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Signals from TGF-b superfamily receptors are transduced to the nucleus by Smad proteins, which
transcriptionally activate target genes. In Caenorhabditis elegans, defects in a TGF-b-related pathway cause a
reversible developmental arrest and metabolic shift at the dauer larval stage. Null mutations in daf-3 suppress
mutations in genes encoding this TGF-b signal, its receptors, and associated Smad signal transduction
proteins. daf-3 encodes a Smad protein that is most closely related to mammalian DPC4, and is expressed
throughout development in many of the tissues that are remodeled during dauer development. DAF-4, the
type II TGF-b receptor in this pathway, is also expressed in remodeled tissues. These data suggest that the
DAF-7 signal from sensory neurons acts as a neuroendocrine signal throughout the body to directly regulate
developmental and metabolic shifts in tissues that are remodeled during dauer formation. A full-length
functional DAF-3/GFP fusion protein is predominantly cytoplasmic, and this localization is independent of
activity of the upstream TGF-b-related pathway. However, this fusion protein is associated with chromosomes
in mitotic cells, suggesting that DAF-3 binds DNA directly or indirectly. DAF-3 transgenes also interfere with
dauer formation, perhaps attributable to a dosage effect. A truncated DAF-3/GFP fusion protein that is
predominantly nuclear interferes with dauer formation, implying a role for DAF-3 in the nucleus. These data
suggest that DAF-7 signal transduction antagonizes or modifies DAF-3 Smad activity in the nucleus to induce
reproductive development; when DAF-7 signals are disabled, unmodified DAF-3 Smad activity mediates dauer
arrest and its associated metabolic shift. Therefore, daf-3 is unique in that it is antagonized, rather than
activated, by a TGF-b pathway.
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In response to environmental signals, Caenorhabditis el-
egans has two distinct life-cycles—reproductive, in
which the animals rapidly grow to the adult reproductive
stage, and dauer, in which the animals arrest develop-
ment at the anatomically and metabolically distinctive
third-larval dauer stage (Riddle and Albert 1997). Envi-
ronmental conditions are sensed in chemosensory neu-
rons (Bargmann and Horvitz 1991), which couple to a
transforming growth factor b (TGF-b) signaling pathway
(Georgi et al. 1990; Estevez et al. 1993; Ren et al. 1996) as
well as an insulin-related signaling pathway (Morris et
al. 1996; Kimura et al. 1997) to trigger changes in the
development of the many tissues remodeled in dauer lar-
vae (Riddle and Albert 1997). Mutations in daf-7 [a
TGF-b homolog (Ren et al. 1996)], daf-4 [a type II TGF-b
receptor (Estevez et al. 1993)], daf-1 [a type I TGF-b re-
ceptor (Georgi et al. 1990)], daf-8, and daf-14 [Smad (for

small and mad) homologs (A. Estevez and D.L. Riddle,
pers. comm.; T. Inoue and J. Thomas, pers. comm.)]
cause constitutive arrest at the dauer stage even in con-
ditions that promote reproductive growth. These genes
constitute a neuronal signaling pathway that is active
during reproductive development. The DAF-7 TGF-b sig-
nal is produced by the sensory neuron ASI during repro-
ductive development, whereas daf-7 expression in this
neuron is inhibited during dauer-inducing conditions
(Ren et al. 1996; Schackwitz et al. 1996). DAF-7 binding
to the DAF-1/DAF-4 receptors has been suggested to ac-
tivate the DAF-8/DAF-14 Smads to promote a commit-
ment to reproductive growth (Ren et al. 1996; A. Estevez
and D.L. Riddle, pers. comm.; T. Inoue and J. Thomas,
pers. comm.).

A model for signaling by TGF-b and related receptors
has emerged recently. Binding of ligand induces dimer-
ization of receptors to produce an active signaling kinase
(Attisano et al. 1994; Miyazano et al. 1994). This com-
plex phosphorylates cytoplasmic Smad proteins and
causes them to relocate to the nucleus, where they act as
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transcription factors (Chen et al. 1996; Liu et al. 1996;
Mascias-Silva et al. 1996; Chen et al. 1997; Kim et al.
1997; Kretzschmar et al. 1997). The Smad protein phos-
phorylated is determined by the identity of the complex,
for example, BMP receptors phosphorylate Smad1
(Kretzschmar et al. 1997), whereas TGF-b and activin
receptors target Smad2 or Smad3 (Chen et al. 1996; Chen
et al. 1996; Lagna et al. 1996; Mascias-Silva et al. 1996;
Zhang et al. 1996, 1997). All of the above Smads interact
with DPC4, a member of a second class of Smad pro-
teins, and all three pathways are potentiated by DPC4
(Lagna et al. 1996; Mascias-Silva et al. 1996; Zhang et al.
1996, 1997; Kretzschmar et al. 1997); therefore, DPC4 is
thought to be a general cofactor for pathway-specific
Smads such as Smad1, Smad2, and Smad3. The small
TGF-b-related pathway in C. elegans also requires both a
DPC4-like Smad (sma-4) and two other Smads more
closely related to Smad-1 (sma-2 and sma-3) (Savage et
al. 1996). Drosophila melanogaster also has Mad, which
resembles Smad1, and a DPC4 homolog as well (P. Das
and R. Padgett, pers. comm.). The requirement for these
two basic types of Smads may be conserved in TGF-b
related-pathways across metazoan phylogeny.

Because Smad proteins are positive transducers of sig-
nals, the biological effect of overexpressing Smads is the
same as overexpressing or activating receptors (Baker
and Harland 1996; Graff et al. 1996), and the effect of
Smad mutations mimics the effect of loss-of-function
mutations in the receptors (Raftery et al. 1995; Sekelsky
et al. 1995; Savage et al. 1996). And, although screens for
enhancers of TGF-b pathway mutations have been suc-
cessful (Raftery et al. 1995), suppressors of TGF-b path-
way mutants have not been identified, except in the C.
elegans dauer pathway (Riddle et al. 1981; Thomas et al.
1993).

daf-3 is a unique TGF-b pathway gene in that it is
antagonized, rather than activated by the daf-7 TGF-b-
related pathway. The dauer-constitutive phenotypes of
mutations in the DAF-7 signal transduction pathway
genes (including putative null mutations, see below) are
suppressed fully by mutations in daf-3 (Riddle et al.
1981; Vowels and Thomas 1992). These genetic data in-
dicate that in the absence of DAF-7 signaling, the lack of
antagonism releases DAF-3 activity to induce dauer ar-
rest. In this report, we show that daf-3 encodes a novel
Smad, which is antagonized rather than activated by a
TGF-b-related pathway. We show that DAF-3 and the
TGF-b receptor DAF-4 are expressed widely in tissues
that remodel during dauer development, and therefore,
may transduce DAF-7 neuroendocrine signals through-
out the body to regulate tissue metabolism and develop-
ment. We show that a DAF-3/GFP fusion protein is
nuclear localized and perturbs dauer arrest when muta-
tions are directed to a conserved domain in the carboxy-
terminal region, and that DAF-3/GFP fusion proteins are
associated with mitotic chromosomes, indicating that
DAF-3 functions in the nucleus. The DAF-3 expression
level and subcellular localization is independent of up-
stream DAF-7 signal transduction activity, indicating
that the regulation of DAF-3 by DAF-7 signaling may

occur downstream of nuclear localization. We propose a
model for regulation of DAF-3 activity by the DAF-8/
DAF-14 Smads.

