I

* A
PL

EG
FE

D
M

SG
FL

R
TI

D
G

IQ
K

PR
FG

28

flp
-3

4
R

09
A

1.
5

I

A
LN

R
D

SL
V

A
SL

N
N

A
ER

LR
FG

SH
,

EL
S

# G
en

es
 fo

r w
hi

ch
 E

ST
s, 

O
R

Fe
om

es
 (O

ST
), 

cD
N

A
s, 

or
 e

nc
od

ed
 p

ep
tid

es
 h

av
e 

be
en

 is
ol

at
ed

 a
re

 in
 b

ol
d.

@
C

om
m

on
 se

qu
en

ce
s a

m
on

g 
pe

pt
id

es
 en

co
de

d 
by

 th
e s

am
e g

en
e a

re
 in

di
ca

te
d 

in
 b

lu
e.

 N
o.

 o
f c

op
ie

s o
f p

ep
tid

e e
nc

od
ed

 b
y 

ge
ne

 in
di

ca
te

d.
 A

 C
-te

rm
in

al
 g

ly
ci

ne
 d

on
at

es
 an

 am
id

e g
ro

up
 d

ur
in

g 
am

id
at

io
n.

+
B

as
ed

 o
n 

co
-lo

ca
liz

at
io

n 
w

ith
 n

ew
 m

ar
ke

rs
, s

om
e 

ex
pr

es
si

on
 p

at
te

rn
s h

av
e 

be
en

 re
vi

se
d 

fr
om

 p
ub

lis
he

d 
da

ta
 (K

im
 a

nd
 L

i, 
20

04
). 

U
si

ng
 a

n 
A

SE
-e

xp
re

ss
ed

 re
d 

flu
or

es
ce

nt
 p

ro
te

in
, O

. H
ob

er
t (

pe
rs

.
co

m
m

.) 
fo

un
d 

th
at

 A
SE

 d
id

 n
ot

 e
xp

re
ss

 fl
p-

5 
or

 fl
p-

21
 a

nd
 th

at
 o

nl
y 

A
SE

L 
ex

pr
es

se
d 

flp
-2

0.
 C

. B
ar

gm
an

n 
(p

er
s. 

co
m

m
.) 

co
nf

irm
ed

 th
at

 A
SE

 d
id

 n
ot

 e
xp

re
ss

 fl
p-

21
, a

nd
 fo

un
d 

th
at

 fl
p-

21
 w

as
 a

ls
o

ex
pr

es
se

d 
in

 A
SK

 a
nd

 A
D

L.
 C

el
ls

 in
 p

ar
en

th
es

es
 a

re
 v

ar
ia

bl
y 

ex
pr

es
se

d 
an

d/
or

 te
nt

at
iv

e 
id

en
tif

ic
at

io
ns

. C
el

ls
 a

fte
r s

em
i-c

ol
on

s a
re

 m
al

e-
sp

ec
ifi

c.

^ R
ec

ep
to

rs
 w

ith
 a

n 
EC

50
≤1

.5
 μ

M
 a

re
 in

di
ca

te
d;

 re
ce

pt
or

s w
ith

 a
n 

EC
50
≥1

.5
 μ

M
 a

re
 in

 p
ar

en
th

es
es

.

* Pe
pt

id
es

 h
av

e 
be

en
 b

io
ch

em
ic

al
ly

 is
ol

at
ed

* pe
pt

id
es

 in
cl

ud
in

g 
re

si
du

es
 in

 p
ar

en
th

es
es

 h
av

e 
be

en
 is

ol
at

ed
; n

on
-F

LP
 p

ep
tid

es
 a

re
 in

di
ca

te
d 

in
 g

re
en

.

1 FL
P-

14
/A

F2
 h

as
 a

ls
o 

be
en

 fo
un

d 
in

 H
ae

m
on

ch
us

 c
on

to
rt

us
 a

nd
 P

an
ag

re
llu

s r
ed

iv
iu

s.

