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Moulting is a characteristic feature of Ecdysozoa—the clade of

moulting animals that includes the hyperdiverse arthropods

and less speciose groups, such as onychophorans, tardigrades

and nematodes. Moulting has been best analysed in arthropods,

specifically in insects and crustaceans, in which a complex

neuroendocrine system acts at the genomic level and initiates

the transcription of genes responsible for moulting. The key

moulting hormones, ecdysone and 20-hydroxyecdysone, are

subsequently synthesized from cholesterol ingested with food.

Their biosynthesis is regulated by the Rieske-domain protein

Neverland and cytochrome P450 enzymes encoded by the so-

called ‘Halloween’ genes. Ecdysone is then released into the

haemolymph and modified into 20-hydroxyecdysone, which

binds to the nuclear receptor EcR/USP and initiates

transcription of the Early genes. As little is known about

the moulting pathway of other ecdysozoans, we examined the

occurrence of genes involved in ecdysteroid biosynthesis and

the early moulting cascade across ecdysozoan subgroups.

Genomic and transcriptomic searches revealed no Halloween

genes in cycloneuralians, whereas only shadow (CYP315A1) is

present in onychophorans and tardigrades, suggesting that the

Halloween genes evolved stepwise in panarthropods. These

findings imply that the genes which were responsible for

the ecdysteroid biosynthesis in the last common ancestor of

Ecdysozoa are currently unknown.
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Figure 1. Identified occurrence of 20-hydroxyecdysone in protostomes. Note that 20-hydroxyecdysone (indicated by red dots) is not
only found in ecdysozoans but also in other protostomes, including molluscs, annelids and platyhelminths. Phylogeny of protostomes
modified from [1,2]. Note that cycloneuralians might not be monophyletic [1]. Animal silhouettes, except for those for Onychophora
and Tardigrada, courtesy of PhyloPic (www.phylopic.org).
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1. Introduction
Ecdysozoa is the sister group of Lophotrochozoa within protostomes and includes cycloneuralians

(nematodes, priapulids, kinorhynchs and allies), and panarthropods (tardigrades, onychophorans and

arthropods; figure 1). Although the phylogenetic relationships of ecdysozoans remain contentious (in

particular, the validity of Cycloneuralia is under debate), the monophyly of the entire clade is

supported by most molecular analyses and the process of moulting or ecdysis, which is considered an

autapomorphy of this clade [1,3–6]. Ecdysis is essential for growth in these animals, as their body is

typically covered with an inelastic cuticle or exoskeleton, which has to be shed and replaced

periodically by larger covering. During this complex and strictly coordinated neuroendocrine

process, precise timing of gene expression and physiological responses is essential for building the

new cuticle or exoskeleton [7,8]. Hormones such as ecdysteroids have been demonstrated to be

responsible for the control and regulation of moulting in arthropods [5,9]. Specifically, ecdysone (E)

and 20-hydroxyecdysone (20E) have been identified as key players of ecdysis in insects [10] and

crustaceans (crustecdysone sensu Hampshire & Horn [11]; figure 2a,b). These hormones are

synthesized from the precursor sterol cholesterol, which is ingested with food, transported via a

lipoprotein from the midgut to a secretory tissue and converted subsequently into the final moulting

hormone 20E [14] (figure 2b).

In well-studied insects, such as the fruit fly Drosophila melanogaster and the tobacco hornworm

Manduca sexta, the initial step in the biosynthesis of ecdysteroids is the dehydrogenation of cholesterol

to 7-dehydrocholesterol, which takes place in the prothoracic gland and is catalysed by the Rieske

oxygenase Neverland (Nvd) [15–17] (figure 2b). The subsequent hydroxylation reactions at different

carbon atoms are catalysed by cytochrome P450 monooxygenases encoded by the Halloween genes

spook (spo, CYP307A1), phantom ( phm, CYP306A1), disembodied (dib, CYP302A1) and shadow (sad,

CYP315A1). In D. melanogaster, two additional Halloween genes—spookier (spok, CYP307A2) and

spookiest (CYP307B1)—have been identified with a putative hydroxylation function as part of the

‘Black box’ in the ecdysteroid pathway [18–20] (figure 2b). These multiple hydroxylation reactions in

the secretory tissue produce ecdysone. This is released into the haemolymph and modified further to

20E by a monooxygenase encoded by the Halloween gene shade (shd, CYP314A1) in a species-specific

target area such as the haemolymph, fat body or midgut [21,22]. The active moulting hormone 20E

http://www.phylopic.org
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then binds to a high-affinity nuclear receptor complex that consists of two dimerization partners,

Ecdysone Receptor (EcR) and the retinoid X receptor homologue Ultraspiracle (USP) [23–25]. By

attaching to an ecdysone response element of the DNA, the 20E/EcR/USP complex initiates a

hierarchical transcription cascade of the Early genes (at least six in D. melanogaster, including E74, E75,

E78, HR3, HR4 and bFtz-F1), which leads to the final biosynthesis of the new cuticle by the epidermis

regulated by enzymes (e.g. chitinases and collagenases) encoded by the Late response genes [26–29]

(figure 2b).

The molecular control of moulting is well understood in insects and crustaceans (e.g. [30–32]).

However, little is known about this process in the remaining ecdysozoan subgroups, including the

closest arthropod relatives, the onychophorans (velvet worms) and tardigrades (water bears) [1,12,33].

While in the onychophoran Euperipatoides leuckartii both key moulting hormones, E and 20E, have

been identified using radioimmunoassay and high-performance liquid chromatography [34],

corresponding data are unavailable from tardigrades, probably due to their minute body size



Table 1. Ecdysozoan species, the genomes and/or transcriptomes of which were searched for homologues of genes of the
moulting pathway.

taxon species genome transcriptome references

Scalidophora,

Priapulida

Priapulus caudatus 3 AXZU00000000.2 http://

genome.wustl.edu/

Nematoda,

Rhabditida

Caenorhabditis

elegans

3 [47]

Tardigrada,

Eutardigrada

Hypsibius

exemplaris

3 [48]

3 [49]

Ramazzottius

varieornatus

3 [50]

Onychophora,

Peripatopsidae

Euperipatoides

rowelli

3 ftp://ftp.hgsc.bcm.edu/I5K-pilot/

Velvet_worm/

3 [51]

Arthropoda,

Chelicerata

Ixodes scapularis 3 [52]

Tetranychus urticae 3 [53]

Stegodyphus

mimisarum

3 [54]

Arthropoda,

Myriapoda

Strigamia maritima 3 [55]
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(figure 1). To our knowledge, the occurrence of ecdysteroids has not been investigated in cycloneuralian

taxa other than nematodes. Although ecdysteroids have been detected in the parasitic nematodes

Dirofilaria immitis and Ascaris suum [35,36], neither E nor 20E have been identified in free-living

nematodes, including the ‘model’ species Caenorhabditis elegans [37,38]. This would suggest a different

pathway for the regulation of moulting in the free-living species of nematodes at least. Dafachronic

acid, another sterol-derived hormone, has, for example, been identified as a moulting hormone in

C. elegans [39].

Interestingly, the ecdysteroids E and 20E have also been detected outside the ecdysozoan clade, for

example, in the cestode Moniezia expansa, the molluscs Lymnaea stagnalis and Helix pomatia, and the leech

Hirudo medicinalis [40–44] (figure 1). Together with the observation that leeches periodically shed their

cuticle [43,45,46], this raises the question of whether or not the ecdysteroid pathway is conserved

among protostomes, and whether ecdysone-induced moulting predates the origin of Ecdysozoa.