Results

daf-3 encodes a novel Smad

daf-3 mutations suppress the dauer constitutive pheno-
type induced by mutations in daf-7 and its associated
receptors and Smad proteins (Riddle et al. 1981; Vowels
and Thomas 1992; Thomas et al. 1993). To understand
the role of wild-type daf-3 in this pathway, it is impor-
tant to determine if this suppression is a loss-of-function
or gain-of-function phenotype, and whether it is the null
phenotype. We isolated a daf-3 null allele, which is miss-
ing the entire daf-3-coding region (see Materials and
Methods; Fig. 1A). This allele completely suppresses the
dauer constitutive phenotype of mutants in the daf-7
pathway (Table 1). Therefore, dauer arrest in a daf-7 mu-
tant depends on wild-type DAF-3 activity, suggesting
that DAF-7 signaling normally negatively regulates or
modifies DAF-3 gene activity to allow reproductive de-
velopment.

To discern the molecular basis of DAF-3 function in
this pathway, we determined the sequence and expres-
sion pattern of daf-3. Cosmids in the daf-3 genetic region
were assayed for gene activity by transformation. Cos-
mid B0217 partially complements a daf-3 mutation,
whereas other cosmids from the region do not (Fig. 1A).
Examination of sequence provided by the C. elegans Se-
quencing Consortium revealed a Smad-homologous gene
on B0217. A subclone of B0217 containing only a Smad
homolog, but no other predicted coding regions, also res-
cues daf-3. Our detection of mutations in the Smad ho-
molog (see below) confirmed its assignment to daf-3.
Analysis of daf-3 cDNAs reveals that the gene is tran-
scribed from 15 exons and is alternatively spliced. Four
daf-3 cDNAs were isolated and sequenced (Fig. 1B).
These cDNAs contain a 400-bp 38-untranslated region
(UTR), but no poly(A) tail; a C. elegans consensus poly-
adenylation sequence is found 12 bp beyond the 38 end of
the cDNAs. The longest of these four is likely to be
nearly full-length, as it contains a methionine codon and
the genomic sequence contains no other methionine
codon and no putative splice sites upstream before in-
frame stop codons. To characterize further the 58 end of
daf-3, PCR products from libraries or individual daf-3
cDNAs were sequenced. Two alternate spliced forms
were identified. Note that the first has the trans-spliced
leader SL1 that is found at the 58 end of many C. elegans
cDNAs; therefore, this cDNA represents a probable
daf-3 58 end. The alternative splicing affects regions up-
stream of the conserved Smad protein domains. No ge-
netic data support distinct functions for these distinct
DAF-3 isoforms.

The DAF-3 Smad protein is most closely related to
vertebrate DPC4, which is a likely cofactor for Smad1,
Smad2, and Smad3 (Lagna et al. 1996; Mascias-Silva et al.
1996; Zhang et al. 1996, 1997; Chen et al. 1997; Kretzs-
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chmar et al. 1997). Smads have two conserved domains
(Sekelsky et al. 1995; Massague 1996; Wrana and Atti-
sano 1996) and DAF-3 has 55% amino acid identity in
the probable DNA-binding domain I to DPC4 (Fig. 1C)
and 31% identity in the probable receptor interacting
domain II. DPC4 and SMA-4 are a distinct subclass of
Smads based on sequence and function (Hahn et al. 1996;
Lagna et al. 1996; Mascias-Silva et al. 1996; Savage et al.

1996; Zhang et al. 1996, 1997; Kretzschmar et al. 1997).
DAF-3, SMA-4, and DPC4 all have a small insertion in
the same location in domain II relative to Smad1, Smad2,
and Smad3 (shown in brackets in Fig. 1C). When DAF-3
is compared with other Smads, domain I of DAF-3 falls
into a subfamily with DPC4 and Sma-4 (Fig. 1D). Do-
main II of DAF-3 does not fall into any Smad subfamily
(data not shown).

Figure 1. daf-3 encodes a Smad protein most closely related to DPC4. (A) daf-3 cloning. daf-3 was genetically mapped to a region on
the X chromosome between aex-3 and unc-1 (A. Koweek and G. Patterson, unpubl.). B0217 complements daf-3 mutants in transfor-
mation rescue experiments; B0504 and C05H10 do not. mgDf90 is a deletion that removes all of daf-3. (B) Structure of daf-3-coding
region. At the top is the exon/intron structure of daf-3; coding exons are solid boxes, noncoding regions are open boxes, and lines are
introns. Conserved Smad domains I and II are indicated. The three classes of cDNA are shown, and 58 ends are indicated by vertical
lines. The accession numbers for the cDNAs shown are, top to bottom: AF005205, AF005206, and AF005207. (C) Protein sequence
alignment of C. elegans DAF-3 and its closest homolog, human DPC4, in the Smad conserved domains I and II. Dots indicate gaps
introduced to maximize alignment. The Smad mutational hot spot is underscored, and the insertion in DAF-3 and DPC4 relative to
other Smads is bracketed. In addition to mg125 and mg132, seven other daf-3 alleles were sequenced in the hot spot; none of them
contains a mutation. Alleles sequenced were mg91, mg93, mg105, mg121, mg126, mg133 (isolated by A. Koweek and G. Patterson,
unpubl.) and sa205 (Thomas et al. 1993). (D) Relationship of DAF-3 domain I to other Smads. Lineup was performed with the program
pileup (Genetics Computer Group 1994) using amino acids 137–245 of DAF-3 (GenBank accession no. AF005205) and corresponding
residues of the other Smads. (E) Comparison of carboxyl termini of Smads. The final 28–44 residues are shown. Residues that are
phosphorylated by receptor (in Smad1 and Smad2) or similar residues in similar positions (in other Smads) are shown in outline.
Aspartates in similar positions are shown in boldface type.
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The predicted DAF-3 protein has a unique sequence
feature at the carboxyl terminus. Most Smads have the
sequence SSXS at the carboxyl terminus, or a closely
related sequence (Fig. 1E). This sequence has been shown
to be phosphorylated by the upstream TGF-b-related re-
ceptors in the case of Smad1 and Smad2, and this phos-
phorylation event activates nuclear entry and transcrip-
tional activation by the Smads (Mascias-Silva et al. 1996;
Kretzschmar et al. 1997). At this same location, daf-3 has
one serine and two aspartate residues. This change is
interesting because, in many cases, a serine to aspartate
change has the same effect as phosphorylated serine—
the acidic amino acid simulates a negatively charged
phosphate group (e.g., see Weiser et al. 1995).

