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SUMMARY

Developmental plasticity, the ability of one ge-
notype to produce distinct phenotypes in different
environments, has been suggested to facilitate
phenotypic diversification, and several examples in
plants and animals support its macroevolutionary
potential [1–8]. However, little is known about asso-
ciated molecular mechanisms, because environ-
mental effects on development are difficult to study
by laboratory approaches. One promising system is
the mouth dimorphism of the nematode Pristion-
chus pacificus [9–12]. Following an irreversible
decision in larval development, these nematodes
form moveable teeth that occur in either of two
discrete morphs. The ‘‘eurystomatous’’ (Eu) form
has a wide mouth and two teeth, allowing predatory
feeding on other nematodes. In contrast, the alter-
native (‘‘stenostomatous’’; St) form has diminutive
mouthparts that largely constrain its diet to micro-
bes. The sulfatase EUD-1 was previously discov-
ered to execute a polyphenism switch based on
dosage of functional alleles [13] and confirmed a
prediction of evolutionary theory about how devel-
opmental switches control plasticity [1, 3]. However,
the genetic context of this single gene, and hence
the molecular complexity of switch mechanisms,
was previously unknown. Here we use a suppressor
screen to identify factors downstream of eud-1 in
mouth-form regulation. We isolated three dominant,
X-linked mutants in the nuclear hormone receptor
gene nhr-40 that are haploinsufficient. Both eud-1
nhr-40 double and nhr-40 single mutants are all
Eu, whereas transgenic overexpression of nhr-40
does not restore the wild-type phenotype but
instead results in nearly all-St lines. Thus, NHR-40
is part of a developmental switch, suggesting that
switch mechanisms controlling plasticity consist of
multi-component hormonal signaling systems.
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RESULTS AND DISCUSSION

To identify factors that act downstream of eud-1 in the develop-

mental pathway controlling Pristionchus pacificus mouth-form

plasticity [13], we conducted a screen for dominant suppressors

of eud-1(tu445) mutants (Figures 1A–1C). Specifically, we

searched among F1 progeny of mutagenized eud-1(tu445) ani-

mals for those with a eurystomatous (Eu) mouth. Because eud-

1(tu445) has a 100% stenostomatous (St) phenotype, the screen

was sensitive, allowing us to identify the mutant allele tu505,

which converted the eud-1(tu445) phenotype to 100% Eu in

eud-1(tu445); sup(tu505) double mutants (Figure 1D). In a

follow-up F2 screen, we identified two more dominant mutant

alleles, iub5 and iub6 (Figure 1D), in addition to several recessive

mutants that will be described elsewhere. Outcrossing experi-

ments with the three dominant suppressors indicated that all

threemutants are located on the X chromosome, and thuswe hy-

pothesized the dominant mutants to be alleles of the same gene.

To map tu505, we used a Dumpy mutant of the natural isolate

RS5200B (South Africa), which shows a high St mouth-form fre-

quency under laboratory conditions [13]. We used restriction-

site-associated DNA (RAD) mapping of 32 outcrossed F2mutant

lines and 32 outcrossed non-mutant lines to identify the genomic

interval of the mutation, which was localized to the X chromo-

some (Figure S1). Genomic re-sequencing of the tu505 line

yielded a list of candidate mutations, only one of which was a

non-synonymous substitution in a predicted gene (Contig77-

aug18009.t1) (Figures 2A and 2B; Table S1). To determine

whether the dominant, X-linked mutants recovered in our F2

screen were also due to mutations in this gene, we backcrossed

and re-sequenced those mutant lines. We indeed identified mu-

tations in the same gene, which encodes the nuclear hormone

receptor NHR-40. All three mutations were non-lethal coding

mutations: tu505 causes a Ser>Leu change in exon 7, shortly af-

ter the predicted DNA-binding domain (DBD) in the hinge region;

iub5 and iub6 have lesions in or that flank the predicted ligand-

binding domain (LBD), causing a Gln>Leu change in exon 18

and an Arg>Gln change in exon 10, respectively (Figures 2A

and 2C).

