
Independent elaboration of steroid hormone signaling
pathways in metazoans
Gabriel V. Markova,b, Raquel Tavaresc,d, Chantal Dauphin-Villemante, Barbara A. Demeneixb, Michael E. Bakerf,
and Vincent Laudeta,1

aMolecular Zoology Team, Institut de Génomique Fonctionnelle de Lyon, Université de Lyon, Université Lyon 1 and Centre National de la Recherche
Scientifique, Institut National de la Recherche Agronomique, Ecole Normale Supérieure de Lyon, 46 allée d’Italie, 69364 Lyon Cedex 07, France; bUnité Mixte
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Steroid hormones regulate many physiological processes in verte-
brates, nematodes, and arthropods through binding to nuclear re-
ceptors (NR), a metazoan-specific family of ligand-activated transcrip-
tion factors. The main steps controlling the diversification of this
family are now well-understood. In contrast, the origin and evolution
of steroid ligands remain mysterious, although this is crucial for
understanding the emergence of modern endocrine systems. Using a
comparative genomic approach, we analyzed complete metazoan
genomes to provide a comprehensive view of the evolution of major
enzymatic players implicated in steroidogenesis at the whole meta-
zoan scale. Our analysis reveals that steroidogenesis has been inde-
pendently elaborated in the 3 main bilaterian lineages, and that
steroidogenic cytochrome P450 enzymes descended from those that
detoxify xenobiotics.

evolution � nuclear-receptor ligand � steroidogenesis

Multicellular organisms have complex endocrine systems, al-
lowing responses to environmental stimuli, regulation of

development, reproduction, and homeostasis. Nuclear receptors
(NRs), a metazoan-specific family of ligand-activated transcription
factors, play central roles in endocrine responses, as intermediates
between signaling molecules and target genes (1). The NR family
includes ligand-bound and orphan receptors, that is, receptors with
no known ligand or for which there is no ligand pocket (2).
Understanding NR evolution has been further improved by com-
parison of several completed genomes, particularly those of deu-
terostomes and ecdysozoans (3–6).

In contrast, evolution of NR ligands is still much debated. One
hypothesis proposes that several independent gains and losses of
ligand-binding ability in NRs occurred in protostomes and deuter-
ostomes (7–9). A second hypothesis, pertaining to the NR3 sub-
family (vertebrate steroid hormone receptors and estrogen-related
receptor), proposes that before the divergence of protostomes and
deuterostomes, there was an ancestral steroid receptor (AncSR)
that was ligand-activated and that orphan receptors secondarily lost
the ability to bind a ligand (10, 11). Phylogenetic analyses indicate
that AncSR was able to bind estrogens (10, 11), which formed the
basis for an intriguing ‘‘ligand exploitation model’’ (10, 12) for the
evolution of vertebrate steroid receptors. In this model, estradiol
(E2), a terminal product of the steroid biosynthetic pathway, was
the first ligand for AncSR. Synthesis of E2 also requires the
synthesis of steroid intermediates (Fig. 1). However, receptors for
these intermediate steroids had not yet evolved. It was only after
duplication of AncSR that NR3 receptors for these intermediate
steroids evolved. The ‘‘ligand exploitation model’’ explains diver-
gence in ligand specificity seen in steroid receptors, namely AR/
NR3C4, GR/NR3C1, MR/NR3C2, PR/NR3C3, and ERs/NR3A
(10, 12, Fig. 1A and B).

The ligand exploitation model is based mainly on NR data. But
it has implications for the evolution of ligand synthesis. For exam-

ple, it implies that 17ß-estradiol (E2) was a ligand for an ER in
Urbilateria, the common ancestor of protostomes and deuteros-
tomes (10, 12, 13). Such a hypothesis can be tested by searching for
the origins of the enzymes involved in the synthesis of vertebrate
adrenal and sex steroids.

As to steroid hormones in metazoans, there are major structural
differences among different classes of steroids synthesized in ver-
tebrates, insects and nematodes (Fig. S1). In insects and nematodes,
the active steroid hormones retain all or most of the C17 side chain
of cholesterol, with selective hydroxylations providing specificity for
a given NR (Fig. 1C) (14–16). In contrast, in vertebrates, such as
humans, synthesis of the main active steroids [estradiol for ERs,
dihydroxytestosterone (DHT) for AR, progesterone (P4) for PR,
cortisol for GR, and aldosterone for MR] begins with cleavage of
the C17 side chain at C20 by CYP11A1 to yield pregnenolone (P5)
(Fig. 1B) (17). Further enzymatic modifications involving selective
hydroxylations, oxido-reductions and isomerizations of P5 and
its metabolites yield ligands for adrenal and sex steroid receptors
(Fig. 1B).