To clarify this question, we explored the distribution of the major gene components of the early

moulting pathway in insects across the Bilateria. In particular, we focused on the occurrence of the

Halloween genes among ecdysozoans by including the sequenced genomes and transcriptomes of a

priapulid, two tardigrade and one onychophoran species in our analyses (table 1). After identifying

the relevant sequences, we performed phylogenetic analyses of the three major families of moulting

genes, including those encoding a Rieske-domain protein, cytochrome P450 monooxygenases and

nuclear hormone receptors. Our results contribute to a better understanding of the evolution of genes

of the early moulting pathway in panarthropods. They also reveal substantial gaps in our knowledge

of the ancestral moulting system of ecdysozoans.
2. Material and methods
2.1. Specimens, library preparation, sequencing and transcriptome assembly
Specimens of the onychophoran species Euperipatoides rowelli Reid, 1996 (Peripatopsidae) were collected

from decaying logs in the Tallaganda State Forest (New South Wales, Australia, 358260 S, 1498330 E, 954 m

above sea level) in October 2011. The animals were kept in plastic jars with perforated lids at 188C or as

http://genome.wustl.edu/
http://genome.wustl.edu/
http://genome.wustl.edu/
ftp://ftp.hgsc.bcm.edu/I5K-�pilot/Velvet_worm/
ftp://ftp.hgsc.bcm.edu/I5K-�pilot/Velvet_worm/
ftp://ftp.hgsc.bcm.edu/I5K-�pilot/Velvet_worm/
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described previously [56,57] and fed with crickets (Acheta domesticus) every four weeks. Specimens of the

eutardigrade species Hypsibius exemplaris Gąsiorek et al. [58] (Parachela, Hypsibiidae) were obtained

commercially from Sciento (Manchester, UK) and kept in plastic Petri dishes filled with mineral water

(Volvic, Danone Waters Deutschland GmbH, Frankfurt am Main, Germany) at 218C and fed with

unicellular algae (Chlorococcum sp.) as described previously [59–61]. This tardigrade species was

commonly referred to as ‘Hypsibius dujardini (Doyère, 1840)’ in the literature (e.g. [48,49,62]), but

Gąsiorek et al. [58] have described it as Hypsibius exemplaris. Library preparation, sequencing and

assembly of transcriptomes for E. rowelli and H. exemplaris were performed as described previously [49,51].

2.2. Identification of genes and genome screening
To identify the sequences of putative genes from the early moulting pathway of various ecdysozoans

(including neverland, Halloween genes, receptor genes, Early genes, and CYP18A1) (table 1),

tBLASTn/BLASTp searches [63] of the NCBI GenBank database were conducted using an initial score

cut-off of 80 and E-value of 1 � 1026. Published sequences of the Halloween genes from different

arthropods, including Limulus polyphemus, Daphnia pulex and D. melanogaster, were used as queries

(see electronic supplementary material, file F1 and figures S1–S3 for accession numbers or references

for all used sequences). When the target gene was not found by initial searches, further searches at a

more permissive score of 60 and higher E-value cut-offs were performed. Alongside these searches,

the available genomes of different ecdysozoan species, including Priapulus caudatus, C. elegans,

H. exemplaris, Ramazzottius varieornatus, E. rowelli, Ixodes scapularis, Tetranychus urticae, Stegodyphus
mimisarum and Strigamia maritima were screened for candidate genes using Hmmer or BLAST searches

either directly on the Ensembl database [64] or on their respective webservers (table 1). Reciprocal

tBLASTn/BLASTP searches of candidate gene sequences on UniProt and NCBI databases were

performed for initial confirmation of gene identity from the examined genomes (table 1). Candidate

sequences from the onychophoran E. rowelli and the tardigrade H. exemplaris were translated using the

standard metazoan coding table with the online sequence translation tool EMBOSS Transeq ([65],

http://www.ebi.ac.uk/Tools/st/emboss_transeq) and CLC Sequence viewer (Qiagen, 2017). The

domain structures of all sequences (Rieske-domain for neverland, P450 domain for the Halloween

genes and CYP18A1, Zn-Finger motif and hormone receptor for the receptor genes and the Early

genes, ETS-domain for E74) were analysed using the Pfam database 31.0 [66] and SMART [67]. We

used the corresponding sequences of the ETS transcription factor family to clarify the orthology of the

identified E74 sequences (ETS, TCF, PEA3 and ERG sensu Sharrocks et al. [68]).

2.3. Sequence alignment and phylogenetic analyses
Amino acid sequences of putative genes of the early moulting pathway (59 for neverland, 238 for the

Halloween genes and CYP18A1, 173 for the nuclear hormone receptors and 58 for the ETS

transcription factor family genes) were used for phylogenetic analyses. We generated dataset and

domain sequence alignments for each gene family (257 amino acids in length for neverland, 1006 for

the Halloween genes and CYP18A1, 665 for the nuclear hormone receptors and 83 for the ETS

transcription factor family genes) using the online tool MAFFT version 7 [69] and the L-INS-I strategy

(see electronic supplementary material, file F2 for all alignments). The Pthread-Version of RAxML

v. 8.2.X [70] was used to infer the best maximum-likelihood tree to reveal the phylogenetic position of

each candidate sequence by using a dataset-specific GTR substitution matrix (-m PROTGAMMAGTR).

For each run, the best tree was obtained from 10 independent inferences. Bootstrap support values for

all trees were calculated using the rapid bootstrapping algorithm implemented in RAxML from 1000

pseudoreplicates. Trees were visualized with iTol v. 4.0.3 [71] and edited with Illustrator CS5 (Adobe

Systems, San Jose, CA, USA).
3. Results
3.1. Homologues of the Rieske-domain gene neverland
Our genomic/transcriptomic searches and phylogenetic analyses revealed homologues of neverland (nvd) in

numerous bilaterians (table 2; see electronic supplementary material, figure S1 for phylogenetic analyses).

We identified orthologues of nvd in all analysed arthropod species, including the chelicerate I. scapularis, the

http://www.ebi.ac.uk/Tools/st/emboss_transeq
http://www.ebi.ac.uk/Tools/st/emboss_transeq
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myriapod S. maritima, the crustacean D. pulex and the insect D. melanogaster. While genomic and

transcriptomic data from Kinorhyncha, Loricifera and Nematomorpha are still absent from available

databases, we confirmed the previously identified homologue of nvd, daf-36 (cf. [17]), in the nematode

C. elegans. By contrast, we found no nvd homologues in genomic and/or transcriptomic data from the

onychophoran E. rowelli, the tardigrades H. exemplaris and R. varieornatus, and the priapulid P. caudatus
(table 2; see electronic supplementary material, figure S1 for phylogenetic analyses).

3.2. Cytochrome P450 family genes
To clarify the orthology of the Halloween genes, we analysed the phylogeny of selected cytochrome P450

family genes (figure 3). Our screening of genomic and transcriptomic data from the onychophoran

E. rowelli and the tardigrades H. exemplaris and R. varieornatus revealed only orthologues of the

Halloween gene shadow (sad, CYP315A1) in these three panarthropod species (figure 3 and table 2).

