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Sex steroids 
and steroidogenesis‑related genes 
in the sea cucumber, Holothuria 
scabra and their potential role 
in gonad maturation
Tipsuda Thongbuakaew1*, Saowaros Suwansa‑ard2, Arada Chaiyamoon3, 
Scott F. Cummins2 & Prasert Sobhon4

The sea cucumber Holothuria scabra is an economically valuable marine species which is distributed 
throughout the Asia–Pacific region. With the natural population declining due to over fishing, 
aquaculture of this species is deemed necessary. Hence, it is essential to understand the mechanisms 
regulating the reproduction in order to increase their populations. Sex steroids, including estrogens, 
androgens and progestogens, play an important role in reproduction in most vertebrates and several 
invertebrates. It has been proposed that sea cucumbers have the same sex steroids as vertebrates 
but the steroidogenic pathway in the sea cucumbers is still unclear. In this study, we demonstrated 
by using liquid chromatography‑tandem mass spectrometry (LC–MS/MS) that sex steroids (estradiol, 
progesterone, and testosterone) were present in H. scabra neural and gonadal tissues. In silico 
searches of available sea cucumber transcriptome data identified 26 steroidogenesis‑related genes. 
Comparative analysis of encoded proteins for the steroidogenic acute regulatory protein (HscStAR), 
CYP P450 10, 17 and 3A (HscCYP10, HscCYP17, HscCYP3A) and hydroxysteroid dehydrogenases 
(Hsc3β‑HSD, Hsc17β‑HSD) with other species was performed to confirm their evolutionary 
conservation. Gene expression analyses revealed widespread tissue expression. Real‑time PCR 
analysis revealed that HscStAR, HscCYP10, Hsc3β-HSD, and Hsc17β-HSD gene expressions were 
similar to those in ovaries and testes, which increased during the gonad maturation. HscCYP17 mRNA 
was increased during ovarian development and its expression declined at late stages in females but 
continued high level in males. The expression of the HscCYP3A was high at the early stages of ovarian 
development, but not at other later stages in ovaries, however it remained low in testes. Moreover, 
a role for steroids in reproduction was confirmed following the effect of sex steroids on vitellogenin 
(Vtg) expression in ovary explant culture, showing upregulation of Vtg level. Collectively, this 
study has confirmed the existence of steroids in an echinoderm, as well as characterizing key genes 
associated with the steroidogenic pathway. We propose that sex steroids might also be associated 
with the reproduction of H. scabra, and the identification of biosynthetic genes enables future 
functional studies to be performed.

Sea cucumbers are one of the most important commercial sea cucumber species in the tropical Indo-Pacific 
countries. Being nutritious and a source of traditional medicine, H. scabra and other sea cucumbers have 
increased markedly in demand, particularly in the regions of Asia and the Middle  East1–3. Sea cucumbers are 
considered nutritious due to their relatively high levels of proteins and low fat content, compared to most other 
 foods4,5. They also contain valuable vitamins and  minerals2,6. As a traditional medicine, sea cucumbers have 
been reported to contain biomolecules with positive pharmacological properties, including anti-angiogenic, 
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anticancer, anticoagulant, anti-hypertension, anti-inflammatory, antimicrobial, antioxidant, antithrombotic, 
antitumor and wound healing  bioactivity2,6.

Holothuria scabra is considered to be one of the most preferable sea cucumber species in the markets. The 
fishery of H. scabra, therefore, has grown  rapidly1,7 and this has led to a depletion of species populations in the 
wild. Aquaculture of this species is, hence, needed for supporting a high demand as well as to repopulate this 
species in the wild. Nevertheless, their reproductive mechanism has not been well studied at the molecular level, 
yet knowledge gained could be applied aquaculture.

It is well known that steroid molecules have established roles as hormones in controlling reproduction in 
various animal groups such as gonadal maturation, germ cell proliferation, and sexual behavior in  vertebrates8,9. 
Sex steroids (estrogens, androgens, and progestogens), commonly referred to vertebrate-type steroids, are also 
involved in regulation of reproductive processes in several groups of  invertebrates8–10. To date, vertebrate-type 
steroids have been little studied in echinoderms besides the detection of vertebrate-type steroids in some species 
of starfish and sea  urchin11–13. Moreover, the conversion of cholesterol into vertebrate-type steroids and reduced 
metabolites were also detected in the starfish and  echinoid14–19. There is evidence that sex steroid hormones are 
also involved in regulation of reproductive processes in  echinoderms20–22. Up to now, there is still no study of 
steroids or steroidogenesis in sea cucumbers. Furthermore, the identification of steroids in echinoderms has 
relied solely on immunoassays, which although quite accurate, cannot be held as definitive proof. Further proof 
often requires the isolation or characterization of the steroids using mass spectrometry or molecular identifica-
tion of genes related to steroidogenesis. Recent genomic and transcriptomic information for sea cucumbers, 
including H. scabra, could help fill the gaps.

In this study, we first used mass spectrometry to confirm the presence of sex steroids in H. scabra. We subse-
quently identified steroidogenesis-related genes and defined their tissue expression patterns and changes during 
gonad maturation. The effect of steroids on vitellogenin (Vtg) expression in ovary explants was performed to 
confirm their role in oocyte development and reproduction.

Methods
Ethical statement. All the experimental procedures presented in this work were approved by the Animal 
Care and Use Committee of Walailak University, National Research Council of Thailand (NRCT), Protocol No. 
008/2017. All protocols in this study were carried out in accordance with relevant guidelines and regulations for 
using animals, in compliance with ARRIVE guidelines.

Steroid purification and liquid chromatograph‑mass spectrometry (LC–MS/MS). The protocols 
for steroid purification and LC–MS used in this study were based on Thongbuakaew et al.23. Briefly, the mature 
sea cucumbers H. scabra (n = 40) were obtained from Ko Libong, Trang Province, Thailand and anesthetized 
by immersion in ice-cold seawater for 30 min before sacrificed. Tissue samples [central nervous system (CNS); 
including combined radial nerve cords (RNC) and circumoral nerve ring (CNR), and gonads; including com-
bined testes and ovaries] were collected and immediately frozen in liquid nitrogen and kept at – 80 °C until 
use. The tissues were homogenized separately in 3 ml of diethyl ether to extract the steroids. All samples were 
vortexed for 30 s then left for 5 min at 4 °C to allow steroids to separate. The supernatant (upper ether phase), 
containing steroids, was transferred to a fresh glass tube. The extraction was repeated three times for maximum 
extraction efficiency. Combined extracts were pooled and dried under a nitrogen stream at room temperature. 
For analysis, dried extracts were dissolved in 100 µl MeOH and then 10 µl of each sample was injected into the 
LC–MS/MS system for analysis.