To further confirm that the three dominant alleles were caused

by mutations in Ppa-nhr-40, we performed rescue experiments.

Transgenic eud-1(tu445) sup(tu505) double-mutant animals
r Ltd.
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Figure 1. Plasticity in P. pacificus Mouth-

Form Development

(A) Predatory feeding and mouth dimorphism of

P. pacificus, here killing aC. elegans larva (left). Eu,

eurystomatous hermaphrodite with a claw-like

dorsal tooth, an opposing subventral tooth, and a

wide buccal cavity (middle). St, stenostomatous

hermaphrodite, with a flint-like dorsal tooth and a

narrowmouth. St animals do not form a subventral

tooth, and are therefore strictly microbivores

(right).

(B) Model of mouth-form regulation. Small mole-

cules, such as the pheromone dasc#1 and the

hormone ligand D7-dafachronic acid, act up-

stream in the known pathway of mouth-form

regulation. Themost downstream regulator known

heretofore is the gene eud-1, which encodes a

sulfatase and acts as a dosage-dependent

developmental switch: mutants in eud-1 are all-St

animals, whereas eud-1 overexpression results in

all-Eu animals.

(C) Suppressor screen design starting with

eud-1(tu445) all-St animals, searching for Eu

animals from dominant alleles among the F1 progeny (left) or any alleles among the F2 of mutagenized P0 (right).

(D) All-Eu phenotype of three independent suppressor lines. Reported phenotypes were screened after backcrossing; 150 individuals from each line were

screened.
carrying a 15-kb genomic construct containing the complete

Ppa-nhr-40 locus rescued the double-mutant phenotype, result-

ing in 100% St animals, the phenotype of eud-1 single mutants

(Figure 3A). We obtained three independent transgenic lines,

all of which were 0%–2% Eu (Figure 3A). These experiments

show that the three dominant suppressors of eud-1 are caused

by mutations in Ppa-nhr-40.

Conceptual translation and phylogenetic analysis of Ppa-nhr-

40 together with genes with highest reciprocal sequence (pep-

tide) similarity revealed that this gene is the single ortholog of

Caenorhabditis elegans nhr-40 (Figure S2) [14]. Although nema-

todes have undergone an extreme multiplication of nuclear hor-

mone receptors (NHRs) when compared to other animal phyla

[15], nhr-40 has 1:1 orthology in P. pacificus and C. elegans.

RACE experiments showed that this single gene encodes multi-

ple isoforms in P. pacificus (Figure 2B). The long isoform of Ppa-

nhr-40 encodes the DBD of NHRs in exons 1–3 and the

conserved part of the LBD in exons 11, 12, part of 15, 16, and

17. Further, the LBD of this isoform contains an enlarged H5 s1

loop relative to Cel-nhr-40 (Figure 2C). Non-homologous varia-

tions of similar motifs are known from several other NHRs in

other species: for example, dipteran and lepidopteran USP

(NR2B4) contain an H5 s1 loop of 22–25 amino acids, whereas

the loop is limited to 3–4 amino acids in other insects [16]. In

addition to the above isoform, a short isoform of Ppa-nhr-40

was repeatedly amplified in various RACE experiments and con-

tained only exons 1–3 of the DBD, an additional 36 amino acids,

and a unique 30 UTR (Figure 2C).

To determine whether Ppa-nhr-40 is itself part of the switch

regulating the mouth-form plasticity of P. pacificus or is instead

a downstream target apart from the switch mechanism, we

performed rescue and overexpression experiments. The role

of Ppa-eud-1 as a developmental switch gene was previously

shown by the dominant, all-St phenotype that resulted from

reduction-of-function rather than gain-of-function mutations
[13]. Specifically, eud-1 alleles had been rescued with a wild-

type copy of eud-1, indicating that eud-1 is haploinsufficient.