While the two tardigrade species show single homologues of sad, we identified three transcripts of sad
in the onychophoran E. rowelli (figure 3). The tardigrade and onychophoran homologues form a clade

together with the corresponding sequences from arthropods (figure 3). Besides the homologues of sad,

our results revealed four additional Halloween genes (spo, dib, shd and phm) in the myriapods

S. maritima and Chamberlinius hualienensis, the crustaceans D. pulex and Daphnia magna, and several

insect species, whereas phm is missing in the chelicerates S. mimosarum, I. scapularis and T. urticae
(table 2; see electronic supplementary material, figure S2 for uncondensed phylogenetic analyses).
In contrast to onychophorans, tardigrades and arthropods, the genomic data from nematodes and the

priapulid P. caudatus exhibit no Halloween genes.

Our searches further revealed putative orthologues of the cytochrome P450 gene CYP18A1 at least in

all major subgroups of panarthropods studied (figure 3 and table 2). Interestingly, the daf-9 sequences

from the nematodes C. elegans, Brugia malayi and Strongyloides ratti (indicated by an orange asterisk in

figure 3) fall into an assemblage of other nematode cytochrome P450 family genes, which cluster as

the sister group to a clade comprising CYP18A1, phm and other P450 sequences (figure 3). We did not

find homologues of CYP18A1 in the priapulid P. caudatus (figure 3 and table 2).

3.3. Nuclear receptor and ETS transcription factor genes
We further searched the available databases for homologues of the nuclear hormone receptor genes EcR,

ultraspiracle/retinoid X receptor (USP/RXR), and the Early genes E75, E78, HR3, HR4 and bFtz-F1 (figure 4

and table 2). We used knirps and related sequences, which are part of the nuclear hormone receptor

family, from several arthropods as an outgroup. Besides representative ecdysozoan sequences, we

included EcR and USP/RXR homologues from the annelid Capitella teleta, the brachiopod Lingula
anatina and the vertebrates Gallus gallus and Homo sapiens in our sampling. We identified homologues

of EcR and USP/RXR, which encode the two dimerization partners of the moulting receptor complex

in arthropods, in all studied ecdysozoan subgroups (figure 4 and table 2). Interestingly, we found no

orthologues of EcR and USP in the genome of the free-living nematode C. elegans, although the

corresponding sequences are present in the parasitic nematodes Trichinella spiralis, Dirofilaria immitis
and Brugia malayi. Among the Early genes, which also belong to the nuclear hormone receptor family,

we identified E75, E78, HR3, HR4 and bFtz-F1 in all studied ecdysozoans (figure 4 and table 2). The

same holds true for the homologues of the ecdysone-inducible Early gene, E74, which belongs to the

ETS transcription factor family (figure 5 and table 2).
4. Discussion
4.1. Loss of neverland homologues in Tardigrada, Onychophora and Priapulida
The Rieske-domain gene nvd encodes an oxygenase, which in insects acts upstream of the ecdysteroid

biosynthesis pathway and dehydrogenates cholesterol to 7-dehydrocholesterol [15,17] (cf. figure 2b).

However, Nvd is also known to play a more general role in the transport and metabolism of

cholesterol [72]. Based on our results, we propose that a homologue of nvd might have existed in the

last common ancestor of bilaterians, in which it might have played an ancient role in the metabolism

of steroids, as these hormones are essential for development, growth and homeostasis in both

protostomes and deuterostomes [17]. Surprisingly, we did not find homologues of nvd in the



Figure 3. Phylogenetic relationship of the cytochrome P450 family genes. The tree is based on a maximum-likelihood analysis of
238 P450 domain sequences of the mitochondrial (Mito) and cytochrome P450 family 2 (CYP2) from different ecdysozoans (see
electronic supplementary material, file F1 for identified sequences and accession numbers, and figure S2 for uncondensed tree).
Numbers at nodes indicate bootstrap support values greater than 50% obtained from 1000 pseudoreplicates. Note that the
homologues of the Halloween genes disembodied (dib), phantom ( phm), shade (shd) and spook (spo) are missing in
onychophorans and tardigrades. Single homologues of CYP18A1 are present in the onychophoran Euperipatoides rowelli
(highlighted in brown) and the tardigrades Hypsibius exemplaris and Ramazzottius varieornatus (both highlighted in blue).
Three copies of shadow (sad, CYP315A1) are present in the onychophoran E. rowelli (highlighted in brown) and one copy in
the tardigrades H. exemplaris and R. varieornatus (highlighted in blue). Note further that the nematode daf-9 sequences occur
within a clade of other nematode cytochrome P450 family genes, indicating that daf-9 might not be an orthologue of
CYP18A1 (orange asterisk).
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Figure 4. Phylogenetic relationship of the nuclear hormone receptor genes. The tree is based on a maximum-likelihood analysis of
173 sequences from different bilaterian species (see electronic supplementary material; file F1 for accession numbers and electronic
supplementary material, figure S3 for uncondensed tree). Numbers at nodes indicate bootstrap support values greater than 50%
obtained from 1000 pseudoreplicates. Note that the homologues of ecdysone receptor (EcR), beta fushi tarazu transcription factor 1
(bFtz-F1), hormone receptor 3 (HR3), hormone receptor 4 (HR4), ecdysone-inducible genes E75 and E78, and ultraspiracle/retinoid X
receptor (USP/RXR) are present in the onychophoran Euperipatoides rowelli (highlighted in brown) and the tardigrades Hypsibius
exemplaris and Ramazzottius varieornatus (both highlighted in blue).
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onychophoran E. rowelli, the tardigrades H. exemplaris and R. varieornatus and the priapulid P. caudatus,

suggesting independent losses of this gene in the corresponding lineages. Owing to these losses, the

enzyme responsible for the transformation of cholesterol to 7-dehydrocholesterol in these three animal

groups is currently unknown.
4.2. Stepwise evolution of Halloween genes in Panarthropoda
The Halloween genes encode hydroxylases that, at least in crustaceans and insects, convert

7-dehydrocholesterol into ecdysone and 20-hydroxyecdysone [73–75]. Mutations of the Halloween genes

in the fruit fly D. melanogaster result in ecdysteroid deficiency and lead to cuticle deformations and
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embryonic lethality [76,77]. Despite their essential role in the fruit fly, our results revealed no homologues of

Halloween genes in cycloneuralians, suggesting that these animals might use an alternative pathway for the

biosynthesis of ecdysteroids, or they might even use another type of moulting hormones. The free-living

nematode C. elegans indeed seems to use dafachronic acid instead of 20E as the main moulting hormone

[38,78], whereas the parasitic nematodes A. suum and B. malayi do show a molecular response to

ecdysone [79–81]. Hence, the question arises as to whether the dafachronic acid pathway or the

ecdysteroid pathway was responsible for the biosynthesis of moulting hormones in the last common

ancestor of Cycloneuralia, provided this group is monophyletic [1]. Genome sequencing and, in

particular, experimental studies in additional cycloneuralian taxa, such as priapulids, kinorhynchs,

loriciferans and nematomorphs, might help to clarify this question.