Many searches for ‘‘human’’-type steroid hormones such as E2 or
P4, throughout metazoan groups have been prone to artefacts
and/or misidentification. To date, biochemical evidence (immuno-
logical and/or chromatographic methods linked to mass spectrom-
etry) for presence of vertebrate steroids in lophotrochozoans,
ecdysozoans, and cnidarians have not been substantiated by mo-
lecular characterization of enzymes directly involved in their de
novo biosynthesis (18, 19). Thus, the presence of human-type
steroids in protostomes remains an open question.

With this in mind, we investigated origins of enzymes in the
pathways leading to steroid hormones in vertebrates. Our phylo-
genetic analyses of all enzymes known to be implicated in vertebrate
(Fig. 1B) or ecdysozoan (Fig. 1C) steroid biosynthesis [belonging to
the cytochrome P450 (CYP, 20, 21), short-chain dehydrogenase/
reductase (SDR, 22), 3-ß hydroxysteroid dehydrogenase (HSD3B,
23) and steroid 5-� reductase (SRD5A) families] suggest that
steroidogenesis was independently elaborated in vertebrates and
protostomes, partly through recruitment of xenobiotic-metabolis-
ing CYPs. This has important implications on our views about the
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ligand-binding abilities of AncSR. Our analyses also show that there
are pitfalls in extrapolating about the role in steroidogenesis of
human or tetrapod genes to homologs in protostomes and other
distant metazoans.

Results
General Strategy. To date, the best characterized steroidogenic
enzymes belong to the CYP, SDR, HSD3B, and SRD5A families
in human, mouse, Drosophila, and C. elegans. We screened recently
completed metazoan genomes (Fig. S2) looking for orthologs of
these steroidogenic enzymes. The retrieved sequences were used

for phylogenetic reconstruction (using maximum likelihood cou-
pled with bootstrapping) to determine their orthology with verte-
brate sequences.

Orthology was defined on the basis of robust branches containing
a consistent phylogenetic sampling (that is only protostome se-
quences for example) and/or high (�90%) bootstrap values. The
large sequence variability present in some families such as CYPs
precluded phylogenetic reconstruction, but our systematic survey
revealed clear orthology in specific cases relevant to steroidogenesis
evolution (24, 25).

Twenty-one complete genomes were screened, including 6 re-
cently sequenced lophotrochozoan genomes, making it highly prob-
able that not finding a given protein in a given zoological group (e.g.,
protostomes) indicates a real absence. Fig. 1A exemplifies our
reasoning for estrogen receptors.

Our strategy successfully identified clear orthologs of known
steroidogenic enzymes. For example, we identified in Daphnia, a
crustacean, orthologs of enzymes that metabolize insect steroids
(i.e., CYP302, CYP314, CYP315, and CYP306) known in Drosoph-
ila and other insects (Fig. 2A and Fig. 3 and Figs. S3 and S4).

Fig. 2 provides a general overview of the phylogeny of the 4
protein families analyzed. For more complete versions of these
phylogenies, and the relevant specific branches see Figs. S3–S7.
These phylogenies, based on several sequenced genomes, are in
good agreement with published studies (25).

Polyphyletic Origin for Steroidogenic CYPs. The metazoan CYP
family is currently divided into 11 clans (21, 22, Fig. 2A and Fig. S3),
including the mito clan that clusters mitochondrial proteins in
vertebrates and insects (Fig. 3 and Fig. S4). To date, all mitochon-
drial CYPs identified in vertebrates are involved in metabolism of
endogenous compounds (e.g., CYP27A1 for bile acids) or hormone
biosynthesis (CYP11A and CYP11B for steroid hormones), with
CYP11A catalyzing cleavage of the cholesterol side chain at C20
(Fig. 1B). In contrast, arthropod mitochondrial CYPs include
several xenobiotic-metabolizing proteins (e.g., CYP12) and en-
zymes catalyzing steroid biosynthesis (CYP302, CYP314, and
CYP315) (Fig. 3). We observed that the vertebrate (CYP11A and
CYP11B) and arthropod steroidogenic enzymes (CYP302,
CYP314, and CYP315) do not form a monophyletic clade, and are
rather dispersed at various places in the tree, often linked to
non-steroidogenic proteins (Fig. 2A).