WormBook. Author manuscript; available in PMC 2009 September 23.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Li and Kim Page 29
##

R
ef

er
en

ce
s a

re
 a

s f
ol

lo
w

s:
 1

, R
os

of
f e

t a
l.,

 1
99

2;
 2

, K
im

 a
nd

 L
i, 

20
04

; 3
, R

os
of

f e
t a

l.,
 1

99
3;

 4
, N

el
so

n 
et

 a
l.,

 1
99

8b
; 5

, W
ag

go
ne

r e
t a

l.,
 2

00
0;

 6
, R

og
er

s e
t a

l.,
 2

00
1;

 7
, L

ow
er

y 
et

 a
l.,

 2
00

3;
 8

, H
us

so
n

et
 a

l.,
 2

00
5;

 9
, H

us
so

n 
et

 a
l.,

 2
00

6;
 1

0,
 M

er
te

ns
 e

t a
l.,

 2
00

6;
 1

1,
 S

ie
bu

rth
 e

t a
l.,

 2
00

5;
 1

2,
 N

el
so

n 
et

 a
l.,

 1
99

8a
; 1

3,
 M

er
te

ns
 e

t a
l.,

 2
00

5;
 1

4,
 M

ar
ks

 e
t a

l.,
 1

99
8;

 1
5,

 M
er

te
ns

 e
t a

l.,
 2

00
4;

 1
6,

 D
av

is
 a

nd
St

re
tto

n,
 1

99
6;

 1
7,

 M
ar

ks
 e

t a
l.,

 1
99

9a
; 1

8,
 M

ar
ks

 e
t a

l.,
 1

99
7;

 1
9,

 M
ar

ks
 e

t a
l.,

 2
00

1;
 2

0,
 L

i e
t a

l.,
 1

99
9;

 2
1,

 M
ar

ks
 e

t a
l.,

 1
99

5;
 2

2,
 K

ub
ia

k 
et

 a
l.,

 2
00

3b
; 2

3,
 R

og
er

s e
t a

l.,
 2

00
3;

 2
4,

 K
ub

ia
k 

et
 a

l.,
20

03
a;

 2
5,

 d
e B

on
o 

an
d 

B
ar

gm
an

n,
 1

99
8;

 2
6,

 K
ub

ia
k 

et
 al

., 
20

08
; 2

7,
 M

cV
ei

gh
 et

 al
., 

20
05

; 2
8,

 H
us

so
n 

an
d 

Sc
ho

of
s, 

20
07

; p
er

s. 
co

m
m

.: 
K

A
, K

. A
sh

ra
fi;

 S
H

, S
te

ve
n 

H
us

so
n;

 A
M

, A
. M

au
le

; L
S,

 L
ili

an
ne

Sc
ho

of
s;

 U
P,

 u
np

ub
lis

he
d 

re
su

lts
; E

ST
 o

r O
ST

 in
 E

ST
 o

r O
R

Fe
om

e 
da

ta
ba

se
s i

nd
ic

at
ed

 o
nl

y 
if 

no
t i

de
nt

ifi
ed

 in
 c

an
on

ic
al

 re
fe

re
nc

e 
an

d 
se

qu
en

ce
 sp

an
s a

t l
ea

st
 o

ne
 in

tro
n.

 A
F,

 A
sc

ar
is

 su
um

; P
F,

Pa
na

gr
el

lu
s r

ed
iv

iu
s. 

M
od

ifi
ed

 fr
om

 L
i (

20
05

).

WormBook. Author manuscript; available in PMC 2009 September 23.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Li and Kim Page 30

Table 3
Neuropeptide Genes Encoding non-Insulin, non-FLP Peptides in C. elegans

Gene#
Cosmid
LG

Putative peptides@ Expression pattern+ Function or
Phenotype

Ref.*

nlp-1
C01C4.1
X

x3 *MDANAFRMSFG
*MDPNAFRMSFG

*VNLDPNSFRMSFG

ASI, AWC, PHB, BDU, 4 head
neurons, intestine

1, 2,
2, 3
4

nlp-2
T24D8.5
X

SIALGRSGFRPG
SMAMGRLGLRPG

x3 SMAYGRQGFRPG

1 head neuron, secretory cells
near vulva, intestine

2, OST

nlp-3
F48C11.3
X

AINPFLDSMG
AVNPFLDSIG

YFDSLAGQSLG

ADF, ASE, ASH, AWB, ASJ, BAG,
HSN, I1, I2, I3, I4, MI, M3,
NSMR, 3 head neurons, VNC, occ.
I6, M2, pm1VL, intestine