Our results further show that the repertoire of Halloween genes varies considerably among

arthropods. For example, the canonical 20E biosynthesis pathway of D. melanogaster exhibits six

Halloween genes: spo, spok, phm, dib, sad and shd (cf. figure 2b), whereas most other panarthropods

possess distinct sets of Halloween genes. While spookiest is missing in Drosophila species, this gene

does occur in other insects and some crustaceans, suggesting that spookiest was present in the last

common ancestor of Pancrustacea but was lost in some lineages, including the drosophilids and the

cladoceran crustacean Daphnia (figure 6). Moreover, our phylogenetic analyses revealed that spok is a

drosophilid in-paralogue of spo, thus confirming that spok might have evolved by gene duplication in

the drosophilid lineage [18,75]. Although homologues of spo, phm, dib, sad and shd are present in

myriapods, crustaceans and insects, phm is apparently missing in chelicerates (as speculated in Qu

et al. [82]). The lack of this gene implies that phm was either lost in chelicerates or evolved in

mandibulates (figure 6). Finally, sad is the only Halloween gene we identified in the onychophoran E.
rowelli and the tardigrades H. exemplaris and R. varieornatus. While single orthologues of sad are

present in tardigrades, the onychophoran transcriptome and genome databases exhibit three copies of

this gene, suggesting that there might have been two duplication events in the onychophoran lineage

or an onychophoran subclade.

In summary, based on our findings we propose that the most plausible scenario is a stepwise evolution

of Halloween genes in panarthropods (figure 6). While only sad was present in the last common ancestor of

Panarthropoda—a condition which has been retained in extant onychophorans and tardigrades—the genes

spo, dib and shd might have arisen in the arthropod lineage, followed by the evolution of phm in

mandibulates. The Halloween gene spookiest might have originated in the pancrustacean lineage, while

spok evolved in drosophilids. These findings suggest that the biosynthesis pathway of ecdysteroids in

tardigrades, onychophorans and chelicerates must be different from the canonical pathway of

D. melanogaster. Owing to the lack of phm, the conversion of 2,22,25-dE to 2,22-dE (cf. figure 2b) might

be accomplished by another enzyme in chelicerates, which is unknown. Alternatively, the lack of

phm in these animals might be due to the use of ponasterone A (25-deoxy-20E) instead of 20E

as a moulting hormone [82]. The situation is even less clear in onychophorans and tardigrades. Even if

their only Halloween gene sad does participate in the conversion of 2-dE to E (cf. figure 2b)—a function

which still has to be demonstrated experimentally—the remaining members of the ecdysteroid pathway

in these animals are unknown. Hence, virtually nothing is known about the components of the

ecdysteroid pathway and the molecular mechanisms of moulting in the last common ancestor of

Panarthropoda.
4.3. Evolution of the EcR/USP complex and the Early genes
Another important process in the ecdysteroid pathway of insects is binding of 20E to the heterodimeric

receptor complex EcR/USP, which activates the hierarchical transcription cascade of the Early genes

[25–27] (figure 2b). The individual subunits of this receptor complex, which is also essential for

reproduction and embryogenesis [83–85], are encoded by the EcR and USP/RXR genes. While EcR
encodes three isoforms of the EcR subunit in D. melanogaster and two in the tobacco hornworm M. sexta
[86,87], our analyses revealed single transcripts of EcR in the onychophoran E. rowelli, and the

tardigrades H. exemplaris and R. varieornatus. We further identified single homologues of USP/RXR—the

gene encoding the dimerization partner of EcR—in the onychophoran and the two tardigrade species.

The occurrence of 20E and homologues of EcR and USP/RXR in several ecdysozoan taxa, including

priapulids and the parasitic nematodes, suggests that the transcription of the Early genes might have

been triggered by binding of 20E (or a related molecule) to the EcR/USP complex in the last common

ancestor of Ecdysozoa. This ancient role of EcR/USP in steroid binding might have been inherited from



Figure 5. Phylogenetic relationship of ETS family genes including E74. The tree is based on a maximum-likelihood analysis of 58
sequences from different bilaterians (see electronic supplementary material, file F1 for identified sequences and accession numbers).
Note the presence of E74 homologues in the onychophoran Euperipatoides rowelli (highlighted in brown) and the tardigrades
Hypsibius exemplaris and Ramazzottius varieornatus (both highlighted in blue).
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the last common ancestor of protostomes, as genes encoding both receptor subunits are also found in

various other protostomes outside the ecdysozoan clade.

After steroid binding, the 20E/EcR/USP complex binds to an ecdysone response element in the

promoter region and initiates the expression of the Early genes that encode transcription factors

controlling the time and specificity of moulting in insects [29,88–90]. Our genomic and transcriptomic

analyses revealed homologues of six Early genes in the onychophoran E. rowelli, and the tardigrades

H. exemplaris and R. varieornatus: five of which were classified as the nuclear hormone receptor genes

(E75, E78, HR3, HR4 and bFtz-F1), and one belonging to the ETS family of transcription factors (E74).

Although the function of these genes has been well analysed in insects [90–93], only little is known

about their potential role in moulting in other ecdysozoans. Studies on the nematode C. elegans have

demonstrated that beyond their roles in development and egg-laying, at least some of the Early genes are

involved in moulting [94,95]. Together with our finding of a complete set of Early genes in all studied

ecdysozoan subgroups and other protostomes, such as the brachiopod L. anatina and the annelid

C. teleta, this suggests that the Early genes might have been present in the last common ancestor of

protostomes and were recruited for moulting in Ecdysozoa, irrespective of whether their transcription

was initiated by 20E or another steroid hormone.
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4.4. Evolution of the ecdysteroid-inactivating enzyme cytochrome P450-18A1 in panarthropods
In addition to ecdysone oxidase, the cytochrome P450 protein CYP18A1 has been characterized as an

ecdysteroid-inactivating enzyme, which plays an important role in the development and metamorphosis

of insects [96]. In the fruit fly D. melanogaster and the moths B. mori and M. sexta, the 26-hydroxylase

encoded by CYP18A1 affects developmental processes by inactivating 20E and degrading it to 20,26-

dihydroxyecdysone through the addition of an OH group to the 26th carbon of the hormone molecule

[96,97]. Our study revealed homologues of CYP18A1 in all major panarthropod subgroups, including the

onychophoran E. rowelli, in which CYP18A1 might play a similar role in 20E degradation as this

ecdysteroid has been demonstrated in the closely related species E. leuckartii [25]. By contrast, we found

no unambiguous homologues of CYP18A1 in available genomes from nematodes and the priapulid

P. caudatus, suggesting that this gene might have been recruited for degradation of 20E (or a related

hormone) in the last common ancestor of Panarthropoda.
5. Conclusion
To clarify whether the early moulting pathway of the fruit fly D. melanogaster is a conserved feature of

Ecdysozoa, we analysed candidate genes of this pathway in various bilaterians. While the homologues of

genes encoding the heterodimer receptor complex EcR/USP and the Early genes are present in all major

ecdysozoan subgroups, to our surprise we found only a few genes of the canonical ecdysteroid pathway in

these taxa. Although our results revealed no homologues of the Rieske-domain gene nvd in

onychophorans, tardigrades and priapulids, this gene might have been present in the last common

ancestor of Ecdysozoa and was most likely lost in these three ecdysozoan subgroups (figure 6). Hence, it is

unclear whether the dehydrogenation of cholesterol to 7-dehydrocholesterol occurs in these animals and, if

so, which enzyme accomplishes this dehydrogenation. Similarly, we found homologues of CYP18A1—a

gene belonging to the degradation pathway of 20E—only in panarthropods; it is, therefore, unclear which

gene was responsible for the degradation of ecdysteroids in the last common ancestor of Ecdysozoa.