We identified three mutations in daf-3, all of which
were isolated as suppressors of daf-7(e1372). mgDf90 is a
homozygous viable deletion of 15–90 kb that removes
the entire Smad gene (Fig. 1A). This allele efficiently
suppresses daf-7 mutants (Table 1). Therefore, suppres-
sion of the daf-7 dauer-constitutive phenotype is the
daf-3 null phenotype, demonstrating that wild-type
DAF-7 TGF-b pathway signaling acts to antagonize
DAF-3. The daf-3(mgDf90) strain does not have any ap-
parent pleiotropies—the animals are healthy, move nor-
mally, progress from egg to adult at the same rate as wild
type, and >99% of the eggs hatch, similar to wild type.
daf-3(mg125) and daf-3(mg132) are missense mutations
that alter conserved residues in domains 1 and 2, respec-
tively (Fig. 1C). A majority of the mutations detected in
other Smads localize to a 45-amino-acid segment of do-
main II (Massague 1996; Wrana and Attisano 1996).
Clustering of mutations is observed even in DPC4, for
which homozygous null mutations have been identified
(Hahn et al. 1996), so the clustering is unlikely to be
attributable to selection for non-null mutations. This
hotspot region was sequenced in nine daf-3 alleles, and
no mutations were detected. This difference in mutation
location may be a simple statistical fluke, or may indi-
cate functional differences between DAF-3 and other
Smad proteins, consistent with the fact that DAF-3 is
antagonized, rather than activated, by upstream TGF-b
signaling.

DAF-3 Smad protein activity functions
antagonistically to Smad signaling downstream
of DAF-7 TGF-b-like signals

daf-3 mutations suppress the dauer constitutive pheno-

type of mutations in five genes, daf-1, daf-4, daf-7, daf-8,
and daf-14 (Riddle et al. 1981; Thomas et al. 1993). daf-7
encodes the probable TGF-b ligand (Ren et al. 1996),
daf-1 and daf-4 encode the probable DAF-7 receptors
(Georgi et al. 1990; Estevez et al. 1993), and daf-8 and
daf-14 encode Smad proteins that are likely to couple
to those receptors (A. Estevez and D.L. Riddle, pers.
comm.; T. Inoue and J. Thomas, pers. comm.). The daf-
3(mgDf90) null allele also suppresses completely the
dauer constitutive phenotypes of mutations in these
probable upstream TGF-b signaling components (Table
1). The suppression of mutations in the probable DAF-7
receptors as well as in the probable downstream DAF-8
and DAF-14 Smad proteins by daf-3(mgDf90) argues
strongly that DAF-3 does not antagonize this pathway
by, for example, competing with the DAF-8 and DAF-14
Smad proteins for coupling to the receptor kinases, as
has been observed for Smad7 (Hayashi et al. 1997; Topper
et al. 1997). Given that Smad proteins have been shown
to interact physically with each other and with upstream
receptor kinases, we tested the model that for example
unphosphorylated DAF-8 or DAF-14 Smad proteins may
be necessary for DAF-3-mediated dauer arrest. We found
that a daf-8(sa233); daf-14(m77); daf-3(mgDf90) triple
mutant is not dauer-constitutive, unlike the daf-
8(sa233); daf-14(m77) double mutant or the daf-8(sa233)
or daf-14(m77) single mutants (Table 1). Therefore,
when daf-3 is absent, daf-8 and daf-14 are not required
for reproductive growth. This suggests that engagement
of the DAF-1 and DAF-4 receptors by the DAF-7 ligand
during reproductive growth induces DAF-8 and DAF-14
Smad proteins to antagonize DAF-3 activity, and that
DAF-8 and DAF-14 have no function in the induction of
dauer arrest by the DAF-3 activity.

daf-3 and daf-4 are expressed in tissues remodeled
during dauer formation

To determine where DAF-3 may function to control
dauer formation, we examined the expression pattern of
a DAF-3/green fluorescent protein (GFP) fusion gene,
which partially rescues a daf-3 mutant (Fig. 3, below).
DAF-7 signaling from the ASI neuron begins during the
L1 stage (Ren et al. 1996; Schackwitz et al. 1996), and
neuron ablations and dauer-formation assays in various
environmental conditions indicate that the signal for
dauer formation is also received during the first two lar-
val stages (Swanson and Riddle 1981; Golden and Riddle
1984; Bargmann and Horvitz 1991). Therefore, we care-
fully examined L1 larvae. However, this pathway is not
only active during the dauer decision in L1 and L2. daf-7
and the other TGF-b-pathway-related genes affect dauer
recovery in the L3 stage, and egg-laying and locomotory
behavior in adults (Thomas et al. 1993; Trent et al. 1983).
In addition, these genes affect fat metabolism through-
out larval and adult development (Thomas et al. 1993;
Kimura et al. 1997; G. Ruvkun, unpubl.). daf-3 muta-
tions suppress these phenotypes efficiently, therefore,
we also examined daf-3 expression at later stages. We

Table 1. Suppression of dauer-constitutive mutants by a
null daf-3 allele

Dauer constitutive
mutation

Percent dauer arrest (no.)

daf-3(+) daf-3(mgDf90)

+ 0 (434) 0 (251)
daf-7(e1372) 100 (208) 0 (286)
daf-7(m62) 81 (211) 0 (291)
daf-8(sa233) 85 (267) 0 (285)
daf-14(m77) 76 (84) 0 (271)
daf-8(sa233); daf-14(m77) 100 (383) 0 (600)
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find that the expression of DAF-3/GFP is similar in the
four larval stages and adults (see below).