2

nlp-4
F59C6.6
I

SLILFVILLVAFAAARPVSEEVDRV
DYDPRTEAPRRLPADDDEVDGEDRV

DYDPRTDAPIRVPVDPEAEGEDRV

2

nlp-5
F35C11.1
II

SVSQLNQYAGFDTLGGMGLG
ALSTFDSLGGMGLG

ALQHFSSLDTLGGMGFG

ASI, 2 head neurons,
spermatheca; 1 male tail neuron

2

nlp-6
T23E7.4
X

*(MA)APKQMVFGFG
*YKPRSFAMGFG
*AAMRSFNMGFG

LIMGLG

ASI, IL1, 2 head neurons, 1
tail neuron, intestine

1, 2,
3,
4

nlp-7
F18E9.2
X

*LYLKQADFDDPRMFTSSFG
*SMDDLDDPRLMTMSFG
*MILPSLADLHRYTMYD

ADL, AFD, ASE, ASI, PHA, VNC, 4
head neurons, 2 RVG neurons

1, 2,
3,
4

nlp-8
D2005.2
I

*AFDRFDNSGVFSFGA
*AFDRMDNSDFFGA
*SFDRMGGTEFGLM

*YPYLIFPASPSSGDSRRLV

ASK, ADL, 6 head neurons, 2
tail neurons, I2, g1D, pm5L,
pm5R, 2 RVG, processes in
pharynx, intestine; HOB

1, 2,
3,
4

nlp-9
E03D2.2
V

GGARAFYGFYNAGNS
GGGRAFNHNANLFRFD
GGGRAFAGSWSPYLE

*TPIAEAQGAPEDVDDRRELE

ASI, AWB, 4 head neurons, 1
tail neuron, VNC, spermatheca,
vulval muscles, intestine

2, 3,
4

nlp-10
F37A8.4
III

AIPFNGGMYG
STMPFSGGMYG
AAIPFSGGMYG

GAMPFSGGMYG

ASK, ADL, CAN, 2 lateral
neurons, 1 tail neuron, 2 ant.
pharyngeal neurons; 1 male tail
neuron

2

nlp-11
ZK1320.10
II

*HISPSYDVEIDAGNMRNLLDIG
*SAPMASDYGNQFQMYNRLIDAG
*SPAISPAYQFENAFGLSEALERAG

IL1, 2 head neurons, VNC, PVD,
3 tail neurons, precomma
embryos

1, 2,
3, 4,
EST,
OST

nlp-12
M01D7.5
I

x2 *DYRPLQFG
*DGYRPLQFG

1 tail neuron Modulates
acetylcholine
signaling

2,
4, 5

nlp-13
E03D2.1
V

*NDFSRDIMSFG
*SGNTADLYDRRIMAFG

QPSYDRDIMSFG
*SAPSDFSRDIMSFG
*SSSMYDRDIMSFG
*SPVDYDRPIMAFG
*AEDYERQIMAFG

3 head neurons, NSM, M2, I4,
spermatheca, LUA, 1 tail cell,
dorsal and ventral hypoderm,
intestine

2, 3,
4

nlp-14
D1009.4
X

x2 ALDGLDGSGFGFD
x5 ALNSLDGAGFGFE
x3 ALDGLDGAGFGFD

*ALNSLDGQGFGFE
x3 ALNSLDGNGFGFD

ASI, ASK, and another amphidial
neuron, PHA, VNC, 2 RVG
neurons, intestine

1, 2,
3,
EST
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Gene#
Cosmid
LG

Putative peptides@ Expression pattern+ Function or
Phenotype

Ref.*

nlp-15
CC4.2
I

*AFDSLAGSGFDNGFN
x2 AFDSLAGSGFGAFN

AFDSLAGSGFSGFD
AFDSLAGQGFTGFE

AFDTVSTSGFDDFKL

ASH, CAN, HSN, BDU, 5 head
neurons, VNC, 3 RVG neurons, 1
tail neuron, intestine

1, 2,
3

nlp-16
T13A10.5
IV

STEHHRV
SEGHPHE

ATHSPEGHIVAKDDHHGHE
SSDSHHGHQ

*SVDEHHGHQ
*NAEDHHEHQ

SEHVEHQAEMHEHQ
STQEVSGHPEHHLV

7 head neurons, 1 lateral
neuron, intestine

2, 4

nlp-17
Y45F10A.5
IV

*GSLSNMMRIG
QQEYVQFPNEGVVPCESCNLGTLMRIG

1, 2,
3

nlp-18
F33A8.2
II

*SPYRAFAFA
ARYGFA

*SPYRTFAFA
ASPYGFAFA

*SDEENLDFLE

ASI, 4 head neurons, 2 tail
neurons, spermatheca, NSM, 2
ant. pharyngeal neurons, rectal
gland, intestine