LC–MS/MS analysis was performed using a Bruker Esquire HCT ion-trap mass spectrometer (Bruker Tech-
nologies, Bremen, Germany) equipped with an Agilent series 1100 LC system (Agilent Technologies, Waldbronn, 
Germany) and controlled by Bruker Daltonics DataAnalysis 3.4 (Bruker Technologies, Bremen, Germany). 
Chromatographic separation was achieved on a Thermo Scientific Hypersil GOLD aQ Polar Endcapped C18 
column (2.1 mm × 150 mm, 5 µm) (Thermo Fisher Scientific, MA, USA). The column compartment was main-
tained at 40 °C with acetonitrile. The instrument was operated in both positive (progesterone and testosterone) 
and negative (estradiol) atmospheric pressure chemical ionization (APCI) and multiple reactions monitoring 
mode (MRM). A gradient elution program was conducted for chromatographic separation, with 0.1% formic 
acid in water as solvent A and acetonitrile as solvent B, and then pumped at a flow rate of 0.25 ml/min. The 
analytes were separated using the following gradient solvents: 0.0–1.0 min of 20–35% B; 1.0–20.0 min of 35–90% 
B; 20.0–25.0 min of 90% B; 25.0–25.1 min of 90–20% B; 25.1–30.0 min of 20% B. Drying gas flow and nebulizer 
pressure were set at 4 L/min and 30 psi. Drying gas temperature and capillary voltage of the system were adjusted 
at 350 °C and 4000 V, respectively. LC–MS/MS was performed using target ions at m/z 271 for  estradiol23,24, m/z 
315 for  progesterone23,25, and m/z 289 for  testosterone26, respectively.

Sequence annotation, gene mining, and protein prediction. All relevant transcriptome data of H. 
scabra central nervous system (CNR and RNC) and gonads (testes and ovaries) were obtained from Suwansa-
ard et al.27 reported on NCBI Sequence Read Archive (SRA) database under the accession number SRR5755244. 
Briefly, transcripts were selected and compared against the databases of NR, NT, Swiss-Prot, KEGG, COG, 
and GO, using BLAST and BLAST2GO software, with an E-value threshold of 1e−6. Relative abundance of 
all transcripts among different tissues was estimated by SOAP software version 2.2128. Transcripts encoding 
steroidogenesis-related genes were identified by tBLASTn searches against other known steroidogenesis-related 
genes, reported in previous studies using the CLC Main Workbench Version 7.7 (CLC Bio-Qaigen, AsiaPac, 
Taiwan). All hits were analyzed manually with their orthologous peptides from various species and the pres-
ence of conserved motifs. Analysis of protein similarity was performed by protein alignment using MUSCLE 



3

Vol.:(0123456789)

Scientific Reports |         (2021) 11:2194  | https://doi.org/10.1038/s41598-021-81917-x

www.nature.com/scientificreports/

(http://www.ebi.ac.uk/Tools /msa/muscl e/)29 and CLC Main Workbench Version 7.7. Prediction of conserved 
protein domains were performed by NCBI conserved domain  database30 and InterPro (https ://www.ebi.ac.uk/
inter pro)31. Protein precursors were analyzed for their evolutionary relationship with other known orthologous 
proteins, and illustrated by phylogenetic trees using the MEGA5 program using Neighbor-joining estimation 
(1000 bootstraps)32. Illustrations were indicated by the genus and species name.

Tissue collection and total RNA extraction. Mature male (n = 10) and female (n = 10) sea cucumbers 
H. scabra were obtained from Ko Libong, Trang Province, Thailand, with an average weight of 100–150 g. They 
were then anesthetized by immersion in ice-cold seawater for 30 min before sacrifice. The various tissue samples 
including CNR, RNC, gonads (testes and ovaries), respiratory tree, longitudinal muscle, intestine, and body 
wall were collected and immediately frozen in liquid nitrogen and then kept at – 80 °C until preparation of total 
RNA. Frozen tissues were individually homogenized and the total RNA was extracted using the TRIzol reagent 
(Thermo Fisher Scientific, MA, USA), following the manufacturer’s protocol in combination with a DNase I 
(Thermo Fisher Scientific, MA, USA) treatment to eliminate potential genomic DNA contamination. The quan-
tity and quality of RNA samples were measured using spectrophotometry (NanoDrop 1000; Thermo Fisher 
Scientific, DE, USA). Total RNA of each tissue was pooled and dried separately.

Tissue distribution of steroidogenesis‑related genes using reverse transcription polymerase 
chain reaction (RT‑PCR). Total RNA isolation was performed as described previously in “Tissue collec-
tion and total RNA extraction” section, then used for complementary DNA (cDNA) synthesis (RevertAid RT 
Reverse Transcription Kit; Thermo Scientific, USA). Gene-specific primers for target genes were designed using 
the Primer-BLAST program (https ://www.ncbi.nlm.nih.gov/tools /prime r-blast )33 (Table 1). PCR was carried out 
using the PCR SuperMix (Thermo Fisher Scientific, MA, USA) following a routine protocol optimized for the 
primers. As positive controls, the 16S rRNA gene was used, while the negative control was non-RT cDNA. PCR 
products were analyzed by agarose gel electrophoresis with ethidium bromide and amplicon sequences were 
confirmed by sequencing.