Another unexpected result of our study is the finding that most likely none of the Halloween genes were

part of the ecdysteroid pathway in the last common ancestor of Ecdysozoa, and that only the Halloween
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gene sad was present in the last common ancestor of Panarthropoda (figure 6). Although functional assays

would be required to clarify whether or not this gene is involved in the hydroxylation of ecdysone to 2-

deoxyecdysone in onychophorans and tardigrades, our results clearly indicate that sad was the first

Halloween gene to evolve in the panarthropod lineage, whereas the remaining Halloween genes might

have originated subsequently in arthropods by gene duplications within the cytochrome P450 superfamily.

Taken together, these results suggest that most of the key players responsible for the conversion of

cholesterol to 20E (or a related hormone) in the last common ancestor of Ecdysozoa are currently

unknown. This is astonishing, given that ecdysis—a process which is believed to be governed by the

ecdysteroid hormones—is regarded as the most prominent autapomorphy of this clade [3–5]. Future

studies should, therefore, focus on aspects of the endocrine control of this process in understudied

ecdysozoan subgroups, to gain a full understanding of this vital process in this important clade.

Ethics. Permission for the Euperipatoides rowelli (Onychophora) collection was obtained from the National Parks &

Wildlife Service New South Wales (permit no. SL100159). Permission for the export of specimens was obtained

from the Department of Sustainability, Environment, Water, Population and Communities (permit no.

PWSP104061). Specimens of the eutardigrade species Hypsibius exemplaris (Tardigrada) were obtained commercially

from Sciento (Manchester, UK).

Data accessibility. All data are available in the electronic supplementary material.

Authors’ contributions. G.M. and I.S. designed the experiments. I.S. and N.K. carried out genome and transcriptome

analyses. I.S., N.K. and L.H. performed phylogenetic analyses. All authors discussed the results and wrote the

manuscript.

Competing interests. The authors declare that they have no conflict of interest.

Funding. This research was supported by the Hong Kong Research Grant Council ECS grant (24100015), CUHK Direct

grant (no. 4053096) and CUHK Faculty of Science Strategic Development Scheme to J.H., and the German Research

Foundation (DFG: Ma 4147/3-1) to G.M.

Acknowledgements. Pre-publication access to genomic data from E. rowelli generated as part of the i5 K pilot at the Baylor

College of Medicine Human Genome Sequencing Center was kindly provided by Stephen Richards. We further

acknowledge Richard K. Wilson, Director, and the McDonnell Genome Institute, Washington School of Medicine for

providing the Priapulus caudatus 5.0 sequence assembly (AXZU00000000.2). We are thankful to the members of the

Mayer laboratory for their support with animal husbandry and to Martin Schlegel and members of his group for

general support. We gratefully acknowledge Paul M. Whitington for his assistance with collecting the specimens, and

Noel N. Tait for his help with permits. The staffs of the National Parks & Wildlife Service of New South Wales and

the Department of Sustainability, Environment, Water, Population and Communities are gratefully acknowledged for

providing the collection and export permits. Vladimir Gross, Stefan Schaffer and Justus Hennecke provided useful

suggestions on the manuscript.
References

1. Giribet G, Edgecombe GD. 2017 Current

understanding of Ecdysozoa and its internal
phylogenetic relationships. Integr. Comp. Biol.
57, 455 – 466. (doi:10.1093/icb/icx072)

2. Kocot KM. 2016 On 20 years of Lophotrochozoa.
Org. Divers Evol. 16, 329 – 343. (doi:10.1007/
s13127-015-0261-3)

3. Aguinaldo AMA, Turbeville JM, Linford LS,
Rivera MC, Garey JR, Raff RA, Lake JA. 1997
Evidence for a clade of nematodes, arthropods
and other moulting animals. Nature 387,
489 – 493. (doi:10.1038/387489a0)

4. Schmidt-Rhaesa T, Lemburg C, Ehlers U, Garey JR,
Bartolomaeus A. 1998 The position of the
Arthropoda in the phylogenetic system. J. Morphol.
238, 263– 285. (doi:10.1002/(SICI)1097-4687
(199812)238:3,263::AID-JMOR1.3.0.CO;2-L)

5. Nielsen C. 2012 Ecdysozoa. In Animal evolution:
interrelationships of the living phyla (ed. C
Nielsen), 3rd edn, p. 249. Oxford, UK: Oxford
University Press.

6. Rota-Stabelli O, Daley AC, Pisani D. 2013
Molecular timetrees reveal a Cambrian
colonization of land and a new scenario for
ecdysozoan evolution. Curr. Biol. 23, 392 – 398.
(doi:10.1016/j.cub.2013.01.026)

7. Ewer J. 2005 How the ecdysozoan changed its
coat. PLoS Biol. 3, e349. (doi:10.1371/journal.
pbio.0030349)

8. Nijhout HF. 2013 Arthropod developmental
endocrinology. In Arthropod biology and
evolution (ed. G Minelli, G Fusco), pp. 123 – 148.
Heidelberg, Germany: Springer.

9. Krishnakumaran A, Schneiderman HA. 1970
Control of molting in mandibulate and
chelicerate arthropods by ecdysones.
Biol. Bull. 139, 520 – 538. (doi:10.2307/
1540371)

10. Karlson P. 1996 On the hormonal control of
insect metamorphosis: a historical review.
Int. J. Dev. Biol. 40, 93 – 96.

11. Hampshire F, Horn DHS. 1966 Structure of
crustecdysone, a crustacean moulting hormone.
Chem. Comm. (London) 2, 37 – 38. (doi:10.1039/
C19660000037)

12. Rota-Stabelli O, Kayal E, Gleeson D, Daub J,
Boore JL, Telford MJ, Pisani D, Blaxter M,
Lavrov DV. 2010 Ecdysozoan mitogenomics:
evidence for a common origin of the
legged invertebrates, the Panarthropoda.
Genome Biol. Evol. 2, 425 – 440. (doi:10.1093/
gbe/evq030)

13. Edgar BA. 2006 How flies get their size:
genetics meets physiology. Nat. Rev. Genet. 7,
907 – 916. (doi:10.1038/nrg1989)

14. Igarashi F, Ogihara MH, Iga M, Kataoka H. 2018
Cholesterol internalization and metabolism in
insect prothoracic gland, a steroidogenic organ,
via lipoproteins. Steroids 134, 110 – 116.
(doi:10.1016/j.steroids.2018.01.012)

15. Warren JT, Yerushalmi Y, Shimell MJ, O’Connor MB,
Restifo LL, Gilbert LI. 2006 Discrete pulses of
molting hormone, 20-hydroxyecdysone, during late
larval development of Drosophila melanogaster:
correlations with changes in gene activity. Dev. Dyn.
235, 315– 326. (doi:10.1002/dvdy.20626)