1, 2,
3,
4

nlp-19
K09C8.6
X

IAGLRLPNFL
IGLRLPNML

MGMRLPNIIFL

4 head neurons, VNC in males,
NSM, 4 post. pharyngeal
neurons, spermatheca

2,
EST,
OST

nlp-20
F45E4.8
IV

FAFAFA
*SGPQAHEGAGMRFAFA

APKEFARFARASFA

4 head neurons, 4 tail neurons,
spermatheca, intestine, 1 ant.
pharyngeal neuron

2, 4

nlp-21
Y47D3B.2
III

GGARAFSADVGDDY
*GGARAFYDE

*GGARAFLTEM
*GGARVFQGFEDE

GGARAFMMD
GGGRAFGDMM
GGARAFVENS

(GGGRSFPVKPGRLDD)
*pQYTSELEEDE

AFD, 5 head neurons, VNC, 1
ant. pharyngeal neuron, 1 tail
neuron, embryo, intestine

1, 2,
3,
4

nlp-22
T24D8.3
X

SIAIGRAGFRPG 2

nlp-23
T24D8.4
X

LYISRQGFRPA
SMAIGRAGMRPG

AFAAGWNRG

tail, dorsal and ventral
hypoderm

2

nlp-24
F35B12.7
V

QWGGGPYGGYGPRGYGGGYGGG
YGGYGGRGPYGGYGGRGPYGYGG

GPYGGGGLVGALLG

ASI, spermatheca, 1 pharyngeal
neuron

anti-
microbial?

2, 6

nlp-25
Y43F8C.1
V

*pQWGGGYGNPYGGYG
GGGYGGGYGGGFGAQQAYNVQNAA

anti-
microbial?

2, 4,
6

nlp-26
Y43F8C.2
V

QFGFGGQQSFGGRGGQFGGMQRGGFNGN
*GGFGQQSQFGG

GGSQFNGRGGNQFGG

hypoderm 2, 4

nlp-27
B0213.2
V

QWGYGGMPYGGYGGMGGYGMGGYGMGY
MWGSPYGGYGGYGGYGGWG

ASI, 3 head neurons,
spermatheca, hypoderm,
intestine

anti-
microbial?

2, 6

nlp-28
B0213.3
V

QWGYGGYGRGYGGYGGYGRGMYGGYG
GMYGGYGRGMYGGWG

anti-
microbial?

2, 6,
OST

nlp-29
B0213.4
V

QWGYGGYGRGYGGYGGYGRGMYGGYG
GMYGGYGRGMYGGYGRGMYGGWG

hypoderm, intestine anti-
microbial?

2, 6
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Gene#
Cosmid
LG

Putative peptides@ Expression pattern+ Function or
Phenotype

Ref.*

nlp-30
B0213.5
V

QWGYGGYGRGYGGYGGYGRGYGGYG
GYGGYGRGMWGRPYGGYGWG

hypoderm anti-
microbial?

2, 6

nlp-31
B0213.6
V

QWGYGGYGRGYGGYGGYGRGYGGYGGYG
GYGGYGRGMYGGYGRPYGGYGWG

hypoderm, embryos anti-microbial 2, 6

nlp-32
F30H5.2
III

YGGWGGRGGWGRGGGRGYGGRRR
GGGWGGRGGGWGRGGGGRGFYGGG

anti-
microbial?

2, 6

nlp-33
T19C4.7
V

QWGYGGPYGGYGGGYGGGPWGYGGGW
RHWGGYGGGPWGGYGGGPWGGYY

hypoderm anti-
microbial?

6,
EST,
OST

nlp-34
B0213.17
V

PYGYGGYGGW
PYGYGWG

EST,AH

nlp-35
C33A12.2
IV

*AVVSGYDNIYQVLAPRF 1, 3,
4

nlp-36
B0464.3
III

*SMVARQIPQTVVADH 1, 3

nlp-37
F48B9.4
X

*NNAEVVNHILKNFGALDRLGDVG 1, 3,
4

nlp-38
C01A2.7
I

**(ASDDR)VLGWNKAHGLWG
*TPQNWNKLNSLWG
*SPAQWQRANGLWG

1, 3,
4, AH,
EST

nlp-39
C54C8.9
I

*EVPNFQADNVPEAGGRV 1, 3

nlp-40
Y74C9A.2
I

**APSAPAGLEEKL(R)
*pQPAADTFLGFVPQ

1, 3,
4

nlp-41
C04H5.8
II

*APGLFELPSRSV 1, 3,
4

nlp-42
Y80D3A.10
V

SALLQPENNPEWNQLGWAWG
NPDWQDLGFAWG

AH,
EST

#
Genes for which ESTs, ORFeomes (OST), cDNAs, or encoded peptides have been isolated are in bold.

@
Common sequences among peptides encoded by the same gene are indicated in blue. No. of copies of peptide encoded by gene indicated. A C-terminal

glycine donates an amide group during amidation. Some nlp peptide predictions have been revised.