Quantitative real‑time PCR of steroidogenesis‑related genes. Quantitative real-time PCR (qRT-
PCR) was used to study the changes in mRNA levels of target genes of interest in H. scabra during gonad matu-
ration. Gonad maturation was divided into 5 stages based on the classification by Rasolofonirina et al.34. Total 
RNA and cDNA of testes (n = 10/stage) and ovaries (n = 10/stage) were prepared as described previously in “Tis-
sue collection and total RNA extraction” and Tissue distribution of steroidogenesis-related genes using reverse 
transcription polymerase chain reaction (RT-PCR) sections. All gene-specific primers for the analysis are shown 
in Table 1. Expression of 16S rRNA was used as an internal control. The qRT-PCR was performed using the 
GeneRead qPCR SYBR Green Mastermix (Qiagen, Hilden, Germany) following the manufacturer’s protocol. 
Thermocycling conditions were 95 °C for 5 min and 40 cycles of 95 °C for 30 s, and 60 °C for 30 s and 72 °C for 
30 s. Dissociation curve analysis was also included; one cycle of 95 °C for 1 min, 60 °C for 30 s, and 95 °C for 30 s. 
The transcripts were quantified using a standard curve  method35. Standard curves for selected genes of interest 
and 16S rRNA were generated by tenfold serial dilutions of known concentrations of the plasmids containing 
the target transcripts. The detection range, linearity, and real-time PCR amplification efficiency of each primer 
pair were checked before continuing with sample analysis. The qRT-PCR reaction efficiency was calculated from 
the standard curve, which ranged from 90 to 100%. Expression of 16S rRNA was verified before continuing 
used as the internal reference to correct for differences in reverse transcription efficiency and template quantity. 
All standards and experimental samples were run in duplicate. The amounts of target and internal reference 
in experimental samples were determined from the respective standard curves using Rotor-Gene 6000 Series 
Software 1.7. Transcript levels of selected genes of interest were normalized to the level of 16S rRNA and the data 
will be expressed as relative mRNA levels. The data of each group was expressed as a mean ± SD and performed 
with a SPSS program using a one-way analysis of variance (ANOVA), followed by a Tukey’s post hoc multiple 
comparison. The probability value less than 0.05 (p < 0.05) indicated a significant difference.

Table 1.  Gene-specific primers of target genes involved in steroidogenesis, vitellogenin (Vtg), and 16S rRNA 
and of H. scabra and expected amplicon sizes.

Genes of interest Forward primer (5′–3′) Reverse primer (5′–3′) Size (bp)

StAR GTT GCA ATC ACC CCA GCA AG GCT TTA GGC ATC CAC CCC TT 157

CYP10 ACG ATC TGT TGC TTG GTG CT TCT GGT GTT ATC GGC GTT CC 145

CYP17 AGG ATG AAT GAC CGT GGC AG TCG CCC CAG AGT TTC TTG TC 197

CYP3A TGT TCT GAC TAA CCG CTG CT CTG TTT GGG TTG CTC TGG GA 165

3β-HSD TGG GAG GGA CTG GTT TTA TTGG GTG TTC TTC ATT CAT CCA TGCCA 122

17β-HSD GGT GCA GTT CAT CTT ACG CA CTG CAA CAC CAT CTA CAG CAC 151

Vtg TGA ACA CGT CAT GGT ACG CT CAG TTC ATC GGC CCT GAC AA 139

16S rRNA AAG CTG ACC TGA CTT GCG TC ACG AGA AGG TTT GCG ACC TC 130

http://www.ebi.ac.uk/Tools/msa/muscle/
https://www.ebi.ac.uk/interpro
https://www.ebi.ac.uk/interpro
https://www.ncbi.nlm.nih.gov/tools/primer-blast
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Effect of steroids on vitellogenin (Vtg) expression in ovary explants. The protocol for ovarian 
tissue culture used in this study was based on Merlin et al.36 and Thongbuakaew et al.37. Briefly, fragments of 
stage 3 ovaries, a late developing stage (0.2–0.3 g) based on the classification by Rasolofonirina et al.34 obtained 
from female H. scabra (n = 3) were dissected and washed in Leibovitz’s L-15 medium (Gibco, Grand Island, NY, 
USA) containing 1000 IU/ml penicillin and 1000 μg/ml streptomycin. These samples were then cultured in 24 
well culture plates (Falcon 35-3078, Beckton Dickinson, Franklin Lakes, NJ, USA) containing 2 mL Leibovitz’s 
L-15 medium (Gibco, Grand Island, NY, USA) containing 100 μg/ml of streptomycin, 100 IU/ml of penicillin. 
The concentration used in this study was based on screening tests of efficacy concentration. For screening tests, 
estradiol and progesterone were added into the media containing ovaries to obtain final concentrations of  10–3, 
 10–4, and  10–5 M, respectively. Among three doses of estradiol and progesterone, it appeared that  10–5 M was the 
most effective concentration for stimulation of Vtg expression. The ovarian explant cultures were then treated 
with  10–5  M estradiol and progesterone at 0  min. Physiological saline was added to negative control groups 
instead of estradiol and progesterone. All plates were incubated with gentle shaking in the dark at 25 °C for 30, 
60, 120 and 180 min, and experiments were performed in duplicate. At each time-point, the ovarian fragments 
were collected and immediately frozen in liquid nitrogen, then stored at − 80 °C until total RNA extraction. Total 
RNA was extracted as described previously in “Tissue collection and total RNA extraction” section. The expres-
sion level of Vtg were measured using quantitative real-time PCR with gene-specific primers shown in Table 1, as 
described previously in “Quantitative real-time PCR of steroidogenesis-related genes” section. The data of each 
group was expressed as a mean ± SD and performed with a SPSS program using a one-way analysis of variance 
(ANOVA), followed by a Tukey’s post hoc multiple comparison. The probability value less than 0.05 (p < 0.05) 
indicated a significant difference.

Results
Identification of sex steroids in H. scabra. A representative chromatogram of the MRM transition of 
the analytes isolated from CNS and gonad tissue of H. scabra by comparing with a standard is shown in Fig. 1. 
The base peak selected for quantification of estradiol (m/z = 271) corresponded to the deprotonated molecule 
[M–H]−. The major product ions corresponded to the A–B ring moiety (m/z = 145) (Fig. 1A). On the other hand, 
progesterone was detected as protonated molecules [M+H]+ m/z = 315. The main product ions were m/z = 109 
deriving from the cleavage of the B- and C-ring (Fig. 1B). Testosterone (m/z = 289) was also detected as proto-
nated molecules [M+ H]+. In MS/MS spectra, the main product ions corresponded to the cleavage of the B- and 
C-ring (m/z = 97) (Fig. 1C).