In contrast, overexpression of a mutant copy of eud-1 in

wild-type animals had not resulted in an all-St phenotype, con-

firming that eud-1 mutations were not gain of function. Here,

we found that Ppa-nhr-40 shows a similar pattern of domi-

nance, but with the reverse phenotypes: Ppa-nhr-40(tu505)

single-mutant animals and heterozygous Ppa-nhr-40(tu505)/+

animals are all Eu (Figure 3A). Therefore, if Ppa-NHR-40 were

part of the switch including EUD-1, overexpression of Ppa-

nhr-40 should confirm its switch function by converting the

all-Eu phenotype of Ppa-nhr-40(tu505) mutants to all St. Alter-

natively, if Ppa-nhr-40 were to affect mouth-form development

independent of the switch executed by EUD-1, overexpression

should rescue the phenotype back to the wild-type Eu:St ratio

of �90:10 in the reference strain (RS2333, California). A third

possibility is that Ppa-nhr-40 mutations were dominant nega-

tive, in which case its role in the switch would be inconclusive

and the introduction of a wild-type copy should have no pheno-

typic effect.

To distinguish among the above possibilities, we generated a

construct containing the Ppa-nhr-40 cDNA of the long isoform

fused to 50 and 30 regulatory sequences and obtained three inde-

pendent transgenic lines. All three lines showed a nearly com-

plete conversion of the mouth-form ratio from 100% Eu to

0%–5% Eu (Figure 3B). In contrast, driving the Ppa-nhr-40

cDNA of the short isoform under the same regulatory elements

did not change the mouth-plasticity phenotype of Ppa-nhr-

40(tu505) (Figure 3B). Taken together, our results show that (1)

Ppa-nhr-40 mutants are dominant, (2) they can be rescued by

overexpression of wild-type copies of Ppa-nhr-40, and (3) over-

expression of these wild-type copies results in a total conversion

from all-Eu to all-St phenotypes. These experiments allow two

conclusions. First, Ppa-nhr-40 is haploinsufficient and a

dosage-dependent part of the mouth-plasticity switch. Second,
Current Biology 26, 2174–2179, August 22, 2016 2175
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Figure 2. Genetic Location, Gene Structure,

Mutations, and Expression of P. pacificus

nhr-40

(A) Location of the tu505 mutation with respect

to the genetic map of part of the P. pacificus

X chromosome. Representative single-strand

conformational (S) and simple sequence length (L)

polymorphism markers are shown for reference.

See also Figure S1 and Table S1.

(B) cDNA structure of Ppa-nhr-40 as confirmed by

RACE-PCR. The long isoform of Ppa-nhr-40 con-

tains all predicted exons and the DNA-binding

domain (DBD) aswell as the ligand-binding domain

(LBD). In contrast, the short isoform of Ppa-nhr-40

contains only the first three exons, which encode

the DBD, but not the LBD. See also Table S2.

(C) Comparison of the protein domain structure of

NHR-40 in C. elegans and P. pacificus. Ppa-NHR-

40 contains a large H5 s1 loop. See also Figure S2.

(D) Spatial expression of Ppa-nhr-40 (red) and

Ppa-eud-1 (green) with DNA counterstaining using

DAPI (blue) by FISH. Ppa-eud-1 is only expressed

in a few neurons, confirming previous reporter

expression constructs, showing it does not overlap

with Ppa-nhr-40 expression. The right three panels

are at the same scale.

(E) Potential acetylation sites, which are conserved

between human HNF4a and Ppa-NHR-40.
only the long cDNA, and not the short isoform, of Ppa-nhr-40 is

functionally necessary in the plasticity switch.