Almost every transgenic animal shows strong DAF-3/
GFP expression in many, but not all, head neurons (Fig.
2A), the ventral nerve cord (both cell bodies and pro-
cesses; Fig. 2B), the intestinal cells (Fig. 2C), especially
the membrane adjacent to the intestinal lumen, and tail
hypodermal cells and neurons. Weak expression in the
pharynx, hypodermal V blast cells, P blast cells and hyp
7 hypodermal cells is observed in about half of the trans-
genic animals (data not shown). Expression in the tail
hypodermal cells hyp 9, hyp 10, and hyp 11 is clearly
seen in nearly every animal. This apparent difference
between tail hypodermal expression and main body ex-
pression may be a consequence of the anatomy of the
animal. The main body hypodermis is underlain by
bright GFP in the intestine and ventral nerve cord, so
weak expression in the hypodermis is hard to see against
this background. In the region of hyp 9, hyp 10, and hyp

11, the body is solid hypodermis with no underlying tis-
sue (Sulston et al. 1983). Expression is rarely detected in
dorsal body wall muscle. DAF-3/GFP is expressed in the
distal tip cells and in their precursors, Z1.a and Z4.p,
throughout development (Figs. 2D and 4, below). The
distal tip cells have a key role in development of the
somatic gonad and germ line (Kimble 1981; Kimble and
White 1981); expression of DAF-3/GFP there may indi-
cate a role for daf-3 in gonad developmental arrest. DAF-
3/GFP is also expressed strongly in unidentified vulval
cells in adults. In wild-type embryos of 200–400 cells,
DAF-3/GFP is expressed uniformly thoughout the em-
bryo (Fig. 2E). Under the conditions of the experiment,
which promote reproductive growth, the subcellular lo-
calization of the DAF-3/GFP protein is mainly cytoplas-
mic (Fig. 2B–E, and see below).

The expression pattern of DAF-4 supports the model
that DAF-4 and DAF-3 transduce DAF-7 signals in tis-
sues that are remodelled during dauer development. We
examined the expression of a DAF-4/GFP fusion gene
that complements a daf-4 mutant (Fig. 2F–G; see Mate-
rials and Methods). The pattern of DAF-4/GFP expres-
sion is similar to that of DAF-3/GFP, except that DAF-
4/GFP is localized to membranes, consistent with its
role as a receptor. As in the case of DAF-3/GFP, almost
every DAF-4/GFP transgenic animal shows strong GFP
fluorescence in many, but not all, head neurons (Fig. 2F),
the ventral nerve cord (both cell bodies and processes,
see Fig. 2G), intestinal cells, and tail neurons (data not
shown). DAF-4/GFP is expressed more strongly than
DAF-3/GFP in the pharynx (Fig. 2F,G), and more weakly
in the ventral nerve cord cell bodies. DAF-4/GFP is ex-
pressed rarely in main body hypodermis, but, like DAF-
3, is expressed in tail hypodermis. As described in the
previous paragraph, this apparent difference in the tail
versus the main body may be attributable to effects of
the anatomy on scoring. DAF-4/GFP is not localized to
the membrane surrounding the intestinal lumen, nor is
it expressed in the distal tip cell or its precursors, unlike
DAF-3/GFP. As with DAF-3, expression of DAF-4/GFP
is similar in larval stages and adults. Expression of DAF-
4/GFP in wild-type animals is detected later than DAF-
3/GFP; DAF-4/GFP is first detectable at late embryogen-
esis when the embryo resembles an L1 larva. Using anti-
GFP antibodies, we verified the difference in embryonic
expression of DAF-4/GFP and DAF-3/GFP. We found
that the antibodies recapitulated the results with direct
GFP fluorescence: DAF-3/GFP is expressed in early em-
bryos; DAF-4/GFP is not.

Smad1 and Smad2 relocalize to become predominantly
nuclear when the upstream TGF-b signaling pathways
are activated (Baker and Harland 1996; Hoodless et al.
1996; Liu et al. 1996; Macias-Silva et al. 1996; Kretzs-
chmar et al. 1997). In wild type, DAF-3/GFP is primarily,
although not exclusively, cytoplasmic. DAF-3/GFP sub-
cellular distribution was examined in head neurons in
the vicinity of ASI (the cell that produces the DAF-7
signal), as well as in intestinal cells. DAF-3/GFP was
predominantly cytoplasmic in all animals. However, in
all animals, dim GFP fluorescence was seen in the

Figure 2. DAF-3 and DAF-4 expression. All DAF-3 photo-
graphs show animals with the full-length functional DAF-3/
GFP fusion gene shown in Fig. 3. In A and C–F, intrinsic fluo-
rescence is used to visualize GFP; in B and G, anti-GFP anti-
bodies are used. (A) DAF-3/GFP head expression in an L1
animal. Weak DAF-3/GFP expression in the pharynx impedes
cell identification, but the main body of the pharynx is filled,
implying expression in pharyngeal muscle. (B) DAF-3/GFP ex-
pression in the ventral nerve cord of an adult animal. L1 animals
look similar. (C) DAF-3/GFP expression in the intestine of an
L1 animal. (D) DAF-3/GFP expression in the distal tip cell of an
L4 animal. (E) DAF-3/GFP expression in an embryo with ∼200
nuclei. (F) DAF-4/GFP expression in the head of an L1 animal.
(G) DAF-4/GFP expression in the dorsal nerve cord and ventral
nerve cord of an L4 animal. Although the intestine can be seen
in this picture, the DAF-4/GFP is not visible, because in this
focal plane, the intestinal cell membrane is obscured by the
bright fluorescence in the nerve cords.
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nucleus of some of the cells with bright cytoplasmic
fluorescence, and in ∼25% of the animals, equivalent
DAF-3/GFP levels in the nucleus and cytoplasm was ob-
served in one or more cells.

Because DAF-3 activity is antagonized by DAF-7
TGF-b pathway signaling, we expect that DAF-3 is most
active (and perhaps localized to the nucleus) when these
genes are inactive. We therefore observed the subcellular
localization of the full-length DAF-3/GFP fusion protein
in the head neurons, tail neurons, and intestine of dauer-
constitutive mutant L1 worms, when DAF-3 gene activ-
ity is predicted to be highest. In daf-1(m402), daf-
4(m72), daf-7(m62), daf-8(sa233), and daf-14(m77) mu-
tants, DAF-3/GFP was predominantly cytoplasmic,
although, as in wild type, nuclear GFP was observed in a
subset of cells. Even in the neurons nearest to ASI, where
the DAF-7 signal should be strongest, we detected no
change in DAF-3/GFP subcellular localization in these
mutant animals. The DAF-3/GFP fusion protein is also
predominantly cytoplasmic in L1 and L2 stages of larvae
induced to form dauers by environmental conditions or
by mutations in the insulin receptor pathway gene daf-2,
rather than by mutations in the DAF-7 signaling path-
way mutants (data not shown). The tissue-specific ex-
pression pattern of DAF-3/GFP was unaltered in these
mutant backgrounds (data not shown). Therefore, we see
no evidence that DAF-3 localization is regulated by these
upstream receptors or Smads.