The most parsimonious scenario for these different activities
within family- and lineage-specific duplications, is that these dif-
ferent steroidogenic activities arose independently in arthropod
and vertebrate mitochondrial CYPs. This scenario implies that,
if the substrate for an ancestral mito CYP was a steroid, then
it probably was not a vertebrate steroid found in present-day
organisms.

Similar conclusions can be drawn for other CYP clans. For
example, in the CYP2 clan, steroidogenic activity seems to have
appeared independently at least 3 times, in vertebrates, in insects,
and in nematodes (Fig. 2A and Fig. S3). An important point is that
many of the vertebrate members of this clan are known to be
xenobiotic-metabolizing enzymes that are correlated with a high
rate of lineage-specific duplications (24). Lineage-specific duplica-
tions are also abundant within lophotrochozoan members of
this clan, thus indicating that these enzymes may be xenobiotic
metabolisers.

SDR: Convergent Acquisition of the same Biochemical Activity. Short-
chain dehydrogenase/reductase (SDRs) enzymes display a wide
substrate spectrum, ranging from steroids, retinoids, alcohols,
sugars, and aromatic compounds to xenobiotics (22). In terms of
steroidogenesis, this family contains proteins with 17ß-hydroxys-
teroid dehydrogenase (17ßHSD) activity as well as 11ßHSD activity
(26, 27), characterized as steroidogenic enzymes in vertebrates
(HSD17B1, �2, and �3; HSD11B1, �2, and �3). Previous reports

Fig. 1. Study background. (A) The ligand exploitation hypothesis. The ancestral
receptor, that is supposedtobindestradiol, shouldhavebeenlost inecdysozoans,
have lost its ligand-binding ability in mollusks, and have undergone ligand
diversification through gene duplications in vertebrates. (B) The human steroid
signaling pathway. (C) The steroid signaling pathways in ecdysozoans.

11914 � www.pnas.org�cgi�doi�10.1073�pnas.0812138106 Markov et al.

http://www.pnas.org/cgi/data/0812138106/DCSupplemental/Supplemental_PDF#nameddest=SF2
http://www.pnas.org/cgi/data/0812138106/DCSupplemental/Supplemental_PDF#nameddest=SF3
http://www.pnas.org/cgi/data/0812138106/DCSupplemental/Supplemental_PDF#nameddest=SF3
http://www.pnas.org/cgi/data/0812138106/DCSupplemental/Supplemental_PDF#nameddest=SF3
http://www.pnas.org/cgi/data/0812138106/DCSupplemental/Supplemental_PDF#nameddest=SF4
http://www.pnas.org/cgi/data/0812138106/DCSupplemental/Supplemental_PDF#nameddest=SF3


(26, 28) noted that 17ßHSD and 11ßHSD activities arose indepen-
dently many times in the SDR family. We confirm and extend this
notion by finding that among the vertebrate steroidogenic proteins,
only 1, HSD11B1, that is involved in the synthesis of cortisol from
cortisone in vertebrates, has clear orthologues in lophotrochozoans
(Fig. 2B). All of the other proteins, and especially those implicated
in estrogen synthesis (HSD17B1, �2, and �3), arose from verte-
brate-specific duplications and have no orthologues in protostomes.

The subfamily 3 of SDR (Fig. S5) illustrates this notion. It
contains 1 human enzyme, HSD17B1 that clusters with a group
containing the human RDH8, a photoreceptor-associated retinol
dehydrogenase, as well as many vertebrate paralogs with unchar-
acterized activities. All of these vertebrate proteins cluster with
proteins found in the cnidarian Nematostella whose activities are
unknown. These data are consistent with the hypothesis that an
ancestral HSD17B1 acquired the 17ßHSD biological function for
synthesis of estradiol late during vertebrate evolution (8, 26).

HSD3B and SRD5A: Independent Lineage-Specific Duplications Within
Chordates. The HSD3B family contains 5 robust clades (Fig. 2C and
Fig. S6) that are the products of lineage-specific duplications in
deuterostomes (23). The protostome sequences are external to
these groups. According to the topology of this tree, Ciona,
amphioxus and protostome proteins may have a HSD3B activity,
but it is not possible to infer whether the function of the Ciona and
protostome proteins is to metabolize vertebrate steroid hormones,
bile acids, or other molecules. Similarly, in the SRD5A family (Fig.
2D and Fig. S7), lineage-specific duplications also occurred in
vertebrates, Ciona, Daphnia, and Caenorhabditis, whereas the gene
was lost in insects. Thus, in these 2 gene families, lineage-specific
elaboration of steroidogenic enzymes occurred in vertebrates.