Short isoforms lacking the LBD are so far only known from

humans and mice, namely for the androgen receptor and the

testis-specific nuclear orphan receptor TR2-11, respectively

[17, 18]. To investigate whether the short cDNA interacts with

the long cDNA of Ppa-nhr-40 with an inhibitory role, we gener-

ated double-transgenic lines. Specifically, we injected the short
2176 Current Biology 26, 2174–2179, August 22, 2016
isoform of Ppa-nhr-40 together with a

marker plasmid expressing Venus into

the transgenic line Ppa-nhr-40(tu505);

Ex(Ppa-nhr-40long Ppa-egl-20promoter::

RFP). We then compared the mouth-

form ratios of Venus- and RFP-positive

to those of Venus-negative, RFP-positive

animals. We found that the short cDNA

may indeed have an inhibitory effect, as

double-transgenic Ppa-nhr-40(tu505); Ex

[Ppa-nhr-40long Ppa-egl-20promoter::RFP];

Ex[Ppa-nhr-40short Ppa-egl-20promoter::

Venus] are 20%–25% Eu, whereas

Venus-negative, RFP-positive animals,

which had lost the array containing the

short cDNA of Ppa-nhr-40, are 0%–5%

Eu (Figure 3B).

To study Ppa-nhr-40 expression, we

first generated a translational reporter

with the 8.6-kb promoter element that

was sufficient for the rescue of the mutant

phenotype. This construct showed only

very low expression (data not shown),
similar to that exhibited by eud-1, where expressivity of the

mouth-plasticity phenotype is sensitive to genedosage.Because

expression was consequently too low to reliably localize it to

cells, we performed fluorescence in situ hybridization (FISH) to

detect the sites of Ppa-nhr-40 expression. We found the NHR

gene expressed in several somatic and pharyngeal neurons in

the head region, multiple cells in the vulva, and several cells in

the tail (Figure 2D) continuously from J1 larvae to adulthood.
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Figure 3. Phenotype and Rescue Experiments of P. pacificus nhr-40 Mutants

(A) P. pacificus RS2333 wild-type animals show a strong bias toward Eu mouth-form development. The all-Eu phenotype of eud-1 nhr-40 double mutants is

completely rescued in transgenic lines carrying a genomic fragment of Ppa-nhr-40. See also Table S3.

(B) The long isoform, but not the short isoform, ofPpa-nhr-40 converts the all-Eu phenotype of nhr-40(tu505)mutant animals to all St, indicating thatPpa-nhr-40 is

part of the developmental switch regulating mouth-form plasticity. Double-transgenic animals carrying the long isoform of Ppa-nhr-40 on an extrachromosomal

array marked with Ppa-egl-20promoter::RFP and the short isoform of Ppa-nhr-40 on another extrachromosomal array marked with Ppa-egl-20promoter::Venus are

20%–25% Eu, suggesting a potential inhibitory function of the Ppa-nhr-40 short isoform. Site-directed mutagenesis of potential acetylation sites in the

DNA-binding domain ofPpa-NHR-40 abolishes rescuing activity of the long isoform ofPpa-nhr-40. See also Table S4. All transgenic experiments were performed

in a wild-type eud-1 background. Numbers above bars indicate the number of observed animals. For all constructs, multiple transgenic lines were created and

animals were analyzed over multiple generations. **p < 10�6, Fisher’s exact test.
Co-expression studies with Ppa-eud-1 indicated that the two

genes are expressed in non-overlapping neurons (Figure 2D),

suggesting that Ppa-nhr-40 and Ppa-eud-1 act in different

cellular and molecular aspects of neuroendocrine signaling.