16. Yoshiyama T, Namiki T, Mita K, Kataoka H, Niwa
R. 2006 Neverland is an evolutionally conserved
Rieske-domain protein that is essential for
ecdysone synthesis and insect growth.
Development 133, 2565 – 2574. (doi:10.1242/
dev.02428)

http://dx.doi.org/10.1093/icb/icx072
http://dx.doi.org/10.1007/s13127-015-0261-3
http://dx.doi.org/10.1007/s13127-015-0261-3
http://dx.doi.org/10.1038/387489a0
http://dx.doi.org/10.1002/(SICI)1097-4687(199812)238:3%3C263::AID-JMOR1%3E3.0.CO;2-L
http://dx.doi.org/10.1002/(SICI)1097-4687(199812)238:3%3C263::AID-JMOR1%3E3.0.CO;2-L
http://dx.doi.org/10.1002/(SICI)1097-4687(199812)238:3%3C263::AID-JMOR1%3E3.0.CO;2-L
http://dx.doi.org/10.1002/(SICI)1097-4687(199812)238:3%3C263::AID-JMOR1%3E3.0.CO;2-L
http://dx.doi.org/10.1002/(SICI)1097-4687(199812)238:3%3C263::AID-JMOR1%3E3.0.CO;2-L
http://dx.doi.org/10.1002/(SICI)1097-4687(199812)238:3%3C263::AID-JMOR1%3E3.0.CO;2-L
http://dx.doi.org/10.1002/(SICI)1097-4687(199812)238:3%3C263::AID-JMOR1%3E3.0.CO;2-L
http://dx.doi.org/10.1016/j.cub.2013.01.026
http://dx.doi.org/10.1371/journal.pbio.0030349
http://dx.doi.org/10.1371/journal.pbio.0030349
http://dx.doi.org/10.2307/1540371
http://dx.doi.org/10.2307/1540371
http://dx.doi.org/10.1039/C19660000037
http://dx.doi.org/10.1039/C19660000037
http://dx.doi.org/10.1093/gbe/evq030
http://dx.doi.org/10.1093/gbe/evq030
http://dx.doi.org/10.1038/nrg1989
http://dx.doi.org/10.1016/j.steroids.2018.01.012
http://dx.doi.org/10.1002/dvdy.20626
http://dx.doi.org/10.1242/dev.02428
http://dx.doi.org/10.1242/dev.02428


rsos.royalsocietypublishing.org
R.Soc.open

sci.5:180888
14
17. Yoshiyama-Yanagawa T et al. 2011 The

conserved Rieske oxygenase DAF-36/Neverland
is a novel cholesterol-metabolizing enzyme.
J. Biol. Chem. 286, 25 756 – 25 762. (doi:10.
1074/jbc.M111.244384)

18. Ono H et al. 2006 Spook and Spookier code
for stage-specific components of the
ecdysone biosynthetic pathway in Diptera. Dev.
Biol. 298, 555 – 570. (doi:10.1016/j.ydbio.2006.
07.023)

19. Rewitz KF, O’Connor MB, Gilbert LI. 2007
Molecular evolution of the insect Halloween
family of cytochrome P450s: phylogeny, gene
organization and functional conservation. Insect
Biochem. Mol. Biol. 37, 741 – 753. (doi:10.1016/
j.ibmb.2007.02.012)

20. Niwa R, Niwa YS. 2014 Enzymes for ecdysteroid
biosynthesis: their biological functions in insects
and beyond. Biosci. Biotechnol. Biochem. 78,
1283 – 1292. (doi:10.1080/09168451.2014.
942250)

21. Zhu XX, Oliver JH, Dotson EM. 1991 Epidermis
as the source of ecdysone in an argasid tick.
Proc. Natl Acad. Sci. USA 88, 3744 – 3747.
(doi:10.1073/pnas.88.9.3744)

22. Petryk A et al. 2003 Shade is the Drosophila
P450 enzyme that mediates the hydroxylation
of ecdysone to the steroid insect molting
hormone 20-hydroxyecdysone. Proc. Natl Acad.
Sci. USA 100, 13 773 – 13 778. (doi:10.1073/
pnas.2336088100)

23. Yao TP, Forman BM, Jiang Z, Cherbas L, Chen JP,
McKeown M, Cherbas P, Evans RM. 1993
Functional ecdysone receptor is the product of
EcR and ultraspiracle genes. Nature 366, 476.
(doi:10.1038/366476a0)

24. Billas IML, Moulinier L, Rochel N, Moras D. 2001
Crystal structure of the ligand-binding domain
of the Ultraspiracle protein UsP, the ortholog of
retinoid X receptors in insects. J. Biol. Chem.
276, 7465 – 7474. (doi:10.1074/jbc.
M008926200)

25. Puthumana J, Lee MC, Han J, Kim HS, Hwang
DS, Lee JS. 2017 Ecdysone receptor (EcR) and
ultraspiracle (USP) response to water
accommodated fractions (WAFs). Comp.
Biochem. Physiol. C Toxicol. Pharmacol.192,
7 – 15. (doi:10.1016/j.cbpc.2016.11.002)

26. Ashburner M, Richards G. 1976 Sequential gene
activation by ecdysone in polytene
chromosomes of Drosophila melanogaster: III.
Consequences of ecdysone withdrawal. Dev.
Biol. 54, 241 – 255. (doi:10.1016/0012-
1606(76)90302-X)

27. Segraves WA, Hogness DS. 1990 The E75
ecdysone-inducible gene responsible for the 75B
early puff in Drosophila encodes two new
members of the steroid receptor superfamily.
Genes Dev. 4, 204 – 219. (doi:10.1101/gad.
4.2.204)

28. Li TR, White KP. 2003 Tissue-specific gene
expression and ecdysone-regulated genomic
networks in Drosophila. Dev. Cell 5, 59 – 72.
(doi:10.1016/S1534-5807(03)00192-8)

29. King-Jones K, Thummel CS. 2005 Nuclear
receptors—a perspective from Drosophila. Nat.
Rev. Genet. 6, 311. (doi:10.1038/nrg1581)

30. Baldwin WS, Marko PB, Nelson DR. 2009 The
cytochrome P450 (CYP) gene superfamily in
Daphnia pulex. BMC Genomics 10, 169. (doi:10.
1186/1471-2164-10-169)

31. Cheong SPS, Huang J, Bendena WG, Torbe SS,
Hui JHL. 2015 Evolution of ecdysis and
metamorphosis in arthropods: the rise of
regulation of juvenile hormone. Integr. Comp.
Biol. 55, 878 – 890. (doi:10.1093/icb/icv066)

32. Cao JQ, Tong WS, Yu HY, Tobe SS, Bendena WG,
Hui JHL. 2017 The role of microRNAs in
Drosophila regulation of insulin-like peptides
and ecdysteroid signalling: where are we now?
In Insect Epigenetics (ed. HBT Verlinden), pp.
55 – 85. New York, NY: Academic Press.

33. Martin C, Gross V, Hering L, Tepper B, Jahn H,
de Sena Oliveira I, Stevenson PA, Mayer G. 2017
The nervous and visual systems of
onychophorans and tardigrades: learning about
arthropod evolution from their closest relatives.
J. Comp. Physiol. A 203, 565 – 590. (doi:10.
1007/s00359-017-1186-4)

34. Hoffmann KH. 1997 Ecdysteroids in adult
females of a ‘walking worm’: Euperipatoides
leuckartii (Onychophora, Peripatopsidae).
Invertebr. Reprod. Dev. 32, 27 – 30. (doi:10.
1080/07924259.1997.9672601)

35. Cleator M, Delves CJ, Howells RE, Rees HH. 1987
Identity and tissue localization of free and
conjugated ecdysteroids in adults of Dirofilaria
immitis and Ascaris suum. Mol. Biochem.
Parasitol. 25, 93 – 105. (doi:10.1016/0166-
6851(87)90022-3)

36. Shea C, Hough D, Xiao J, Tertzinis G, Maina CV.
2004 An rxr/usp homolog from the parasitic
nematode, Dirofilaria immitis. Gene 324,
171 – 182. doi:10.1016/j.gene.2003.09.032