A truncated DAF-3/GFP is nuclear localized
and full-length DAF-3/GFP associates with
mitotic chromosomes

The homology of DAF-3 domain I to the DNA-binding
domain of Drosophila MAD indicates that DAF-3 func-
tions in the nucleus. This hypothesis is supported by two
additional observations. First, a truncated DAF-3/GFP
fusion that is missing most of conserved domain II is
predominantly nuclear (Fig. 4A, below). This fusion pro-
tein interferes with dauer induction; like a daf-3 loss-of-
function mutant, it suppresses mutations in daf-7 (Fig.
3). Because this truncated protein is predominantly
nuclear, it may repress dauer formation by acting in the
nucleus. This result suggests that wild-type DAF-3 also
has a function in the nucleus. However, we find that a
full-length DAF-3/GFP fusion also suppresses mutations
in daf-7, as does a full-length DAF-3 transgene without
GFP (Fig. 3). These constructs are likely to contain com-
plete regulatory sequences for daf-3, as each contains
DNA extending to the next predicted gene both left and
right of daf-3; therefore, we suspect that the suppression
is attributable to overexpression, rather than misexpres-
sion, of DAF-3. This suppression indicates that overex-
pression of DAF-3 has dominant-negative activity, per-
haps attributable to interference with DAF-3 interac-
tions with receptors or cofactors such as other Smads.

A second indication that DAF-3 acts in the nucleus is
that DAF-3/GFP is associated with chromosomes in in-
testinal cells during mitosis. These cells divide at the
end of the L1 stage, and antibody staining with anti-GFP

antibodies and anti-a-tubulin antibodies reveals that
DAF-3/GFP associates with chromosomes between the
spindles during mitosis (Fig. 4B). DAF-3/GFP was seen
between spindles (190 spindles were examined; 130
showed GFP fluorescence between the spindles, coinci-
dent with DAPI). Two control GFP fusion genes (see Ma-
terials and Methods) did not show such mitotic localiza-
tion (0/91 spindles). We see DAF-3 GFP co-localized
with DAPI from prophase to late anaphase. DAF-3/GFP
was associated with nuclei in prophase by the following
criteria. The spindles were present on either side of the
nucleus, but the nucleus had not broken down com-
pletely. In particular, an indistinct nucleolus was pre-
sent. In some cases, we see the anaphase or telophase
chromosomes—two spots in which GFP and DAPI co-
localize can be seen, flanked by spindles. At this point in
mitosis, DAF-3/GFP fades and becomes undetectable as
the nuclei reform the nuclear envelope and nucleolus.
Therefore, DAF-3 can associate with chromosomes, con-
sistent with the hypothesis that it is a transcriptional
activator that acts in the nucleus. DAF-3 is not predicted
from its mutant phenotype to have a role in mitosis, and
we have found that the nuclear divisions in the intestine
occur normally in daf-3 null mutants (data not shown). It
is possible that the brighter GFP on mitotic chromo-
somes is attributable to increased access to DNA caused
by the breakdown of the nuclear envelope.

The DAF-3/GFP fusion that has an intact domain 1
but a truncated domain 2 is also associated with mitotic

Figure 3. Rescuing ability and suppression of daf-7 by daf-3
plasmids. The solid boxes represent the Smad conserved do-
mains I and II of daf-3; the stippled boxes represent GFP. For all
experiments shown, daf-3 plasmids were injected at a concen-
tration of 10 ng/µl and the pRF4 injection marker was injected
at a concentration of 90 ng/µl. To score dauer formation, syn-
chronous broods of transgenic animals were scored after two
days at 25°C. The rescue experiment shows the rescue of daf-
7(m62); daf-3(e1376) by each of the fusion proteins. The control
is a transgenic array with the pRF4 transformation marker and
a nonrescuing cosmid. For each construct, four or more lines
were measured in two separate experiments. To measure sup-
pression of daf-7, transgenic arrays were crossed to a daf-7 strain
(for plasmids 1 and 3), or produced by injecting directly into
daf-7 (plasmid 2). The controls are two transgenic strains with
the pRF4 marker and an unrelated GFP-expressing transgene.
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chromosomes (62/107 spindles). This result is consistent
with the finding that Drosophila MAD domain 1 binds
DNA (Kim et al. 1997), whereas domain 2 of Smad3 and
Smad4 serve to allow interactions with other Smads (Wu
et al. 1997). This DAF-3/GFP fusion protein, with its
homologous domain 1 intact, and most of domain 2
missing, interacts with metaphase chromosomes to the
same extent as full-length DAF-3/GFP. In addition, this
protein can interfere with wild-type DAF-3 to the same
extent as high-copy DAF-3 (Fig. 3). These results are con-
sistent with DAF-3 domain 1 mediating DAF-3-binding
to DNA.

Discussion

The DAF-3 Smad protein is antagonized by, rather than
activated by, the DAF-7 TGF-b-related signaling path-
way. DAF-3 and DAF-4, the type II TGF-b receptor in
this signaling pathway, are expressed widely in the ani-
mal, and therefore may constitute a signal transduction
pathway that controls the morphogenetic and metabolic
changes in tissues that are remodelled during dauer for-
mation. A DAF-3/GFP protein from a rescuing expres-
sion construct localizes to both the cytoplasm and the
nucleus in the many cells that express the protein. The
expression level and subcellular localization of DAF-3 is
not coupled to environmental conditions or mutations

in pathways that regulate dauer formation, suggesting
that the upstream TGF-b-signaling pathway genes regu-
late DAF-3 activity at a step other than subcellular lo-
calization.