Ppa-nhr-40 is a member of the HNF4 subclass of NHRs, which

has massively expanded in nematodes to include more than 250

of the 284 NHRs in the C. elegans genome [15]. For comparison,

the human genome harbors only 48 NHRs, including HNF4a, an

orphan receptor that plays an essential physiological role in hepa-

tocyte function [19, 20]. Detailed studies of HNF4a have shown

that posttranscriptional acetylation at various lysine residues is

necessary for nuclear retention and DNA-binding activity; in

contrast, non-acetylated HNF4a is actively exported from the nu-

cleusand remains in thecytoplasm [21, 22].Of the four acetylation

sites identified in humanHNF4a, two potential acetylation accep-

tors are conserved in Ppa-NHR-40 (Figure 2E). To test whether

acetylation may be functionally important for Ppa-NHR-40, we

mutated lysine residues 72 and 73 to arginine by site-directed

mutagenesis [23] of the long isoform of Ppa-nhr-40. We then

tested the function of the resulting construct by generating trans-

genic animals in a Ppa-nhr-40(tu505) mutant background. The

mutated construct completely failed to rescue, such that two

independent transgenic lines remained 100% Eu, indicating that

Ppa-nhr-40long,KK>RR had no biological activity in regulating

mouth-form plasticity (Figure 3B). This result is consistent with

the hypothesis that, similar to human HNF4a, Ppa-NHR-40 is

regulated by acetylation of conserved lysine residues in the DBD.

In summary, we have identified the NHR Ppa-NHR-40 as a

regulator of mouth-form plasticity in P. pacificus. Our results
support three major conclusions. First, a plasticity switch

operates through multiple, dosage-sensitive genes. Genetic

manipulation by gene knockout and overexpression reveals

that Ppa-nhr-40 is haploinsufficient and, therefore, that its muta-

tions are genetically dominant (Table 1). Additionally, Ppa-nhr-40

can completely switch the mouth-form frequency to all Eu (by

knockout) or all St (by overexpression of the long isoform). Domi-

nance by haploinsufficiency, which occurs in both Ppa-eud-1

and Ppa-nhr-40, presents a striking difference from previously

identified dominant mutations in developmental signaling path-

ways, such as the proto-oncogene Ras in C. elegans vulva and

Drosophila eye development [24, 25]. In the example of Ras,

detailed studies of C. elegans vulva development have shown

that let-60/Ras represents a switch gene, such that gain-of-

function mutations confer a homeotic (multivulva) phenotype

[24, 26]. Downstream of let-60, several kinase-encoding genes

are known, such as lin-45/RAF and mek-2/MAPKK. Whereas

dominant-negative versions have been engineered for these

genes as well, reduction-of-function mutations in the genes are

recessive [26]. Such gain-of-function and dominant-negative

mutations lead to a constitutively activated product and are

thus mechanistically distinct from dominant reduction-of-func-

tion mutations. The latter mutations instead suggest genetic

regulation of development by dosage. In our study of a develop-

mental switch, we have revealed dosage dependence in at least

two interacting genes that form a multi-component mechanism

to regulate plasticity. With this finding, P. pacificus mouth-form

regulation emerges as a model system to identify the complex

genetic and molecular basis of developmental plasticity, a
Current Biology 26, 2174–2179, August 22, 2016 2177



Table 1. Summary of Mouth-Plasticity Phenotypes from Genetic

Interactions of eud-1 and nhr-40

eud-1

Mutant

eud-1

Wild-Type

nhr-40 mutant all Eu all Eu

nhr-40 heterozygous all Eu all Eu

nhr-40 wild-type all St highly biased Eu

nhr-40 overexpression

(plus wild-type regulation

of isoforms)

nearly all St nearly all St

nhr-40long overexpression – nearly all St

nhr-40 mutant with

nhr-40short overexpression

– all Eu

nhr-40long plus nhr-40short

overexpression

– intermediate ratio,

biased St
research field that has been largely restricted toC. elegans dauer

development and several examples of hormone-controlled plas-

ticity in insects [27–29].