37. Frand AR, Russel S, Ruvkun G. 2005 Functional
genomic analysis of C. elegans molting. PLoS
Biol. 3, e312. (doi:10.1371/journal.pbio.
0030312)
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Zhang Z, Miller W, Lipman DJ. 1997 Gapped
BLAST and PSI-BLAST: a new generation of
protein database search programs. Nucleic Acids
Res. 25, 3389 – 3402. (doi:10.1093/nar/25.17.
3389)

64. Kersey PJ et al. 2016 Ensembl Genomes 2016:
more genomes, more complexity. Nucleic Acids
Res. 44, D574 – D580. (doi:10.1093/nar/
gkv1209)

65. McWilliam H, Li W, Uludag M, Squizzato S, Park
YM, Buso N, Cowley AP, Lopez R. 2013 Analysis
tool web services from the EMBL-EBI. Nucleic
Acids Res. 41, W597 – W600. (doi:10.1093/nar/
gkt376)

66. Finn RD et al. 2016 The Pfam protein families
database: towards a more sustainable future.
Nucleic Acids Res. 44, D279 – D285. (doi:10.
1093/nar/gkv1344)

67. Schultz J, Milpetz F, Bork P, Ponting CP. 1998
SMART, a simple modular architecture research
tool: identification of signaling domains. Proc.
Natl Acad. Sci. USA 95, 5857 – 5864. (doi:10.
1073/pnas.95.11.5857)

68. Sharrocks AD, Brown AL, Ling Y, Yates PR. 1997
The ETS-domain transcription factor family.
Int. J. Biochem. Cell Biol. 29, 1371 – 1387.
(doi:10.1016/S1357-2725(97)00086-1)

69. Katoh K, Standley DM. 2013 MAFFT Multiple
sequence alignment software version 7:
improvements in performance and usability.
Mol. Biol. Evol. 30, 772 – 780. (doi:10.1093/
molbev/mst010)

70. Stamatakis A. 2006 RAxML-VI-HPC: maximum
likelihood-based phylogenetic analyses with
thousands of taxa and mixed models.
Bioinformatics 22, 2688 – 2690. (doi:10.1093/
bioinformatics/btl446)

71. Letunic I, Bork P. 2016 Interactive tree of life
(iTOL) v3: an online tool for the display and
annotation of phylogenetic and other trees.
Nucleic Acids Res. 44, W242 – W245. (doi:10.
1093/nar/gkw290)

72. Lafont R. 1991 Reverse endocrinology, or
‘hormones’ seeking functions. Insect Biochem.
21, 697 – 721. (doi:10.1016/0020-
1790(91)90112-R)

73. Grieneisen ML. 1994 Recent advances in our
knowledge of ecdysteroid biosynthesis in insects
and crustaceans. Insect Biochem. Mol. Biol. 24,
115 – 132. (doi:10.1016/0965-1748(94)90078-7)
74. Chavez VM, Marques G, Delbecque JP, Kobayashi
K, Hollingsworth M, Burr J, Natzle JE, O’Connor
MB. 2000 The Drosophila disembodied gene
controls late embryonic morphogenesis and
codes for a cytochrome P450 enzyme that
regulates embryonic ecdysone levels.
Development 127, 4115 – 4126.

75. Rewitz KF, Rybczynski R, Warren JT, Gilbert LI.
2006 The Halloween genes code for cytochrome
P450 enzymes mediating synthesis of the insect
moulting hormone. Biochem. Soc. Trans. 34,
1256 – 1260. (doi:10.1042/bst0341256)

76. Nüsslein-Volhard C, Wieschaus E, Kluding H.
1984 Mutations affecting the pattern of the
larval cuticle in Drosophila melanogaster. Roux
Arch. Dev. Biol. 193, 267 – 282. (doi:10.1007/
BF00848156)

77. Cabrera AR, Shirk PD, Evans JD, Hung K, Sims J,
Alborn H, Teal PEA. 2015 Three Halloween
genes from the Varroa mite, Varroa destructor
(Anderson & Trueman) and their expression
during reproduction. Insect Mol. Biol. 24,
277 – 292. (doi:10.1111/imb.12155)

78. Aguilaniu H, Fabrizio P, Witting M. 2016 The
role of dafachronic acid signaling in
development and longevity in Caenorhabditis
elegans: digging deeper using cutting-edge
analytical chemistry. Front. Endocrinol. 7, 12.
(doi:10.3389/fendo.2016.00012)

79. Fleming MW. 1985 Ascaris suum: role of
ecdysteroids in molting. Exp. Parasitol. 60,
207 – 210. (doi:10.1016/0014-4894(85)90024-4)

80. Parihar M, Minton RL, Flowers S, Holloway A,
Morehead BE, Paille J, Gissendammer CR. 2010
The genome of the nematode Pristionchus
pacificus encodes putative homologs of RXR/Usp
and EcR. Gen. Comp. Endocrinol. 167, 11 – 17.
(doi:10.1016/j.ygcen.2010.02.005)

81. Tzertzinis G, Egaña AL, Palli SR, Robinson-
Rechavi M, Gissendanner CR, Liu C, Unnasch TR,
Maina CV. 2010 Molecular evidence for a
functional ecdysone signaling system in Brugia
malayi. PLoS Negl. Trop. Dis. 4, e625. (doi:10.
1371/journal.pntd.0000625)

82. Qu Z, Kenny NJ, Lam HM, Chan TF, Chu KH,
Bendena WG, Tobe SS, Hui JHL. 2015 How did
arthropod sesquiterpenoids and ecdysteroids
arise? Comparison of hormonal pathway genes
in non-insect arthropod genomes. Genome Biol.
Evol. 7, 1951 – 1959. (doi:10.1093/gbe/evv120)

83. Oro AE, McKeown M, Evans RM. 1992 The
Drosophila retinoid X receptor homolog
ultraspiracle functions in both female
reproduction and eye morphogenesis.
Development 115, 449 – 462.

84. Martı́n D, Wang S-F, Raikhel AS. 2001 The
vitellogenin gene of the mosquito Aedes aegypti
is a direct target of ecdysteroid receptor. Mol.
Cell. Endocrinol. 173, 75 – 86. (doi:10.1016/
S0303-7207(00)00413-5)

85. Xu J, Tan A, Palli SR. 2010 The function of
nuclear receptors in regulation of female
reproduction and embryogenesis in the red flour
beetle, Tribolium castaneum. J. Insect Physiol.
56, 1471 – 1480. (doi:10.1016/j.jinsphys.2010.
04.004)

86. Talbot WS, Swyryd EA, Hogness DS. 1993
Drosophila tissues with different metamorphic
responses to ecdysone express different
ecdysone receptor isoforms. Cell 73,
1323 – 1337. (doi:10.1016/0092-8674(93)
90359-X)

87. Jindra M, Malone F, Hiruma K, Riddiford LM.
1996 Developmental profiles and ecdysteroid
regulation of the mRNAs for two ecdysone
receptor isoforms in the epidermis and
wings of the tobacco hornworm, Manduca
sexta. Dev. Biol. 180, 258 – 272. (doi:10.1006/
dbio.1996.0299)

88. Riddiford LM, Hiruma K, Zhou X, Nelson CA.
2003 Insights into the molecular basis of the
hormonal control of molting and
metamorphosis from Manduca sexta and
Drosophila melanogaster. Insect Biochem. Mol.
Biol. 33, 1327 – 1338. (doi:10.1016/j.ibmb.2003.
06.001)