Identification of steroidogenesis‑related genes. We used a de novo assembled transcriptome for H. 
scabra to identify steroidogenic-related genes. We found 26 transcripts encoding steroidogenesis-related genes, 
including members of the steroidogenic activator, steroid hormone receptor, and various steroidogenic enzymes. 
Sequence and annotation information is provided in Table 2 and S1. Moreover, Fig. 2 illustrates a proposed 
biosynthesis pathway that includes those enzymes involved in the production of the active steroid hormones, 
progesterone, estradiol and testosterone. The cholesterol side-chain cleavage performed by CYP11 may be 
replaced by CYP10 in this sea cucumber, however, this remains unclear. Similarly, the aromatase (CYP19) may 
be replaced by CYP3A, which converts androgens to estrogens in some species, but has not been documented 
in the sea cucumber.

Characterization of target genes involved in steroidogenesis. Steroidogenic acute regulatory 
protein (StAR). The HscStAR transcript encodes a full-length protein composed of 381 amino acids, which 
contains a steroidogenic acute regulatory protein-related lipid transfer domain (START domain) at positions 
192–218 (Fig. 3A). The START domain has the cholesterol recognition/interaction amino acid consensus (L/V-
(x)-Y-(x)-R/K) which is important for recognizing cholesterol and interacting with the cholesterol-rich domains 
of cell membranes. HscStAR also has dileucine- and tyrosine- motifs (LL-(x)-Y) at positions 97–98 and 119 that 
are critical for the targeting or the proper protein  folding38. Alignment of HscStAR with other species homologs 
demonstrates conservation within these key motifs (Fig. 3B). Phylogenetic analysis shows that HscStAR clusters 
with homologs of echinoderms, hemichordate, cnidarians, and insects and is clearly distinguished from the 
vertebrates, crustaceans, and molluscs (Fig. 3C).

Cytochrome P450s (CYPP450s). The well-known steroidogenesis CYP, CYP11 (or P450 side-chain cleavage 
enzyme), was not identified in H. scabra; however we identified a partial transcript that encodes the related Hsc-
CYP10 precursor. HscCYP10 contains the cytochrome P450 domain, as well as a proline-rich motif (PPGTPITP) 
and PERF/W motif, which is involved in heme incorporation and/or stability/catalytic activity of cytochrome 
 P45039,40 (Fig. 4A). CYP10 and CYP11 sequences are conserved within the PERF/W motif; however, proline-
rich motif was conserved within the CYP10 of echinoderms and hemichordate. Interestingly, we found that 
CYP10 and CYP11 sequences showed high similarity in the KET/S(x)R(x)P(x)R region (Fig. S1A). Phylogenetic 
analysis within the invertebrate CYPs shows that CYP10 and CYP11 are located in the same clades and share a 
relatively close evolutionary origin with CYP17 and CYP3A (Fig. 4D).

In H. scabra, a transcript was identified that encodes a partial CYP17 (17-alpha-hydroxylase/17, 20 lyase) 
precursor which has a cytochrome P450 domain containing the heme-binding region (PFSTGRRVCLG) and 
PEHF region (Fig. 4B). The heme-binding region (PFxxGxxxCxG) of CYP17 shows high similarity in all species, 
which contain the highly conserved cysteine residue that holds the heme-group in  place40 (Fig. S1B). Nota-
bly, the PERF/W motif of CYP17 is variable in different species but still contains the highly conserved PxxF 
motif, which plays a role in heme pocket locking and core structure  stabilizing40 (Fig. S1B). The HscCYP17 



5

Vol.:(0123456789)

Scientific Reports |         (2021) 11:2194  | https://doi.org/10.1038/s41598-021-81917-x

www.nature.com/scientificreports/

Figure 1.  Chromatograms and mass spectra corresponding to the LC–MS/MS analysis of estradiol, 
progesterone, and testosterone isolated from CNS and gonad tissue of H. scabra. (A) Representative 
chromatogram and MRM spectra for estradiol transitions m/z 271 → 145. (B) Representative chromatogram 
and MRM spectra for progesterone transitions m/z 315 → 109. (C) Representative chromatogram and MRM 
spectra for testosterone transitions m/z 289 → 97. STD; standard, CNS; central nervous system.
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forms a phylogenetic clade with echinoderm homologs and is a sister clade with cephalochordate and mollusc 
homologs (Fig. 4D). Moreover, it was clearly distinguished from vertebrates and other invertebrate CYP17 and 
with evolutionary relatedness to CYP10/CYP11 and CYP3A. We also identified a transcript that encodes a partial 
HscCYP3A precursor, which recently may replace the CYP19 (also known as aromatase) in invertebrates. Hsc-
CYP3A precursor includes a cytochrome P450 domain with PERF and heme-binding (PFGTGPRNCIG) regions 

Table 2.  Summary, including BLAST annotation, of genes found in H. scabra involved in the steroidogenesis 
pathway. P; Partial sequence, F; Full-length sequence. Amino acid sequences are shown in S1.

Steroidogenic-related genes Transcripts Length (aa) BLAST hit and species E-value Accession numbers

Steroidogenic activator

Steroidogenic acute regulatory protein (StAR) Contig_2100 F/381 Steroidogenic acute regulatory protein, mitochon-
drial-like [Strongylocentrotus purpuratus] 7.00E−69 XP_011660912.1

StAR-related lipid transfer protein Contig_1443 P/184 stAR-related lipid transfer protein [Strongylocen-
trotus purpuratus] 2.00E−91 XP_789877.3

Steroid receptor RNA activator 1 Contig_22299 F/238 Steroid receptor RNA activator 1 [Orycteropus 
afer afer] 1.00E−24 XP_007937187.1

Androgen-induced gene 1 protein Contig_55776 P/233 Androgen-induced gene 1 protein isoform X1 
[Strongylocentrotus purpuratus] 2.00E−64 XP_793283.4

