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Abstract
Objectives Ecdysone plays a crucial role in the molting process, is synthesized by neverland (nvd) and regulates the transcrip-
tion of early response genes, HR3 and E75. However, their roles in the development and reproduction of small crustaceans 
are still poorly understood at the molecular level. Thus, this study aimed to identify and characterize the nvd, HR3, and 
E75 genes in the brackish water flea Diaphanosomal celebensis, and to investigate their transcriptional modulation upon 
exposure to bisphenol (BP) analogs.
Methods Three genes found in the local D. celebensis transcriptome database were sequenced and identified using BLAST 
X and conserved domain search. The relative expression patterns of these genes at different ages and under exposure to BP 
analogs were investigated by real-time reverse transcription polymerase chain reaction.
Results Sequencing analysis showed that nvd, HR3, and E75 had conserved domains. The mRNA expression patterns of 
Dc-nvd were highly upregulated at day 5 and day 7 of D. celebensis life cycle. The E75 and HR3 mRNA expression patterns 
differed according to age. The BP analogue exposure test showed that the three genes were significantly modulated with 
different patterns.
Conclusions The nvd, HR3, and E75 had conserved domains, suggesting that they have conserved functions in D. celebensis. 
Age-dependent expression of these three genes implies their involvement in the molting cycle. Our findings also suggest that 
BPS, BPF, and BPA may disrupt the edcysteroid signaling pathway in this species by different mechanisms.
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Introduction

In arthropods, the molting process is an essential step in 
normal growth, metamorphosis, development, and repro-
duction. Ecdysone is a key enzyme for modulating molting 
and synthesized from cholesterol by neverland (encoded by 
nvd gene). In nvd knockout of Drosophila melanogaster, 
the larval growth was suppressed, and the larvae finally 
died, indicating that nvd plays a crucial role in survival and 
molting [1]. HR3 and E75 are two important transcription 

regulating factors in ecdysteroid signaling pathway in arthro-
pod, and belong to the early response genes stimulated by 
ecdysone. They have a ligand-binding domain (LBD) and a 
DNA-binding domain (DBD) as orphan nuclear receptors 
(NRs) [2]. HR3 plays a role in activating downstream genes 
(e.g., vitellogenin and chitin biosynthesis pathway-related 
genes) in the ecdysteroid signaling pathway, while E75 is 
involved in suppressing HR3 by binding HR3 or competing 
with HR3 for DNA binding [3]. Their interaction regulates 
embryo development and metamorphosis, as well as molting 
[3]. However, the molecular characteristics and role of these 
genes in the ecdysteroid signaling pathway are still lacking 
in small crustaceans.

Bisphenol A (BPA) is a representative endocrine disrupt-
ing chemical (EDC) that is widely used in food coatings, 
cans, and receipt papers as a component of polycarbonate 
plastics and epoxy resins [4, 5]. Increasing usage of plas-
tic ware has led to increased detection of BPA in aquatic 
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environments [6–8]. Because of the negative effects of BPA 
on development and reproduction, which have been exten-
sively investigated in aquatic organisms, the use and pro-
duction of BPA have been restricted [9, 10]. Recently, 16 
bisphenol (BP) analogs have been developed to replace BPA 
[5, 8], and bisphenol S (4,40-sulfonyldiphenol; BPS), and 
bisphenol F (4,40-dihydroxydiphenylmethane; BPF) have 
been frequently used and broadly detected in South Korea 
(BPA > BPF > BPS in order of concentration) [7]. Several 
studies have suggested that BP analogs also have potential 
toxic effects on the endocrine system (reviewed by Rochester 
and Bolden) [11]. However, despite their wide distribution 
in aquatic environments, little information is available on 
the effects of BP analogs at the molecular level in small 
crustaceans.

The brackish water flea Diaphanosoma celebensis (Cla-
docera, Sididae) is mainly found in tropical Asia within a 
wide range of salinity. They play important roles as primary 
consumers and transfer energy to higher trophic levels (e.g., 
fish) in aquatic ecosystems. Because of several advantages, 
such as short life cycle (4–5 days), easy maintenance under 
laboratory conditions, single breeding, and small body sizes, 
D. celebensis is considered a useful non-model species in 
ecotoxicology [12–14]. Our previous studies suggested that 
some ecdysone-mediated pathway related genes [ecdysone 
receptors (EcR), ultraspiracle (USP), cyl314a1, vitelloge-
nine, vitellogenine receptor, and estrogen-related receptor] 
can be transcriptionally modulated by BP analogs in D. cel-
ebensis [15, 16].