Two Key Enzymes Necessary to Generate Vertebrate Steroids Are
Specific to Vertebrates. The first step of vertebrate steroid synthesis
is the cleavage of the side chain present in cholesterol (17). This

activity is catalyzed by CYP11A, which is, as discussed above,
specific to vertebrates. This clearly shows that vertebrate-type
steroids either may not be present outside vertebrates or, if present,
are generated using enzymes of different phylogenetic origins. The
latter case is an example of evolutionary convergence.

Interestingly, the very last step of estrogen synthesis, namely
aromatization of testosterone or androstenedione, is catalyzed by
CYP19, an aromatase, which arose in chordates. The phylogenetic
analyses of CYP11A and CYP19 support our model that steroido-
genic enzymes for adrenal and sex steroids arose in the deuteros-
tome line, in which we also propose arose their cognate steroid
receptors (7, 8).

Discussion
Independent Elaboration of Steroidogenesis in the 3 Main Bilaterian
Lineages. Except for vertebrate SRD5A and HSD11B1, for which
orthologous genes were found in protostomes and/or cnidarians
(even if their biochemical activity is not known), other enzymes
known to be involved in steroidogenesis in arthropods, nematodes,
or vertebrates have no clear orthologues outside their respective
metazoan phyla. This indicates that the steroidogenic enzymes have
evolved independently within each phylum, through lineage-
specific duplications, and subsequent neofunctionalization. Such
convergent evolution of synthesis pathways for complex molecules
is not unique: examples include morphine synthesis in plants and
animals (29) and gibberellin in plants and fungi (30).

An important point is that the major active steroid hormones
identified so far in vertebrates, arthropods, and nematodes have
important differences in their structures (Figs. 3 and 4 and Fig. S1),
which is consistent with our phylogenetic analyses of steroidogenic
enzymes and argues for independent evolution of the steroidogenic
pathway in these metazoan groups.

To clarify the fundamentally different characteristics of the
steroid hormones across metazoan phyla and to highlight their

Fig. 2. Simplified Maximum-likelihood phylogenies of the CYP, SDR, HSD3B, and SRD5A families in metazoans. (A) CYP family. (B) SDR family. (C) HSD3B family. (D)
SRD5A family. Steroidogenic proteins are highlighted in different colors. This clearly illustrates that in most cases the steroidogenic enzymes are dispersed in the
evolutionary trees, suggesting independent acquisition of their steroid specificity.
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independent evolutionary elaboration, one could apply a taxonomic
based nomenclature, namely lophosteroids, ecdysosteroids, verte-
brosteroids, and cnidosteroids (Fig. 4 and SI Text). Each of these
compounds has a defined structural feature; for example, verte-
brosteroids exhibit a characteristic cleavage of the long C17 side
chain found in cholesterol. It is only when more biochemical and
functional data become available in non-model taxa such as lopho-
trochozoans that a clear and unambiguous nomenclature can be
defined.

Caution Is Needed in Assigning a Function Solely from Sequence Data.
The CYP and SDR family members are known to exhibit a huge
variation of substrate specificity, even at the subfamily level. This
indicates that one must exercise caution in attributing vertebrate-
like steroidogenic activities to homologs in protostomes and cni-
darians. For example, although it was convincingly shown that
LET-767 is able to transform androgens into estrogens in mam-
malian cell cultures, as HSD17B3 does, and that this substrate-
specificity can be altered by selective mutations (31), it does not
necessarily follow that LET-767 and HSD17B3 have similar func-
tions in vivo. Ecdysozoans have cholesterol-like steroids, in which

there is a side-chain at C-17. Thus, there is no C17 alcohol or ketone
for modification by a 17ß-HSD in nematode cells. Future charac-
terization of the biological activity of LET-767 in C. elegans is
necessary to provide insights into the evolution of substrate spec-
ificity in 17ß-HSD and its paralogs.