The second conclusion of our study is that an intercellular

signaling mechanism acts at the interface between the

external environment and the genetic regulatory system of

the organism. Hormones have long been anticipated to con-

trol plasticity but the associated molecular machinery is largely

unknown [2]. Some groups of organisms such as nematodes

show large expansions of NHRs in their genomes, but still

little is known about the function of these genes [15]. The iden-

tification of Ppa-nhr-40 as a suppressor of eud-1 indicates

a key role of the nuclear receptor in regulating plasticity,

although the identification of its ligand awaits future analysis.

In humans, a complex network of multiple cholesterol-derived

hormonal ligands regulates the activity of HNF4a, which acts

as a final transcriptional activator of hepatocytes [19]. Simi-

larly, we hypothesize that Ppa-nhr-40 serves as the ultimate

transcription factor that initiates St mouth-form formation. In

this simple model, the Eu mouth form would represent a

default state, although more complex mechanisms cannot be

excluded.

Finally, our findings serve as a molecular platform that can

reveal how environment influences animal development. As

switch genes, eud-1 and nhr-40 might function as integration

sites where information about the environment is transmitted

into signaling processes. In nematodes, NHRs especially are

becoming understood as such integration sites. Most notably,

a similar phenomenon is seen in the regulation of dauer develop-

ment, another example of plasticity in nematodes. In both

C. elegans and P. pacificus, the NHR DAF-12 was shown to be

the central integration point downstream of multiple signaling

pathways of dauer formation [30]. Thus, the expansion of

NHRs in nematodes might be associated with complex sensing

of the environment, an essential function for nematode physi-

ology, development, and homeostasis.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

two figures, and four tables and can be found with this article online at

http://dx.doi.org/10.1016/j.cub.2016.06.018.
2178 Current Biology 26, 2174–2179, August 22, 2016
AUTHOR CONTRIBUTIONS

Conceptualization, M.R.K., R.J.S., and E.J.R.; Investigation, M.R.K., N.A.I.,

and E.J.R.; Formal Analysis, C.R. and G.V.M.; Funding Acquisition, R.J.S.

and E.J.R.; Writing, M.R.K., R.J.S., and E.J.R.

ACKNOWLEDGMENTS

This work was funded by the Max Planck Society, Indiana University, and

National Science Foundation (grant IOS 1557873 to E.J.R.). We thank the

Indiana University Center for Genomics and Bioinformatics for support in re-

sequencing mutants from our F2 screen.

Received: April 4, 2016

Revised: May 19, 2016

Accepted: June 14, 2016

Published: July 21, 2016

REFERENCES

1. West-Eberhard, M.J. (2005). Developmental plasticity and the origin of

species differences. Proc. Natl. Acad. Sci. USA 102 (Suppl 1 ), 6543–6549.

2. Pigliucci, M. (2001). Phenotypic Plasticity: Beyond Nature and Nurture

(Johns Hopkins University Press).

3. Nijhout, H.F. (2003). Development and evolution of adaptive polyphen-

isms. Evol. Dev. 5, 9–18.

4. Moczek, A.P., Sultan, S., Foster, S., Ledón-Rettig, C., Dworkin, I., Nijhout,

H.F., Abouheif, E., and Pfennig, D.W. (2011). The role of developmental

plasticity in evolutionary innovation. Proc. Biol. Sci. 278, 2705–2713.

5. Emlen, D.J., Warren, I.A., Johns, A., Dworkin, I., and Lavine, L.C. (2012).

Amechanism of extreme growth and reliable signaling in sexually selected

ornaments and weapons. Science 337, 860–864.

6. Susoy, V., and Sommer, R.J. (2016). Stochastic and conditional regulation

of nematode mouth-form dimorphisms. Front. Ecol. Evol. 4, 23.

7. Susoy, V., Ragsdale, E.J., Kanzaki, N., and Sommer, R.J. (2015). Rapid

diversification associated with a macroevolutionary pulse of develop-

mental plasticity. eLife 4, e05463.

8. Susoy, V., Herrmann, M., Kanzaki, N., Kruger, M., Nguyen, C.N.,
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