The combination of the DAF-3 and DAF-4 expression
patterns suggests that these genes act to transduce
DAF-7 neuroendocrine signals in tissues that are remod-
elled during dauer development. A neuroendocrine mode
of action is similar to that of the TGF-b homolog activin,
which was discovered as a neuroendocrine factor that
acts in gonadotropin signaling in humans (Vale et al.
1990). The early expression of DAF-3 in embryos is also
consistent with a model that DAF-3 acts during embry-
onic development, for example, to mediate the develop-
ment of neuronal pathways that emit neuroendocrine
signals to antagonize DAF-7 TGF-b signaling during the
L1 stage. However, our data favor a function for DAF-3 in
transduction of environmental signals during the L1 and
L2 stages (1) DAF-7 TGF-b signal from ASI neurons oc-
curs during the L1 and L2 stages and is repressed by
dauer-inducing environmental conditions (Ren et al.
1996; Schackwitz et al. 1996). Genetic analysis of daf-3
shows that its activity is regulated by DAF-7 (Table 1).
(2) Expression of the DAF-4 type II receptor begins in
very late embryogenesis. (3) The expression patterns of
DAF-3 and DAF-4 are coincident in most of the tissues
remodeled during dauer morphogenesis. For example,
DAF-3 and DAF-4 are both expressed in the hypodermis
that secretes a modified dauer cuticle and in the pharynx
that is slimmed. In addition, DAF-4 and DAF-3 are ex-
pressed in the intestine and hypodermis of dauer larvae,
which contain large fat stores indicative of a metabolic
shift to fat storage (Kimura et al. 1997; Riddle and Albert
1997). The expression of both the DAF-4 TGF-b family
receptor kinase and the DAF-3 Smad protein in these
target tissues is consistent with a model that the DAF-7
neuroendocrine signal from the ASI neuron is received
directly by these tissues during reproductive develop-
ment. In addition, the observation that DAF-4 and
DAF-3 are expressed in many of the same cells is con-
sistent with a model that DAF-4/DAF-1 signaling to
downstream Smads (DAF-8 and DAF-14 are likely can-
didates) directly regulates DAF-3 gene activity. One ex-
ception to this coexpression is the distal tip cells of the
gonad, which control gonad growth and development
during the C. elegans reproductive life cycle (Kimble
1981; Kimble and White 1981). Gonad development is
arrested in animals that enter the dauer stages, so ex-
pression of DAF-3/GFP in the distal tip cells is consis-
tent with the control of gonad development by DAF-3.
However, we do not observe expression of DAF-4/GFP in
the distal tip cells. It is possible that this cell does not
have a key role in gonad developmental arrest at the
dauer stage, or that DAF-4/GFP is below the detection
threshold in these cells.

Both DAF-3/GFP and DAF-4/GFP have a similar ex-
pression pattern in larval and adult stages. This result is
not surprising given that daf-7 and the other TGF-b-
pathway-related genes affect fat metabolism and egg-lay-
ing and locomotory behavior in adults (Trent et al. 1983;

Figure 4. (A) A truncated DAF-3/GFP protein is predomi-
nantly nuclear. Wild-type animals were injected with the trun-
cated construct shown in Fig. 3 at a concentration of 10 ng/ml.
The pRF4 transformation marker was injected at 100 ng/ml.
The photograph shows an early L2 animal, and DAF-3 is pre-
dominantly nuclear. The clear spot in the center of some of the
nuclei is the nucleolus. All cells in these animals have predomi-
nantly nuclear DAF-3/GFP, including the ventral cord neurons,
intestinal cells and distal tip cell (all shown), as well as head and
tail neurons and hypodermal cells. (B) DAF-3/GFP is associated
with metaphase chromosomes. Fixed L1 animals were immu-
nostained with anti-GFP antibody (Clontech) and anti-a-tubu-
lin antibody (Amersham). DNA was visualized with DAPI.
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Thomas et al. 1993; Kimura et al. 1997; G. Ruvkun un-
publ.). daf-3 mutations act to suppress all of these phe-
notypes. It is possible that daf-7 continues to have a role
in transducing environmental signals in adults to affect
these phenotypes and that continued expression of
DAF-3 and DAF-4 is required for appropriate expression
of this signal.

We find that a functional DAF-3/GFP fusion protein is
localized to both the cytoplasm and nucleus (Fig. 2), and
that DAF-3/GFP subcellular localization is not appar-
ently coupled to DAF-7 signaling pathway activity. Even
though we detect no change in DAF-3/GFP subcellular
localization in these mutants, we do detect some DAF-
3/GFP in nuclei. A change in DAF-3 activity attributable
to phosphorylation state or association with DAF-8 and
DAF-14 may couple DAF-3 to DAF-7 signaling. How-
ever, it is possible that DAF-3 localization is coupled to
the receptors in a subtle way. In fact, the subcellular
localization of Drosophila MAD protein is not detect-
ably altered in wild type when receptor signaling to
MAD occurs; relocalization is seen only if the DPP li-
gand is overexpressed drastically (Newfeld et al. 1997). It
is unlikely that a set of undiscovered TGF-b receptors
regulates DAF-3. The genome sequencing project has se-
quenced in excess of 85% of the genes in C. elegans, and
there is only one candidate TGF-b receptor gene other
than daf-1 and daf-4. If this receptor were a positive regu-
lator of DAF-3, mutants would be expected to, like daf-3
mutants, suppress daf-7 mutants. This receptor acts in a
signaling pathway distinct from DAF-3, and it is not a
suppressor of daf-7 (S. Krishna and R. Padgett, pers.
comm.). We favor the model that phosphorylated DAF-8
and DAF-14 Smad proteins antagonize DAF-3 action in
the nucleus (see below) but do not affect nuclear local-
ization of DAF-3.

Features of the DAF-3 sequence support the model
that DAF-3 activity may be independent of upstream re-
ceptor signaling. DAF-3 has two aspartates at the car-
boxyl terminus where Smad1 and Smad2 have three
serines that are phosphorylated by a receptor kinase. In
many cases, a serine to aspartate substitution has the
same effect as phosphorylated serine because the acidic
amino acid simulates a negatively charged phosphate
group (e.g., see Weiser et al. 1995). Therefore, we propose
that DAF-3 may be a constitutively active Smad because
of these aspartates. However, it should be borne in mind
that a serine residue precedes these acidic residues.
Therefore DAF-3 activity could be additionally modu-
lated by phosphorylation by an unknown kinase. How-
ever, phosphorylation of DAF-3 by DAF-1 and DAF-4 is
not required for DAF-3 activity because genetic analysis
suggests that DAF-3 is active in the absence of DAF-1
and DAF-4 activity (Table 1; Riddle et al. 1981; Thomas
et al. 1993).