In the present study, ecdysteroid signaling pathway-
related genes (nvd, HR3, and E75) were identified in D. cel-
ebensis. Their age-specific expression was examined, and 
the transcriptional modulation of these genes was further 
investigated in D. celebensis exposed to different concen-
trations of BPA, BPS, and BPF. This study is expected to 
provide a better understanding of the molecular mode of 
action of BP analogs in cladocerans.

Results and discussion

Identification of nvd, HR3, and E75

We found two complete sequences of nvd and HR3 and 
one partial sequence of E75 from a local D. celebensis 
transcriptome database. The open reading frame (ORF) of 
D. celebensis nvd (Dc_nvd) cDNA sequence was 1389 bp 
in length and encoded a polypeptide of 462 amino acids 
(aa). The putative protein had a theoretical pI of 4.97 and 
molecular weight of 115.5 kDa. BLASTX search showed 
a high identity of 61% and 62% with Daphnia magna nev-
erland (KZS09661.1) and cholesterol 7-desaturase-like 
(XP_032789006.1), respectively. The length of the Dc_nvd 

was longer than those identified in D. melanogaster (Zhu 
et al. [17]; 429 aa) and D. magna (Sumiya et al. [18]; 
444 aa). D. celebensis nvd had a conserved domain, called 
the N-terminal Rieske domain (2Fe-2S) (94–203 aa) and 
non-heme Fe(II) motif (241–253 aa), which is found in 
the Rieske non-heme iron oxygenase (RO) family. Mul-
tiple alignment of a conserved domain and motif showed 
44–67% and 69–92% of identity, respectively, with those 
of other organisms (Fig. 1). The RO family is composed 
of a large class of aromatic ring- hydroxylating dioxyge-
nases and plays a role in utilizing aromatic compounds 
for growth in microorganisms [19]. The Rieske domain is 
similar to the cholesterol 7-desaturase in Caenorhabditis 
elegans, which catalyzes cholesterol into 7-dehydrocholes-
toerol in the first step of steroid hormone synthesis [20]. 
Sequence similarity of nvd suggests that it may be involved 
in steroid synthesis [21]. The nvd gene has been identified 
in few crustacean, such as D. magna [18] and the salmon 
louse (Lepeophtheirus salmonis) [22].

The ORF of D. celebensis HR3 (Dc_HR3) was 1785 bp 
in length, and encoded a 594 aa polypeptide with a theo-
retical pI of 6.05 and a molecular weight of 64.9 kDa. The 
putative protein was highly matched to the HR3 nuclear 
receptor of D. magna (ACY56690.1) and Daphnia pulex 
(ACY56691.1) with 73% and 80% identity, respectively, 
by BLASTX search. Dc_HR3 had two conserved domains, 
DBD (145–239 residues) and LBD (346–590 residues), 
which are commonly detected in nuclear receptors. How-
ever, because hormone ligand binding to the LBD of HR3 
was not identified, it is generally called orphan NR.

D. celebensis E75 (Dc_E75) was obtained partially 
(2,652  bp ORF encoding an 883 aa polypeptide) and 
showed 70% and 69% identity with that of D. pulex 
(ADB79814.1) and D. magna (ABP48738.1), respectively, 
using BLASTX search. Full-length of E75 ranged from 
942 to 954 aa in Daphnia. Two conserved domains, DBD 
and LBD as orphan NR were found from 15 to 103 aa for 
DBD, and 171 to 364 aa for LBD. Based on BLASTX and 
conserved domain searching, sequence information of the 
three genes was deposited in GenBank (Table 1). HR3 and 
E75 have been identified in various insects (reviewed by 
Nakagawa and Henrich [23]), and few crustaceans, such 
as copepod (Tigriopus japonicus) [24], and cladocerans 
(Daphnia magna and Daphnia pulex) [3, 25]. While the 
total sequence similarity was, respectively, low (30% to 
74% for HR3; 9–31% for E75) among species, those of 
DBD (94 to 98% for HR3; 68% to 95% for E75) and LBD 
(51–86% for HR3; 54 to 90% for E75) were highly con-
served (Table 2).

Phylogenetic analysis showed that D. celebensis Nvd 
was located the same cluster with D. magna nvd1 and nvd2, 
and E75 and HR3 were also closely clustered with those of 
Daphnia spp. (Fig. 2). In insects [23] and copepods [24], 
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HR3 and E75 are located in the NR1 family along with EcR 
in the phylogenetic tree.