89. Dubrovsky EB. 2005 Hormonal cross talk in
insect development. Trends Endocrinol. Metab.
16, 6 – 11. (doi:10.1016/j.tem.2004.11.003)

90. Zhao X, Qin Z, Liu W, Liu X, Moussian B, Ma E,
Li S, Zhang J. 2017 Nuclear receptor HR3
controls locust molt by regulating chitin
synthesis and degradation genes of Locusta
migratoria. Insect Biochem. Mol. Biol. 92, 1 – 11.
(doi:10.1016/j.ibmb.2017.11.001)

91. Stone BL, Thummel CS. 1993 The Drosophila
78C early late puff contains E78, an ecdysone-
inducible gene that encodes a novel member of
the nuclear hormone receptor superfamily. Cell
75, 307 – 320. (doi:10.1016/0092-
8674(93)80072-m)

92. Yao Q, Zhang D, Tang B, Chen J, Chen J, Lu L,
Zhang W. 2010 Identification of 20-
hydroxyecdysone late-response genes in the
chitin biosynthesis pathway. PLoS ONE 5,
e14058. (doi:10.1371/journal.pone.0014058)

93. Song Y, Villeneuve DL, Toyota K, Iguchi T,
Tollefsen KE. 2017 Ecdysone receptor agonism
leading to lethal molting disruption in
arthropods: review and adverse outcome
pathway development. Environ. Sci. Technol.
51, 4142 – 4157. (doi:10.1021/acs.est.
7b00480)

94. Kostrouchova M, Krause M, Kostrouch Z, Rall JE.
2001 Nuclear hormone receptor CHR3 is a
critical regulator of all four larval molts of the
nematode Caenorhabditis elegans. Proc. Natl
Acad. Sci. USA 98, 7360 – 7365. (doi:10.1073/
pnas.131171898)

95. Gissendanner CR, Crossgrove K, Kraus KA, Maina
CV, Sluder AE. 2004 Expression and function of
conserved nuclear receptor genes in
Caenorhabditis elegans. Dev. Biol. 266,
399 – 416. (doi:10.1016/j.ydbio.2003.10.014)

96. Guittard E, Blais C, Maria A, Parvy JP, Pasricha S,
Lumb C, Lafont R, Daborn PJ, Dauphin-
Villemant C. 2011 CYP18A1, a key enzyme of
Drosophila steroid hormone inactivation, is
essential for metamorphosis. Dev. Biol. 349,
35 – 45. (doi:10.1016/j.ydbio.2010.09.023)

97. Rewitz KF, Gilbert LI. 2008 Daphnia Halloween
genes that encode cytochrome P450s
mediating the synthesis of the arthropod
molting hormone: evolutionary implications.
BMC Evol. Biol. 8, 60. (doi:10.1186/1471-2148-
8-60)

http://dx.doi.org/10.1186/s13227-015-0008-4
http://dx.doi.org/10.1186/s13227-015-0008-4
http://dx.doi.org/10.1002/jmor.20654
http://dx.doi.org/10.1002/jmor.20654
http://dx.doi.org/doi.org/10.1016/j.tice.2018.03.005
http://dx.doi.org/10.1073/pnas.1510461112
http://dx.doi.org/10.1073/pnas.1510461112
http://dx.doi.org/10.1093/nar/25.17.3389
http://dx.doi.org/10.1093/nar/25.17.3389
http://dx.doi.org/10.1093/nar/gkv1209
http://dx.doi.org/10.1093/nar/gkv1209
http://dx.doi.org/10.1093/nar/gkt376
http://dx.doi.org/10.1093/nar/gkt376
http://dx.doi.org/10.1093/nar/gkv1344
http://dx.doi.org/10.1093/nar/gkv1344
http://dx.doi.org/10.1073/pnas.95.11.5857
http://dx.doi.org/10.1073/pnas.95.11.5857
http://dx.doi.org/10.1016/S1357-2725(97)00086-1
http://dx.doi.org/10.1093/molbev/mst010
http://dx.doi.org/10.1093/molbev/mst010
http://dx.doi.org/10.1093/bioinformatics/btl446
http://dx.doi.org/10.1093/bioinformatics/btl446
http://dx.doi.org/10.1093/nar/gkw290
http://dx.doi.org/10.1093/nar/gkw290
http://dx.doi.org/10.1016/0020-1790(91)90112-R
http://dx.doi.org/10.1016/0020-1790(91)90112-R
http://dx.doi.org/10.1016/0965-1748(94)90078-7
http://dx.doi.org/10.1042/bst0341256
http://dx.doi.org/10.1007/BF00848156
http://dx.doi.org/10.1007/BF00848156
http://dx.doi.org/10.1111/imb.12155
http://dx.doi.org/10.3389/fendo.2016.00012
http://dx.doi.org/10.1016/0014-4894(85)90024-4
http://dx.doi.org/10.1016/j.ygcen.2010.02.005
http://dx.doi.org/10.1371/journal.pntd.0000625
http://dx.doi.org/10.1371/journal.pntd.0000625
http://dx.doi.org/10.1093/gbe/evv120
http://dx.doi.org/10.1016/S0303-7207(00)00413-5
http://dx.doi.org/10.1016/S0303-7207(00)00413-5
http://dx.doi.org/10.1016/j.jinsphys.2010.04.004
http://dx.doi.org/10.1016/j.jinsphys.2010.04.004
http://dx.doi.org/10.1016/0092-8674(93)90359-X
http://dx.doi.org/10.1016/0092-8674(93)90359-X
http://dx.doi.org/10.1006/dbio.1996.0299
http://dx.doi.org/10.1006/dbio.1996.0299
http://dx.doi.org/10.1016/j.ibmb.2003.06.001
http://dx.doi.org/10.1016/j.ibmb.2003.06.001
http://dx.doi.org/10.1016/j.tem.2004.11.003
http://dx.doi.org/10.1016/j.ibmb.2017.11.001
http://dx.doi.org/10.1016/0092-8674(93)80072-m
http://dx.doi.org/10.1016/0092-8674(93)80072-m
http://dx.doi.org/10.1371/journal.pone.0014058
http://dx.doi.org/10.1021/acs.est.7b00480
http://dx.doi.org/10.1021/acs.est.7b00480
http://dx.doi.org/10.1073/pnas.131171898
http://dx.doi.org/10.1073/pnas.131171898
http://dx.doi.org/10.1016/j.ydbio.2003.10.014
http://dx.doi.org/10.1016/j.ydbio.2010.09.023
http://dx.doi.org/10.1186/1471-2148-8-60
http://dx.doi.org/10.1186/1471-2148-8-60

	Halloween genes in panarthropods and the evolution of the early moulting pathway in Ecdysozoa
	Introduction
	Material and methods
	Specimens, library preparation, sequencing and transcriptome assembly
	Identification of genes and genome screening
	Sequence alignment and phylogenetic analyses

	Results
	Homologues of the Rieske-domain gene neverland
	Cytochrome P450 family genes
	Nuclear receptor and ETS transcription factor genes

	Discussion
	Loss of neverland homologues in Tardigrada, Onychophora and Priapulida
	Stepwise evolution of Halloween genes in Panarthropoda
	Evolution of the EcR/USP complex and the Early genes
	Evolution of the ecdysteroid-inactivating enzyme cytochrome P450-18A1 in panarthropods

	Conclusion
	Ethics
	Data accessibility
	Authors’ contributions
	Competing interests
	Funding
	Acknowledgements
	References