Steroid hormone receptor

Steroid hormone receptor 3 Contig_4954 P/547 Steroid hormone receptor 3 [Strongylocentrotus 
purpuratus] 0.00E+00 NP_001020384.1

Steroid hormone receptor spshr2 Contig_61406 P/135 Steroid hormone receptor spshr2 [Strongylocentro-
tus purpuratus] 2.00E−57 NP_001116968.1

Orphan steroid hormone receptor 2-like Contig_15452 P/316 Orphan steroid hormone receptor 2-like [Sac-
coglossus kowalevskii] 6.00E−122 XP_002739506.2

Membrane-associated progesterone receptor 
component Contig_13885 F/175 Membrane-associated progesterone receptor com-

ponent 1 [Strongylocentrotus purpuratus] 7.00E−75 XP_783332.1

Estrogen-related receptor-like (ERR) Contig_41919 P/205 Steroid hormone receptor ERR2-like [Lingula 
anatina] 3.00E−41 XP_013405267.1

Steroidogenic enzymes

17-Beta-hydroxysteroid dehydrogenase type 1 Contig_13797 P/212 Estradiol 17-beta-dehydrogenase 1 [Miniopterus 
natalensis] 6.00E−31 XP_016057672.1

17-Beta-hydroxysteroid dehydrogenase type 2 Contig_63395 P/170 Estradiol 17-beta-dehydrogenase 2-like [Elephan-
tulus edwardii] 1.00E−41 XP_006888866.1

17-Beta-hydroxysteroid dehydrogenase type 4 Contig_19638 F/738 17 Beta hydroxysteroid dehydrogenase 4 [Salmo 
trutta fario] 0.00E+00 ACN66287.1

17-Beta-hydroxysteroid dehydrogenase type 12 Contig_36373, 34365 F/331 Estradiol 17-beta-dehydrogenase 12 [Saccoglossus 
kowalevskii] 9.00E−54 XP_002733503.1

17-Beta-hydroxysteroid dehydrogenase type 13 Contig_27928 P/280 17-Beta-hydroxysteroid dehydrogenase 13-like 
[Saccoglossus kowalevskii] 3.00E−85 XP_002732320.1

17-Beta-hydroxysteroid dehydrogenase type 14 Contig_13478 P/162 17-Beta-hydroxysteroid dehydrogenase 14-like 
[Plutella xylostella] 3.00E−70 XP_011558998.1

3-Beta-hydroxysteroid dehydrogenase Contig_33425 P/54 3-Beta-hydroxysteroid dehydrogenase, putative 
[Ixodes scapularis] 6.00E−13 XP_002407062.1

Steroid 17-alpha-hydroxylase/17,20 lyase Contig_19734 P/379 Steroid 17-alpha-hydroxylase/17,20 lyase [Strongy-
locentrotus purpuratus] 1.00E−117 XP_789963.1

Inactive hydroxysteroid dehydrogenase-like 
protein Contig_48833 P/108 Inactive hydroxysteroid dehydrogenase-like pro-

tein 1-like [Saccoglossus kowalevskii] 8.00E−39 XP_002733500.1

Hydroxysteroid dehydrogenase protein 2 Contig_6984 F/415 Hydroxysteroid dehydrogenase protein 2 [Daphnia 
magna] 3.00E−165 KZS05818.1

Estrogen sulfotransferase type 1 Contig_63795 P/93 Estrogen sulfotransferase [Strongylocentrotus 
purpuratus] 5.00E−11 XP_003726411.2

Estrogen sulfotransferase type 2 Contig_71705 P/88 Estrogen sulfotransferase-like [Strongylocentrotus 
purpuratus] 2.00E−21 XP_793921.2

NAD(P) dependent steroid dehydrogenase-like Contig_64252 P/136 NAD(P) dependent steroid dehydrogenase-like 
[Apostichopus japonicus] 2.00E−69 PIK44317.1

Cytochrome P450 4V2 isoform 1 Contig_68628 P/216 Cytochrome P450 4V2 [Strongylocentrotus 
purpuratus] 7.00E−86 XP_799260.2

Steroidogenic enzymes

Cytochrome P450 4V2 isoform 2 Contig_41285 P/202 Putative cytochrome P450 4V2 [Apostichopus 
japonicus] 8.00E−97 PIK50796.1

Cytochrome P450 10 Contig_59906, 27680 P/364 Predicted: cytochrome P450 10 [Strongylocentrotus 
purpuratus] 7.00E−67 XP_003727902.1

Cytochrome P450 3A24 Contig_4256 P/464 Putative cytochrome P450 3A24 [Apostichopus 
japonicus] 0.00E+00 PIK42887.1
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(Fig. 4C). HscCYP3A clusters within other echinoderms and hemichordates (Fig. 4D) and shares a common 
evolutionary origin with CYP10/CYP11 and CYP17.

Hydroxysteroid dehydrogenases (HSDs). A Hsc3β-HSD gene was identified that encodes a partial precursor 
with a 3β-HSD domain containing a nicotinamide adenine dinucleotide (NAD)-binding motif (GGTGFIG). 
This amino acid motif is a fingerprint for the short-chain dehydrogenase/reductase (SDR) superfamily that 
binds with NAD, nicotinamide adenine dinucleotide phosphate (NADP) and related  cofactors10,23 (Fig.  5A). 
17β-HSD transcripts were also identified in H. scabra. The partial Hsc17β-HSD precursor contains an SDR 
domain (Fig. 5B). The Hsc17β-HSD is composed of 2 important motifs; NNAG and YxxxK that act as a cofactor-
binding and catalytic triad, where each of the residues is highly  conserved10,23 (Fig. S2B). Multiple sequence 
alignment of the Hsc3β-HSD with the other species homologs shows little similarity besides the NAD-binding 
motif (GxxGxxG) (Fig. S2A), although phylogenetic tree analysis shows that Hsc3β-HSD clusters closely with 
crustaceans and is evolutionary related to Hsc17β-HSD (Fig. 5C). The Hsc17β-HSD is phylogenetically posi-
tioned within the clade of other echinoderms that is closest to the vertebrate group, thus is clearly distinguishable 
from other invertebrate species.