Age‑dependent gene expression

Ecdysteroid (20-Hydroxyecdysone) is responsible for 
metamorphosis, development, growth, and reproduction 
in arthropods [3]. Ecdysteroid synthesis through never-
land is the first step in the molting process. RNAi tech-
nology revealed that knockout of nvd caused disruption 

of molting and development in D. magna embryos [26]. 
Ecdysteroids are transported into the nucleus by binding 
to EcR and USP [23], which regulate the transcription of 
ecdysteroid responsive genes, such as the two downstream 
NRs, HR3, and E75 [27]. E75 acts as a repressor of HR3-
mediated gene regulation by forming heterodimers and 
competitively binding to response elements on DNA [28]. 
E75 is known to participate in early ecdysone response, 
oogenesis, and vitellogenesis [2, 23], while HR3 plays an 
essential role in metamorphosis [23]. More recently, it has 

(A)

(B)

* * * *

Fig. 1  Multiple alignment of the deduced amino acid sequences of 
conserved domain. A N-terminal Rieske domain and B non-heme 
Fe(II) motif of D. celebensis neverland with those of other species 
retrieved from GenBank using Clustal X and GenDoc. Dmag, Daph-

nia magna (BAQ02388.1, BAQ02389.1); Dmel, Drosophila mela-
nogaster (NP_001097670.1); Bm, Bombyx mori (NP_001037626.1); 
Pm, Penaeus monodon (APW79685.1); Ci, Ciona Intestinalis 
(BAK39961.1); Hp, Hemicentrous pulcherrimus (BAK39963.1)

Table 1  Primer sets used in this study

Gene (accession no.) Oligo name Sequence (5′ → 3′) Amplicon size 
(bp)

Remarks

Dc_nvd (MN699636) RT-F GAT ACG TCG CTT GGG AAG TG 92 Real-time PCR amplification
RT-R GAA GCC GTG TAC ATT CGA TG

Dc_HR3 (MN699637) RT-F GAA GCT CAG CGA AAT CGA AC 100 Real-time PCR amplification
RT-R CCG CAG TCT CTG AAT CTC C

Dc_E75 (MN699638) RT-F CTC CAT CGT CCT CGT CCT AC 115 Real-time PCR amplification
RT-R GGA CTG GGT GAC GAC GAC TG

18S rRNA (AF144201.1) RT-F TGG AAG GAT TGA CAG ATT GA 81 Real-time PCR amplification
RT-R AAA TCG CTC CAC CAA CTA AG
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Table 2  Sequence identities of 
total region and two conserved 
domains, DBD and LBD in 
DcHR3 and DcE75 compared to 
those of other organisms

Common name Species DBD LBD Total GenBank accession no.

HR3
 Brackish water flea D. celebensis 1.00 1.00 1.00 This study
 Freshwater flea D. magna 0.98 0.86 0.74 ACY56690.1
 Freshwater flea D. pulex 0.98 0.85 0.74 ACY56691.1
 Fruit fly D. melanogaster 0.95 0.56 0.30 NP_001334718.1
 Silk moth B. mori 0.94 0.51 0.41 NP_001037012.1
 Black tiger shrimp P. monodon 0.97 0.61 0.47 XP_037778640.1

E75
 Brackish water flea D. celebensis 1.00 1.00 1.00 This study
 Freshwater flea D. magna 0.95 0.89 0.30 ABP48738.1
 Freshwater flea D. pulex 0.95 0.90 0.31 ADB79814.1
 Fruit fly D. melanogaster 0.94 0.54 0.09 AAF49282.3
 Silk moth B. mori 0.68 0.55 0.13 NP_001106080.1
 Black tiger shrimp P. monodon 0.95 0.70 0.14 AYF59246.1
 Whiteleg shrimp P. vannamei 0.95 0.70 0.14 AGS94407.1
 Blackback land crab G. lateralis 0.95 0.72 0.14 AAY89587.2