Other features of the DAF-3 sequence and observa-
tions of DAF-3/GFP subcellular localization support a
nuclear function. DAF-3 has a well-conserved conserved
Smad domain 1 (Fig. 1D), which has been shown to be a
DNA-binding domain of Drosophila MAD (Kim et al.
1997), implying that DAF-3 retains this function. DAF-3

associates with mitotic chromosomes in the intestinal
cells (Fig. 4), consistent with a role in the nucleus. In
addition, we find that both a full-length DAF-3/GFP,
which is primarily cytoplasmic, and a truncated version
of DAF-3/GFP, which is primarily nuclear, interfere
with dauer formation in a daf-7 mutant. Therefore, we
suggest that DAF-3/GFP can interfere with wild-type
DAF-3 function both in the cytoplasm and the nucleus,
implying a functional role in each compartment. How-
ever, it is possible that these transgenes interfere with
dauer formation in some other way, in which case, the
subcellular localization of the transgene may not reflect
the site of action of the normal gene.

The constitutive nuclear localization of a truncated
DAF-3/GFP fusion gene missing part of domain II is con-
sistent with the reports that the Drosophila MAD
amino-terminal conserved domain mediates DNA bind-
ing (Kim et al. 1997) and that the Smad2 carboxy-termi-
nal conserved domain mediates receptor coupling in the
cytoplasm (Mascias-Silva et al. 1996; Kretzschmar et al.
1997). It is inconsistent with the finding that a Smad2
construct containing only conserved domain II is local-
ized constitutively to the nucleus (Baker and Harland
1996), or that a DPC4 construct in which domain 2 is
truncated is cytoplasmic (Zhang et al. 1997). It is unclear
at this point whether these differences between nuclear
and cytoplasmic localization sequences are attributable
to distinctions between different Smad proteins or meth-
ods of analysis.

Recently, Smad7 has been reported as an antagonistic
Smad (Hayashi et al. 1997; Topper et al. 1997). Smad7
antagonizes TGF-b signaling by stably associating with
receptors and thereby blocking the phosphorylation and
concomitant activation of Smad2. DAF-3, like Smad7,
lacks the SSXS motif that is the phosphorylation target
of the receptor. However, DAF-3 is unlikely to function
like Smad7. Smad7 blocks the receptors from signaling;
daf-3, on the other hand, is active in the absence of sig-
naling from receptors and associated Smads (Table 1;
Riddle et al. 1981; Thomas et al. 1993). This genetic re-
sult suggests that DAF-3 does not block the receptors;
instead, the receptors and associated Smads block DAF-3
from inducing dauer.

We propose a model for the TGF-b pathway in dauer
formation (Fig. 5). We suggest that in the absence of
DAF-7 signaling, DAF-3 forms homodimers or higher or-
der oligomers that act in the nucleus to induce the ex-
pression of genes that mediate the metabolic and mor-
phological changes during dauer arrest (Fig. 5A). In con-
ditions that promote reproductive growth, DAF-7 TGF-b
ligand from the ASI sensory neuron (Ren et al. 1996;
Schackwitz et al. 1996) binds to the DAF-1/DAF-4 re-
ceptor kinases, which then phosphorylate the Smads
DAF-8 and/or DAF-14, analogous to the phosphorylation
and activation of Smad1, Smad2, and Smad3 (Hoodless et
al. 1996; Lagna et al. 1996; Macias-Silva et al. 1996;
Zhang et al. 1996; Kretzschmar et al. 1997). We propose
that under these conditions DAF-3 functions like its
closest homolog, DPC4, which dimerizes with phos-
phorylated Smad1 and Smad2 even under conditions that
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do not lead to detectable DPC4 phosphorylation (Lagna
et al. 1996). Therefore, we suggest that the dauer pro-
moting DAF-3 homo-oligomers are disrupted when
DAF-3 hetero-oligomerizes with a phosphorylated
DAF-8 and/or DAF-14 (Fig. 5B). We show the het-
erodimers in the nucleus because we saw no indication
of relocalization of DAF-3 in daf-8 or daf-14 mutants.
The complete suppression of the dauer constitutive phe-
notype of a daf-8; daf-14 double mutant by the daf-
3(mg90) null allele (Table 1) strongly supports the model
that the major function of the DAF-8 and DAF-14 Smad
proteins in reproductive development is to antagonize
DAF-3 activity.

Because daf-8 and daf-14 are only partially redundant
(Riddle et al. 1981; Vowels and Thomas 1992; T. Inoue
and J. Thomas, pers. comm.), each is likely to perform a
unique function in reproductive development. There-
fore, DAF-3/DAF-8 dimers may have different activity

from DAF-3/DAF-14. Perhaps each activates a subset of
genes required for reproductive development and me-
tabolism. We show in the model that the DAF-8/DAF-3
and DAF-14/DAF-3 homodimers activate genes involved
in reproductive growth. However, it is important to note
that this complex cannot be absolutely required, as re-
productive growth occurs even in a daf-8; daf-14; daf-3
triple mutant (Table 1). Therefore, the regulation of
DAF-3 activity by upstream Smads is capable of blocking
dauer formation and associated metabolic changes by
DAF-3; however, the parallel daf-2 insulin-related path-
way (Kimura et al. 1997) and other pathways (Thomas et
al. 1993; Hobert et al. 1997) also regulate metabolic
genes. The convergence of TGF-b-related and insulin-
related pathways in C. elegans metabolic control has im-
plications for human disease in that defects of human
homologs of these TGF-b related genes may cause dia-
betes in some populations.

Materials and methods

Cosmid rescue and scoring of dauer-constitutive phenotypes

Cosmids were injected at 5 ng/µl each, with pRF4 as an injec-
tion marker to bring the total DNA concentration to 100 ng/µl
as described by Mello et al. (1991). Injections were into the
strain daf-7(e1372) daf-3(e1376) and transgenic lines were
scored for rescue at 25°C; rescued animals were dauers (indicat-
ing return to the daf-7(e1372) phenotype). Cosmid B0217 res-
cued daf-3 (18/19 lines). Cosmids C05H10 and B0504 did not
(0/10 and 0/7 lines respectively). Synchronized broods were
scored at 24.5°C ± 0.5°C to generate the data in Table 1. Two
plates were scored for each genotype. In a second experiment
performed at 25.5°C, daf-3 also completely suppressed the
dauer-constitutive phenotype of all the mutants shown.