Tissue‑specific and temporal expression of target genes involved in steroidogenesis. RT-PCR 
was performed in order to determine the tissue-specific expression of HscStAR, CYP and HSD genes in H. scabra 
tissues (Fig. 6A). Results show that all genes expressed in the gonad, CNR, intestine and body wall. All CYPs 
are absent from the RNC, while HscCYP17 and HscCYP3A are absent from the respiratory tree and longitudinal 
muscle, respectively. Both HSD genes are also not expressed within the longitudinal muscle. We further analyzed 
the relative gene expression in the gonadal tissues during reproductive maturation by qRT-PCR (Fig. 6B). Results 
revealed that the expression of HscStAR, HscCYP10, and Hsc3β-HSD slightly increased during the reproductive 
development in both ovaries and testes. In the ovaries, high expression of HscCYP17 was detected at the early 
stage and declined at later stages of the reproductive cycle, whereas HscCYP17 was upregulated during reproduc-
tive phase in testes. The expression of the HscCYP3A was high at the early stages of ovarian development, but 

Figure 2.  Schematic diagram showing the putative pathway for steroidogenesis in the H. scabra between 
mitochondria and the smooth endoplasmic reticulum (SER). In the pathway of steroid hormone biosynthesis, 
there are two major types of enzymes: cytochromes P450 (green) and other hydroxysteroid dehydrogenases 
(orange). In H. scabra, we identified gene transcripts encoding steroidogenic acute regulatory protein (StAR), 
cytochrome P450 10 (CYP10), 17alpha-hydroxylase/17, 20-lyase (CYP17), cytochrome P450 3A (CYP3A), 
3beta-hydroxysteroid dehydrogenase (3β-HSD), and 17beta-hydroxysteroid dehydrogenase (17β-HSD). 
Question marks remain unclear. Steroidogenesis begins in the cells where cholesterol transport into the 
mitochondria facilitated by StAR. Once in the mitochondria, cholesterol may be converted to pregnenolone 
through the action of CYP10. Pregnenolone then diffuses to the SER, where it is further converted into a series 
of reactions to testosterone. Testosterone may be subsequently aromatized to estradiol through the action of 
CYP3A.
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not at other later stages in ovaries, however, HscCYP3A continued low in testes. Hsc17β-HSD gene expressions 
were similar to those in ovaries and testes, which increased as gonads matured during the reproductive cycle. 
Moreover, Hsc17β-HSD shows the highest degree of expression at stage 5 of the testes.

Effect of steroids on vitellogenin (Vtg) genes expression. Alqaisi et al. reported that echinoderms 
produce Vtg, which contribute to the yolk protein in mature  eggs41. The developing stages (stages 2–3) of the 
reproductive cycle refer to the most active oocyte growth period that further develops to mature stages. Next, 

Figure 3.  Characterization and phylogenetic tree analysis of H. scabra steroidogenic acute regulatory protein 
(StAR). (A) HscStAR contains the steroidogenic acute regulatory protein-related lipid transfer domain (START 
domain) (yellow highlight) which consists of cholesterol recognition/interaction amino acid consensus (CRAC) 
(L/V-(x)-Y-(x)-R/K) and dileucine- and tyrosine- (LL-(x)-Y) motifs (bold underlined letters), cleavage site 
(red double-underlined letters), start and stop codons (red letters). (B) Multiple sequence alignment of CRAC 
and LL-(x)-Y key motifs of StAR displays conservation among species. Sequence alignment represented by 
* = identical, : = strong homology, and . = less homology. (C) Phylogenetic tree of HscStAR constructed based on 
Neighbour-joining analysis with 1000 replicates bootstrap. Scale bar represents amino acid differences. Amino 
acid sequences and their accession number are shown in S2.
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Figure 4.  Characterization and phylogenetic tree analysis of H. scabra cytochrome P450 genes associated 
with steroidogenesis. (A) HscCYP10 contains the cytochrome P450 domain (yellow highlight) that includes 
a proline-rich motif (PPGTPITP), PERF/W, and KET/S(x)R(x)P(x)R regions (bold underlined letters). 
(B) HscCYP17 showed cytochrome P450 domain (yellow highlight) contains the heme-binding region 
(PFSTGRRVCLG) and PEHF region (bold underlined letters), and cleavage site (red double-underlined letters). 
(C) HscCYP3A contains cytochrome P450 domain (yellow highlight), which consists of PERF and heme-
binding (PFGTGPRNCIG) regions (bold underlined letters), cleavage site (red double-underlined letters), 
and stop codons (red letters). (D) Phylogenetic tree of target CYP 450 involved in steroidogenesis constructed 
based on Neighbour-joining analysis with 1000 replicates bootstrap. Scale bar represents amino acid differences. 
Amino acid sequences and their accession number are shown in S2.
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we investigated whether  10–5 M estradiol and progesterone could affect Vtg gene expression in stage 3 ovary 
explants. Results showed that estradiol and progesterone could significantly upregulate the expression of Vtg in 
ovarian explants at all incubation time points, compared with the control (Fig. 7). Moreover, incubated ovarian 
explants with estradiol and progesterone gradually increased Vtg gene expression compared with the control 
(Fig. 7). The expression of Vtg was higher in the estradiol treated group at the beginning of the incubation time 
(at 30 min and 60 min). During incubation for 120 min and 180 min, a large increase in mRNA levels of Vtg was 
detected in the progesterone treated group (Fig. 7).

Discussion
Our study has described the presence of estradiol, progesterone and testosterone in the gonad tissues of H. 
scabra using LC–MS/MS. This contributes to the accumulating evidence for steroids in invertebrates, includ-
ing  echinoderms8,9. For example, within the starfish, steroids were extracted and identified from the gonads of 
Pisaster ochraceous11, Asterias rubens13,20, and Sclerasterias mollis21. Estradiol and progesterone were also extracted 
from ovaries of the sea urchin Strongylocentrotus franciscanus12. Although our study did not quantify steroid lev-
els in H. scabra, specific concentrations for progesterone, testosterone, and estradiol have been determined from 
testes and ovaries of the starfish Asterias vulgaris22 and the echinoid Lytechinus variegatus19. Levels of testosterone 
and estradiol were determined in ovaries and testis of the sea urchin Paracentrotus lividus42. Correlations have 
been established between steroid levels and the reproductive cycle in a variety of  echinoderms20,21,42–44. We have 
additionally shown that estradiol, progesterone and testosterone are present in H. scabra neural tissue. While 
steroids have been described in other invertebrate species neural tissues (called neurosteroids), such as the blue 
mussel Mytilus edulis45 and giant freshwater prawn Macrobrachium rosenbergii23, their existence in echinoderms 
had not been reported. However, many marine invertebrates can freely absorb vertebrate steroids from the envi-
ronment and store them for long times, suggesting that the identified sex steroids in the sea cucumber H. Scabra 
may be uptake from exogenous  sources46,47.