+
Based on co-localization with new markers, some expression patterns have been revised from published data. Cells in parentheses are variably expressed

and/or tentative identifications.

*
Peptides have been biochemically isolated

*
peptides including residues in parentheses have been isolated; non-FLP peptides are indicated in green.

##
References are as follows: 1, Li et al., 1999; 2, Nathoo et al., 2001; 3, Husson et al., 2005; 4, Husson et al., 2006; 5, Sieburth et al., 2005; 6, Couillault

et al., 2004; pers. comm.: AH, Anne Hart; EST or OST in EST or ORFeome databases indicated only if not identified in canonical reference and sequence
spans at least one intron. Modified from Li (2005).
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Gene#
Cosmid
LG

Putative peptides@ Peptide
name

Name in
other
species

Ref.##

flp-1
F23B2.5
IV

*SADPNFLRFG
*SQPNFLRFG

*ASGDPNFLRFG
*SDPNFLRFG

*AAADPNFLRFG
**(K)PNFLRFG

AGSDPNFLRFG
(K)PNFMRYG

FLP-1-1
FLP-1-2
FLP-1-3
FLP-1-4
FLP-1-5
FLP-1-6
FLP-1-7
FLP-1-8

PF2
PF1
AF26

1-6

flp-2
W07E11.3
X

*SPREPIRFG
LRGEPIRFG

FLP-2-1
FLP-2-2

4, 7,
8

flp-3
W07E11.2
X

SPLGTMRFG
*TPLGTMRFG

*EAEEPLGTMRFG
NPLGTMRFG

*ASEDALFGTMRFG
EDGNAPFGTMRFG

*SAEPFGTMRFG
*SADDSAPFGTMRFG
*NPENDTPFGTMRFG

FLP-3-1
FLP-3-2
FLP-3-3
FLP-3-4
FLP-3-5
FLP-3-6
FLP-3-7
FLP-3-8
FLP-3-9

3, 4,
7, 8

flp-4
C18D1.3
II

PTFIRFG
ASPSFIRFG

FLP-4-1
FLP-4-2

7, 8

flp-5
C03G5.7
X

*GAKFIRFG
AGAKFIRFG

APKPKFIRFG

FLP-5-1
FLP-5-2
FLP-5-3

2, 7,
8

flp-6
F07D3.2
V

x6 *KSAYMRFG
*pQQDSEVEREMM

FLP-6-1
FLP-6-2

AF8/PF3 3, 7-
11

flp-7
F49E10.3
X

x3 *SPMQRSSMVRFG
x2 *TPMQRSSMVRFG

SPMERSAMVRFG
SPMDRSKMVRFG

FLP-7-1
FLP-7-2
FLP-7-3
FLP-7-4

4, 7,
8

flp-8
F31F6.4
X

x3 *KNEFIRFG FLP-8 AF1 7, 8,
12, 13

flp-9
C36H8.3
IV

x2 *KPSFVRFG FLP-9 3, 4,
8, 12,
14

flp-10
T06C10.4
IV

QPKARSGYIRFG FLP-10 7, 8

flp-11
K02G10.4
X

*AMRNALVRFG
*ASGGMRNALVRFG

*NGAPQPFVRFG
*SPLDEEDFAPESPLQG

FLP-11-1
FLP-11-2
FLP-11-3
FLP-11-4

AF21 3, 4,
7, 8,
10

flp-12
C05E11.8
X

*RNKFEFIRFG FLP-12 AF24 7, 8,
10, 12

flp-13
F33D4.3
IV

*AMDSPFIRFG
*AADGAPFIRFG
*APEASPFIRFG
*ASPSAPFIRFG
*SPSAVPFIRFG

ASSAPFIRFG
*SAAAPLIRFG

FLP-13-1
FLP-13-2
FLP-13-3
FLP-13-4
FLP-13-5
FLP-13-6
FLP-13-7

3, 4,
7, 8,
12,
15, 16
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Gene#
Cosmid
LG