cDNA characterization

All cDNAs were from libraries lACT–RB1 (oligo-dT primed)
and lACT–RB2 (random primed) provided by R. Barstead (Okla-
homa Medical Research Foundation, Oklahoma City). Libraries
were probed with a PCR product generated from genomic DNA
with the primers daf 3-1 (ctggcagtcactaacacacg) and daf 3-4 (ac-
cctcatgcctactgtcag); this product spans exons 4–8. Three cDNAs
isolated in this manner were sequenced fully. A fourth cDNA
isolated and sequenced by J. Thatcher and P. Okkema (Univer-
sity of Illinois, Chicago) was also sequenced and verified the
gene structure. To examine the 58 end two strategies were used.
First, a DNA prep from the library RB2 (F. Slack, unpubl.) was
PCR-amplified with the primers SL1 (ggactagttttaattac-
ccaagtttga) and daf 3-8 (ttcaccagggactcgcaagc; this is primer 1 in
Fig. 1B). This PCR product was sequenced and produced the
SL1-spliced product shown in Figure 1B. The second strategy
was to PCR-amplify from individual plaques that hybridized to
the PCR product amplified with daf 3-1 and daf-3-4. These were
amplified with a primer to the vector (OFS30:cgatgatgaag-
atacccc or OFS31: cagttgaagtgaacttgcgg) and primer daf 3-8.
These cDNAs ended at locations shown as vertical lines on the
58 PCR products shown in Figure 1B.

Scoring of transgenic animals for GFP

All DAF-3/GFP transgenic lines were produced by the method
of Mello et al. (1991) using 10 ng/µl of GFP plasmid and 90

Figure 5. A model for the role of the DAF-3/DAF-8/DAF-14
Smads in dauer formation, as described in text. (A) Dauer
growth induction; (B) reproductive growth induction.
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ng/µl or pRF4 as a transformation marker. DAF-4/GFP trans-
genic lines were injected with 50 ng/µl of GFP plasmid and 70
ng/µl of pRF4. For all GFP scoring, animals were grown at 25–
26°C. For scoring of DAF-3/GFP in wild-type and in dauer-con-
stitutive mutant backgrounds, three or more lines were scored
in each case. A large number of animals were surveyed to de-
termine the expression pattern, and at least 30 animals were
scored head-to-tail, and expression was tallied for each tissue. In
three daf-4(m72) mutant lines, DAF-3/GFP was localized to the
nucleus more than in wild type lines. When these strains were
crossed to wild-type, the increased nuclear localization was
seen in both the daf-4 and wild-type segregants. Therefore the
increased nuclear GFP was a property of the array, rather than of
daf-4.

When GFP was scored by antibody, polyclonal antibodies
from Clontech were used with the protocol of Finney and Ru-
vkun (1990). For scoring of DAF-3/GFP association with chro-
mosomes in mitotic cells, the animals were prepared by hypo-
chlorite treatment followed by incubation without food to gen-
erate synchronized L1 larvae, followed by growth at 20°C for
14–15 hr (until animals were at the end of the L1 stage, at which
time intestinal nuclei divide). Fixed animals were stained with
the anti-GFP antibody and a monoclonal anti-a-tubulin anti-
body (Amersham). The control strains for this experiment con-
tained one of two GFP constructs expressed in the intestine.
The first was a GFP fusion to the first exon of daf-16, which is
expressed in the intestine throughout larval development (S.
Ogg, pers. comm.). The second is a construct that provides in-
testinal expression of a GFP with a fused SV40 nuclear local-
ization sequence (S. Marshall and J. McGhee, pers. comm.). This
construct is nuclear in interphase, but no GFP is seen associated
with chromosomes during metaphase.

Subcloning

pGP8 is a 13-kb EagI–SacI restriction fragment from cosmid
B0217 cloned into pBluescript SK(−) (Stratagene). This clone
goes from 5 kb upstream of exon 1 to 500 bp downstream of the
putative poly-A addition site. To make the full-length rescuing
DAF-3/GFP, an AvrII–SacI fragment containing exon 15 and
DNA from the preceding intron and following 38 untranslated
and flanking DNA was removed from pGP8. A PCR product was
generated from pGP8 with the primers daf 3-34(ctacgagaag-
aagactcagg) and daf3poly1 (tgcatggagctcttaagctagctggccggccgg-
cgcgccgtcatcactgacgttgattcc), cut with AvrII and SacI and used
to replace the AvrII–SacI fragment from pGP8. This maneuver
replaces the exon 15 with identical coding sequence (verified by
sequencing) except that several restriction sites are placed be-
tween the last codon and the stop codon. A GFP/unc-54 38 end
PCR product from pPD95.81 (A. Fire, pers. comm.) was PCR-
amplified and cloned into the AscI and FseI restriction sites to
produce pGP19.

The truncated construct pGP7 consists of 8 kb of daf-3 fused
to GFP. An 8-kb EcoRI fragment from B0217 was cloned into the
EcoRI site of pBluescript SK(−). A PvuI–SalI fragment of this
subclone was ligated to a PvuI–SalI fragment from the GFP vec-
tor pPD95.81. The resulting plasmid contains ∼2.5 kb of se-
quence upstream of exon 1 of daf-3 and coding region through
the first 58 amino acid residues of domain II. The remaining 175
amino acids of daf-3 and the 38 noncoding region are replaced
with GFP and the unc-54 38 end. Three transgenic lines were
isolated, and all had a similar phenotype.

To make a rescuing DAF-4/GFP construct, a 10-kb SalI frag-
ment from cosmid C05D2, which contains 3 kb of sequence
upstream of the daf-4 transcriptional start, and all of the daf-4
coding region except codons for the last 14 residues of daf-4, was

used. This fragment was subcloned into the SalI site of the GFP
plasmid TU#61 (Chalfie et al. 1994) to create a nearly full-length
daf-4-coding region, followed by GFP and the unc-54 38 end.
This plasmid was injected into a daf-4(m72) strain to test the
fusion for DAF-4 activity. More than 95% of transgenic animals
were rescued for the dauer-constitutive and small phenotypes of
daf-4(m72), indicating that the fusion has robust DAF-4 activ-
ity.

Isolation and characterization of mutant alleles

mgDf90 was identified as a spontaneous mutation that sup-
pressed daf-7 in the strain daf-7(e1372) III; mut-6(st702) unc-
22(st192)IV (G. Patterson, unpubl.). daf-3(mg125) and daf-
3(mg132) were isolated as EMS-induced suppressors of daf-
7(e1372) (A. Koweek, unpubl.). Genomic DNA from mg125 and
mg132 animals was PCR-amplified for sequencing, and se-
quencing was performed directly on the PCR products. The
mgDf90 deletion was mapped by Southern blotting. Genomic
DNA from an mgDf90 strain was digested with EcoRI or SpeI
and compared with similarly digested DNA from N2 (wild
type). All bands corresponding to the daf-3 protein-coding re-
gion were missing from the mgDf90 digest.
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