Proposed steroidogenesis pathway for H. scabra. In echinoderms, despite evidence for steroids in 
various species, the steroidogenesis pathway had not yet been well described. It is well known, however, in 
the vertebrates that steroidogenesis requires various enzymes associated with biochemical pathways. Primary 
core enzymes in the pathway include StAR and CYP11, which help to transfer cholesterol across mitochondrial 
membranes for conversion into pregnenolone. From there, CYP17 is a key steroidogenic enzyme within the 
pathway for synthesis of testosterone. Also, CYP19 is required for the conversion of androgens into estrogen, 

Figure 5.  Characterization and phylogenetic tree analysis of H. scabra hydroxysteroid dehydrogenases (HSDs). 
(A) Hsc3β-HSD shows the start codons (red letters) and short-chain dehydrogenase/reductase (SDR) domain 
(yellow highlight) which contains NAD-binding motif (GGTGFIG) (bold underlined letters) (A). Shaded 
regions indicate motif sequences of amino acids identical to NAD-binding motif. (B) Hsc17β-HSD contains the 
short-chain dehydrogenase/reductase (SDR) domain (yellow highlight) that composed of 2 important motifs; 
NNAG and YxxxK (bold underlined letters), cleavage site (red double-underlined letters), and stop codons 
(red letters). (C) Phylogenetic tree of target HSDs involved in steroidogenesis constructed based on Neighbour-
joining analysis with 1000 replicates bootstrap. Scale bar represents amino acid differences. Amino acid 
sequences and their accession number are shown in S2.
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Figure 6.  Tissue distribution and quantitative analysis of target genes involved in steroidogenesis in H. 
scabra. (A) Left—Schematic of sea cucumber showing tissues analysed by RT-PCR. Right—Agarose gel 
showing amplicons for StAR; steroidogenic acute regulatory protein, CYP10; cytochrome P450 10, CYP17; 
17α-hydroxylase/17,20-lyase, CYP3A; cytochrome P450 3A, 3β-HSD; 3β-hydroxysteroid dehydrogenase, 
17β-HSD; 17β-hydroxysteroid dehydrogenase, 16S rRNA; internal control, and negative; no RT-template. (B) 
Quantitative expression profiles in gonadal tissues of H. scabra during reproductive maturation (stages 1–5) 
(n = 10 for each sex at each stage). Data were normalized against 16S rRNA and the relative expression levels 
represented by the mean ± SD. Different letters indicate significant difference (p < 0.05) among reproductive 
stages of females (capital letters) and males (small letters) H. scabra.
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while 3β-HSD is essential for synthesis of progesterone, 17beta-hydroxyprogesterone, androstenedione, and tes-
tosterone. The 17β-HSD is important for the conversion of dehydroepiandrosterone (DHEA) to androstenediol, 
androstenedione to testosterone, and estrone to  estradiol10,23,48,49.

The activity of steroidogenic enzymes has been described in many echinoderm tissues especially gonads, 
where there is experimental evidence for the conversion of cholesterol into sex steroids that suggested the 
metabolism of sex  steroids16,18,19,42,44,50–53. Furthermore, some steroidogenic-related genes have been described in 
 echinoderms43,44. In the present study, we support the presence of steroidogenic-related enzymes and biosynthetic 
pathway for sex steroids in echinoderms by identifying HscStAR, HscCYP10, HscCYP17, HscCYP3A, Hsc3β-HSD 
and Hsc17β-HSD genes from in H. scabra transcriptome data that are known to be the genes responsible for sex 
steroid biosynthesis.

The HscStAR gene has also been reported in the giant freshwater prawn M. rosenbergii23, the aquatic snail Lym-
naea palustris54, and the Yesso scallop Mizuhopecten yessoensis10. Its presence is a key indicator for a core function 
in steroid synthesis through cholesterol conversion. Further downstream, the HscCYP10 may be important in 
a role similar to that of the evolutionarily related CYP11, since a CYP11 gene was not identified in echinoderms 
and  mollusks46,47. Phylogenetic analysis indicates that invertebrate CYP10s and vertebrate CYP11s are located 
in similar sister clades and shares an evolutionary origin. Similarly, molluscan CYP10 genes also belong to the 
cluster of vertebrate CYP1110,55, suggesting that invertebrate CYP10 gene encode the steroid metabolizing enzyme. 
The HscCYP17 genes have also been found in the sea urchin Strongylocentrotus purpuratus48,49, the mangrove 
oyster Crassostrea brasiliana56, the giant freshwater prawn M. rosenbergii23, and the Yesso scallop M. yessoensis10, 
suggesting that CYP17 is could act as a key enzyme in sex steroid synthesis similar to vertebrates. The CYP19 
is important in steroid biosynthesis due to its aromatization activity, although can only be found in vertebrate 
species, but with the exception being  amphioxus46,47,49,57. Not surprisingly, a CYP19 was not identified in our 
study. Nevertheless, an aromatization reaction occurs is known to occur in at least some  echinoderms42,44,52,53, 
suggesting that aromatization is carried out by another enzyme. In support of this, it was found that aromatase-
like enzyme in bivalves Mytilus trossulus could perform aromatization, which similar to vertebrate’ aromatase 
mechanism of  action58. Recently, other enzymes from the cytochrome P450 family, CYP3A is postulated to be 
an ancestral gene of CYP19, which could possess aromatization activity, suggesting a potential role for it in 
converting androgens to estrogens instead of  CYP1910,57,59,60. The HscCYP3A identified may function as per 
the vertebrate CYP19. We also identified Hsc3β-HSD and Hsc17β-HSD within the H. scabra transcriptome, of 
which the 3β-HSD and 17β-HSD are known to be involved in steroidogenesis. To date, many isoforms of the 
3β-HSD and 17β-HSD have been broadly reported in invertebrates, including  echinoderms10,23,61–67, which may 
be involved in the formation of progestogen, estrogens, and androgens. However, sex steroids in invertebrates 
might be derived from exogenous sources due to a lack of key enzymes involved in steroid  biosynthesis46,47. It has 
been demonstrated that exogenous cholesterol is converted to sex steroid hormones in marine  invertebrates68. 
Thus, further studies are needed to verify whether sex steroids are synthesized endogenously in invertebrates.