Putative peptides@ Peptide
name

Name in
other
species

Ref.##

flp-14
Y37D8A.15
III

x4 *KHEYLRFG FLP-14 AF2/PF51 4, 12,
17-20

flp-15
ZK525.1
III

*GGPQGPLRFG
*RGPSGPLRFG

FLP-15-1
FLP-15-2

4, 7,
17

flp-16
F15D4.8
II

x2 *AQTFVRFG
*GQTFVRFG

FLP-16-1
FLP-16-2

AF15 3, 10,
17

flp-17
C52D10.11
IV

x2 KSAFVRFG
KSQYIRFG

FLP-17-1
FLP-17-2

7, 17

flp-18
Y48D7A.2
X

**(DFD)GAMPGVLRFG
*EMPGVLRFG

x3 **(SYFDEKK)SVPGVLRFG
*EIPGVLRFG

*SEVPGVLRFG
*DVPGVLRFG

FLP-18-1
FLP-18-2
FLP-18-3
FLP-18-4
FLP-18-5
FLP-18-6

(afp-1) 4, 7,
16,
17, 21

flp-19
M79.4
X

*WANQVRFG
*ASWASSVRFG

FLP-19-1
GLP-19-2

3, 4,
7, 17

flp-20
E01H11.3
X

x2 AMMRFG FLP-20 7, 17

flp-21
C26F1.10
V

GLGPRPLRFG FLP-21 AF9 7, 9,
17

flp-22
F39H2.1
I

x3 *SPSAKWMRFG FLP-22 3, 4,
7, 17

flp-23
F22B7.2
III

VVGQQDFLRG
(TKFQDFLRFG)

FLP-23 7, AM

flp-24
C24A1.1
III

*VPSAGDMMVRFG FLP-24 4, 22,
UP

flp-25
K04H4.7
III

DYDFVRFG
*ASYDYIRFG

FLP-25-1
FLP-25-2

4

flp-26
R173.4
X

**(E)FNADDLTLRFG
*GGAGEPLAFSPDMLSLRFG
*FRLPFQFFGANEDFNSGLT

*NYYESKPY

FLP-26-1
FLP-26-2
FLP-26-3
FLP-26-4

4, 22

flp-27
C25H3.5
II

(EASAFGDIIGELKGK)GLGGRMRFG
*pQPIDEERPIFME

FLP-27-1
FLP-27-2

4, 22

flp-28
W07E11.4
X

*APNRVLMRFG FLP-28 4,
UP

flp-32
R03A10.2
X

AMRNSLVRFG FLP-32 AM

flp-33
T07D10.6
I

*APLEGFEDMSGFLRTIDGIQKPRFG FLP-33 23

flp-34
R09A1.5
I

ALNRDSLVASLNNAERLRFG FLP-34 SH, LS
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#
Genes for which ESTs, ORFeomes (OST), cDNAs, or encoded peptides have been isolated are in bold.

@
Common sequences among peptides encoded by the same gene are indicated in blue. No. of copies of peptide encoded by gene indicated. A C-terminal

glycine donates an amide group during amidation.

*
Peptides have been biochemically isolated

*
peptides including residues in parentheses have been isolated; non-FLP peptides are indicated in green.

1
FLP-14/AF2 has also been found in Haemonchus contortus and Panagrellus redivius.

##
References are as follows: 1, Rosoff et al., 1992; 2, Rosoff et al., 1993; 3, Husson et al., 2005; 4, Husson et al., 2006; 5, Geary et al., 1992; 6, Yew et

al., 2005; 7, Kim and Li, 2004; 8, Nelson et al., 1998a; 9, Cowden and Stretton, 1995; 10, Yew et al., 2005; 11, Maule et al., 1994a; 12, Davis and Stretton,
1996; 13, Cowden et al., 1989; 14, Marks et al., 1999a; 15, Marks et al., 1997; 16, Marks et al., 2001; 17, Li et al., 1999; 18, Marks et al., 1995; 19,
Cowden and Stretton, 1993; 20, Maule et al., 1994b; 21, Edison et al., 1997; 22, McVeigh et al., 2005; 23, Husson et al., 2007; pers. Comm..: SH, Steven
Husson; AM, A. Maule; LS, Lilianne Schoofs; UP unpublished results. Modified from Li (2005).
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