CYP19 Is a Chordate Aromatase. The only non-vertebrate to contain
a CYP19 ortholog is amphioxus, a chordate that is a close relative
of vertebrates. Thus, our analysis (Fig. 2A) shows that, in contrast
to recent claims (32), there is no support for the presence of an
ortholog of vertebrate CYP19 in protostomes and cnidarians. This
could be explained either by long-branch attraction in chordates
CYP19 (which would be consistent with a functional shift) or by
secondary loss of the CYP19 genes in protostomes and cnidarians.
Since this is observed for other CYP families, for example CYP20,
which seems to be orthologous to the sponge CYP38, with no
counterparts in cnidarians and protostomes, we favor the hypoth-
esis of secondary loss of an ancestral gene with no aromatizing
activity. If an aromatization reaction really occurs in some lopho-
trochozoans (33), our analysis indicates that this reaction is carried
out by a protein that is not a member of the chordate CYP19 family.

Fig. 3. A simplified Maximum-Likelihood phylogeny of the mitochondrial clan. Vertebrate and arthropod steroidogenic enzymes are highlighted in blue and green,
respectively, and the molecules they produce are indicated. These molecules are 20-OH Ecdysone for CYP314, Ecdysone for CYP315, 2deoxyecdysone for CYP302,
pregnenolone for CYP11A, and cortisol for CYP11B. Colored residues in the chemical formulas are those that are modified by the catalytic reaction.
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This could be a CYP from the CYP1 and CYP3 clan (especially
CYP3A4), which can aromatize indoline (34), or it may even be a
protein from another family. Such an example of convergent
evolution has already been described in the case of allene oxide
synthase of a coral being able to metabolize a fatty acid peroxide
in a way that was previously thought to be specific to CYPs (35).
However, aromatization of steroids by these enzymes or a lopho-
trochozoan enzyme has not been reported.

Implications for the Presence of Vertebrate Steroids in Protostomes
and Cnidarians. Our phylogenetic analyses are relevant to studies in
the comparative endocrinology field, which discuss the presence of
vertebrate-type steroids and steroidogenic activities in non-model
species, especially in protostomes or cnidarians (33, 36). In non-
vertebrate species, the presence of steroids is usually monitored by
radioimmunoassay (RIA) using antibodies generated against ver-
tebrate hormones. Most importantly, vertebrate antibodies may
cross-react with other steroids, including non-vertebrate steroids.

The limits of such approaches were clearly demonstrated in sea
lamprey. Whereas classical RIA studies led to the identification of
vertebrate-type steroids (37), more recent experiments, based on
high performance liquid chromatography (HPLC) with 2 different
solvents showed that the main circulating steroids are 15�-
hydroxylated steroids and not vertebrate-type steroids as deter-
mined through RIA (38).

We show in this paper that genes orthologous to the vertebrate
steroidogenic enzymes are not present in lophotrochozoans and
cnidarians. Thus, there is no reason ‘‘a priori,’’ other than a residual
anthropomorphism, to search specifically for the presence of ver-
tebrate-type steroids in lophotrochozoans and cnidarians, and to
imagine that those vertebrate steroids—if present—would be more
likely to act as hormones, through vertebrate-like transduction
pathways, than other steroids that are supposed to be present in
non-vertebrate animals.

In our opinion, the first step in characterizing new steroidogenic
pathways in non-model organisms should be identification of all
steroids with sensitive methods such as GC-MS, and verification
that these molecules are synthesized de novo from a defined sterol
precursor. The physiological effects of these molecules should be
tested, and the potential enzymes capable of catalyzing the different
steps of the synthesis pathway identified. This is of course very

challenging experimentally, but the only way to progress and to
build knowledge on solid ground.

Xenobiotic-Metabolizing CYPs Are Ancestors of Steroidogenic En-
zymes. Many CYPs hydroxylate xenobiotics, which increases their
solubility, facilitating excretion of the hydroxylated metabolite, and
in optimal situation, leading to metabolites with reduced toxicity
due to a lower affinity for enzymes and/or receptors (20, 21). On the
other hand, CYPs can also lead to an increased affinity of lipophilic
molecules for enzymes and/or receptors. Thus, hydroxylation of
various lipophilic molecules, such as cholesterol, ergosterol, bile
acids, retinoids, and vertebrate steroids, by CYPs can yield ligands
that activate nuclear receptors (39–42). Indeed, selective expres-
sion of CYPs in specific tissues is an important mechanism for
regulating the actions of vertebrate steroids and other ligands.
Phylogenetic analysis of CYPs indicates that they are ancient and
found in bacteria, yeast, and basal metazoans (20, 21, Fig. 2 and
Figs. S3 and S4), preceding the evolution of steroid receptors in
arthropods and deuterostomes. The broad substrate specificity and
micromolar affinity of CYPs for xenobiotics allows a few CYPs to
protect their host organism. Our phylogenetic analyses indicate that
key steroidogenic enzymes, such as CYP11A, CYP11B, and CYP19
(aromatase) in vertebrates, CYP22 in nematodes, or CYP314,
CYP315, CYP306, and CYP302 in arthropods, arose late in animal
evolution and are most likely descended from CYPs that metabolize
xenobiotics. These steroidogenic CYPs have evolved increasing
their specificity for different steroids regarding hydroxylation, aro-
matization or cleavage of the C17 side chain. This specificity is an
important mechanism for regulating steroid hormone action.