Figure 7.  Effect of estradiol and progesterone on Vtg expression in ovarian tissue explants between 0 and 
180 min. Relative gene expression levels of Vtg shown by quantitative real time-PCR (n = 3). Data were 
normalized against 16S rRNA and represented as mean ± S.D. Different letters indicate statistically significant 
different (p < 0.05) among the groups at the same incubation time.
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We found using RT-PCR that the steroidogenesis-related genes had a broad tissue distribution in H. scabra. 
In other  invertebrates10,23,64 and  vertebrates69–71, steroidogenic enzymes are also expressed in several tissues. 
This is consistent with the enzymes functional roles in producing steroids, for lipid metabolism and detoxi-
fication, and steroidal roles in sexual behaviors, paracrine/autocrine actions, neuronal inhibition and neural 
 plasticity10,23,70,72,73.

Previous studies in echinoderms had found correlations between steroid level and changes in reproductive 
stage, providing evidence that steroids regulate reproductive functions such as oogenesis, vitellogenesis, or 
 spermiogenesis20–22,48,49. Steroid levels may be reflected in steroidogenic-associated enzyme expression levels, as 
demonstrated in the abalone Haliotis diversicolor supertexta and Yesso scallop M. yessoensis where steroidogenic 
genes were differentially expressed during its reproductive  stages10,62,63. Our qPCR analysis of H. scabra gonads 
also found differential expression of steroidogenesis genes during reproductive stage changes. This provides a 
clear indication of the involvement of steroidogenic genes in reproductive functions. In our study, the expres-
sion of HscStAR increased during the reproductive development in both ovaries and testes, which corresponds 
to the expression of StAR in  fishes74,75. We suggest that the expression of StAR is necessary for transporting 
cholesterol into mitochondria for regulating steroid production, resulted in gonad  maturation74. HscCYP10 
may act as vertebrate CYP11, which catalyzes the conversion of cholesterol to  pregnenolone10,55. The expression 
of HscCYP10 obtained in this study is consistent with the expression of CYP11 in fishes, which increased in 
correlation to gonadal development in both  sexes75,76. Thus, HscCYP10 may participate in the synthesis of sex 
steroids resulting and gonadal development. HscCYP3A may play a role in converting androgens to estrogens 
instead of CYP1910,57,59,60, which showed a high level of expression at the early stages of ovarian development and 
decreased at late stages, but low expression in the testes. Similarly, CYP19 is predominantly expressed in the ovary 
and its expression was high at the early stage of ovaries in  fishes74,77. A high correlation between plasma estradiol 
and expression pattern of ovarian CYP19 has also been demonstrated in vertebrates, which is important for the 
initiation of follicular  growth77–79. Our study showed that HscCYP17 mRNA expression was increased towards 
the beginning of the reproductive cycle in the testes. However, high expression of HscCYP17 was detected at 
the early stage of ovaries and declined at late stages. Consistently, the testis of adult frogs showed an extremely 
strong expression of CYP17 as opposed to the  ovary80. Moreover, CYP17 transcript levels being low during the 
early stages, then strongly increasing in maturing male salmon, indicated that androgens production is required 
during the initiation of  spermatogenesis81. The expression profile of Hsc3β-HSD and Hsc17β-HSD were higher 
when compared to those of the early stages in both ovaries and testes, which is consistent with the expression of 
3β-HSD and 17β-HSD in vertebrates and  invertebrates10,82. Moreover, the highest expression level of Hsc17β-HSD 
was detected at stage 5 in the testes. It is well recognized that 17β-HSD is a steroidogenic enzyme essential for 
invertebrate spermatogenesis, which functions as a regulator controlling the concentrations of  testosterone63,83. 
In addition, the ability to synthesize the cholesterol of echinoderms is very  low68. Low levels of cholesterol in sea 
urchin were correlated with plasma membrane lipid  diffusion84, which may be attributed to reduced cholesterol 
in the membrane and transported to mitochondria, where steroidogenesis is  initiated85,86. This is in agreement 
with our proposed steroidogenesis pathway of H. scabra and the potential role of steroidogenic enzymes in steroid 
production, which is necessary for gonad maturation.

The present study also revealed that estradiol and progesterone significantly enhance Vtg expression in ovar-
ian explant culture. Similarly, estradiol and progesterone could stimulate the vitellogenesis, which involved in 
the regulation of reproduction in invertebrates including  echinoderms8,36,87,88. Moreover, Vtg mRNA expression 
was higher in the estradiol treated group at the beginning of the incubation time, which ovarian tissue is still 
at developing stage. Subsequently, the expression of Vtg was higher in the progesterone treated group, which 
ovaries turn into mature stage. Consistently, the estradiol level was higher at the beginning of vitellogenesis and 
concentration of progesterone was higher in mature stage in marine  invertebrates22,36,72. Taken together, we sug-
gest that sex steroids could control oocyte development and ovarian maturation in H. scabra via the regulation 
of Vtg synthesis.

Conclusions
We have confirmed the presence of steroids in echinoderms, from both gonad and neural tissues, and further 
identified and characterized the key steroidogenesis-related genes in the commercially important sea cucum-
ber H. scabra. The relative expression of steroidogenesis-related genes throughout gonadal maturation and the 
effect of steroids on the expression of Vtg further support the idea that steroids can regulate reproduction in 
echinoderms. Further studies necessary in order to conclude the endogenous synthesis of sex steroids and their 
role in sea cucumber physiology.
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