Like xenobiotic-metabolizing CYPs, some nuclear receptors are
xenobiotic sensors, in that these transcription factors bind a wide
range of molecules with micromolar affinity (42). An example of an
ancient liganded receptor system is the NR1H/NR1I/NR1J group
containing FXR, LXR, ECR, PXR, CAR, and VDR in vertebrates
and also DHR96 in Drosophila and DAF12 in nematodes. Some of
these receptors (FXR, PXR, CAR, and VDR) regulate CYPs and
other transcription factors that detoxify xenobiotics. VDR, ECR,
and LXR also are steroid-regulated transcription factors (43, 44). A
characteristic of the nuclear receptors that respond to xenobiotics
is their broad substrate specificity (43, 45), which is important in
protection from the effects of xenobiotics. In contrast, chordate
steroid receptors have nanomolar affinity for different adrenal and
sex steroids, which is important in selective activation of endocrine
pathways. Interestingly, 17ß -ethynylestradiol and the xenoestrogen,
4-nonylphenol, activate responses for detoxification of xenobiotics
(46, 47), which suggests that the vertebrate ER activates some
responses to xenobiotics.

AncSR Was Not a Hormone Receptor, but More Likely a Sensor. Our
phylogenetic analysis of steroidogenic enzymes favors the indepen-
dent elaboration of different steroid synthesis pathways in meta-
zoan groups. These data support the hypothesis that the responses
of nuclear receptors in vertebrates and arthropods evolved inde-
pendently (7). This model differs from the ‘‘ligand exploitation’’
model (10), in which the first active steroid would be estradiol,
which would act through the AncSR in all bilaterians. Only later on,
other ‘‘intermediate’’ steroids (androgens, corticosteroids, proges-
tins, etc.) would have become ligands after gene duplication of the
AncSR gave rise to new receptors that could exploit these inter-
mediates (see Fig. 1A and B). This model indeed implies that the
whole pathway governing estrogen production evolved in an an-
cestral bilaterian and that enzymes involved in estrogen synthesis
(the ancestral ligand) are evolutionarily conserved in metazoans,
and this is not what we observed.

To date, all of the binding data on ancestral SR were interpreted
in the framework of vertebrate steroids being present in all meta-
zoans and opposing an unliganded AncSR to an hormone-binding
AncSR. Given the fact that vertebrate steroid hormones are not

Fig. 4. A hypothesis about the acquisition of steroidogenic pathways in meta-
zoans. We propose that steroid sensing by NR was already present in the last
common ancestor of all eumetazoans (step 1), but that steroid signaling was
independently recruited many times from slightly different molecules (step 2),
with subsequent refinement in some lineages (e.g., lamprey; step 3).
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synthesized in other metazoans and that there are many possible
crosstalks between the hormone synthesis and xenobiotic detoxifi-
cation pathways, we propose that AncSR was able to bind estrogen
with micromolar affinity but that it was not an hormone receptor,
but rather a sensor, that was able to bind a broad range of various
metabolites, such as sterol food derivatives and xenobiotics. Indeed,
some current sensors, like PXR, are able to bind both xenobiotics
and estradiol (48).

Materials and Methods
Protein sequences were retrieved in various public databases (Dataset S1),
aligned with muscle (49), and alignments were checked by eye and edited with
Seaview (50). Phylogenetic trees were made using PHYML (51), a fast and accu-

rate maximum likelihood heuristic method, under the JTT substitution model
(52), with 100 bootstrap replicates. The trees were first made with sequences of
experimentally characterized proteins, for which a cDNA was cloned. Then the
sampling was completed with EST-based or ab initio predictions to check the
presence of the studied genes in non-model organisms. For additional details see
SI Text.
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