Fig. 2  Phylogenetic analysis 
of the deduced amino acid 
sequences 1) Dc_nvd, B) 
Dc_E75 and Dc_HR3 with 
those of other species retrieved 
from GenBank. The tree was 
constructed by the neighbor-
joining method using MEGA 
version 6.0 with 1000 bootstrap 
replicates. GenBank acces-
sion no. used in phylogenetic 
analysis of neverland are as 
follows: Dmag, Daphnia magna 
(BAQ02388.1, BAQ02389.1); 
Dmel, Drosophila melanogaster 
(NP_001097670.1); Bm, Bom-
byx mori (NP_001037626.1); 
Pm, Penaeus monodon 
(APW79685.1); for out-
group Ci, Ciona Intesti-
nalis (BAK39961.1); Hp, 
Hemicentrous pulcherrimus 
(BAK39963.1). Those of 
E75 and HR3 are indicated in 
Table 2

(A)
D.magna Nvd1

D.magna Nvd2

D.celebensis Nvd

Black tiger shrimp Nvd

Fruit fly Nvd

Silk moth Nvd

Sea vase Nvd

Sea urchin Nvd

70
100

74

73

55

0.05

(B)

100

0.1



265Toxicology and Environmental Health Sciences (2021) 13:261–268 

1 3

been suggested that HR3 is involved in molting by con-
trolling the synthesis and degradation of chitin in Locusta 
migratoria [29].

In the present study, the mRNA expression patterns of 
Dc-nvd were highly correlated with the molting period of 
D. celebensis (Fig. 3A). In et al. [15] showed that molting 
of adult D. celebensis occurs once every other day since the 
first molting is observed at day 5, as suggested by Marcial 
and Hagiwara [12]. The Dc-nvd gene showed a peak at day 5 
and 7, while the expression of 20E-hydroxylase (cyp314a1), 
which is a downstream gene that converts ecdysone into an 
active form (20-hydroxyecdyson), was highly modulated at 
day 5 and 8 [15]. This finding suggests a harmony between 
both genes during the molting process. Similar to Dc_nvd, 
D. magna nvd1 and nvd2 were highly upregulated during 
the early inter-molting period (0–10 h after molting) [18]. 
Martin-Creuzburg et al. [30] suggested that when endog-
enous ecdysteroid titers are low, molting and vitellogenesis 
may occur in D. magna. Thus, although little information 
is available on transcriptional regulation of nvd during the 
molting period in small crustaceans, fluctuations in the nvd 
gene seem to play a key role in the regulation of the molting 
cycle, as suggested by Sumiy et al. [18].

In our results, E75 and HR3 mRNA expression was simi-
larly modulated according to age. The peaks of both genes 
were observed at day 8 for E75 (Fig. 3B) and at day 6 and 8 
for HR3 (Fig. 3C) The fold-change value was higher for HR3 
than for E75. In Daphnia, the expression of HR3 mRNA was 
highly upregulated at 48 h in the molting period, matching 
with the ecdysteroid levels during the cycle, whereas the 
level of E75 mRNA level did not change during the molting 
period [30]. Despite similar pattern on day 8, our results 
suggest that the expression of both genes was differentially 
modulated until 7 days, implying the negative regulation 
of HR3 by E75. However, the interaction of both genes in 
the molting cycle should be further investigated in small 
crustaceans.  

Regarding the different expression patterns of ecdyster-
oid signaling pathway-related genes among species, there 
is a possible explanation. Different target organs can gener-
ate different patterns. In insects, ecdysteroids are produced 
in specific organs, such as Y-organ, whereas it is unknown 
in crustaceans. Recently, Sumiya et al. [26] suggested that 
ecdysteroids are synthesized in the gut of D. magna. How-
ever, we used the whole body of D. celebensis, which rises 
the need for further study on the expression of ecdysteroid 
pathway-related genes in the gut of D. celebensis.

Effects of bisphenol analogs on transcription 
of three genes

Several studies have reported the modulation of ecdysone 
pathway genes (e.g., EcR, USP, and cyp314a) by EDCs, 
including BPA, in crustaceans, such as Chironomus ripar-
ius [31–33], Gammarus pulex [34], D. celebensis [15], and 
Tigriopus japonicus [35]. In the present study, transcrip-
tional modulation of the upstream (nvd) and downstream 
genes (HR3 and E75) of the above-mentioned pathway 
genes was investigated. As shown in Fig. 4, the three genes 
were significantly altered upon exposure to BP analogs and 
showed different patterns. The Dc-nvd mRNA level was 
highly inhibited after exposure to BPA, whereas its level 
was significantly upregulated upon BPS and BPF exposures. 
The expression pattern of Dc_E75 mRNA was sensitively 
modulated at BPA exposure more than BPS and BPF. In 
contrast, the Dc_HR mRNA expression was differently 
changed among BP analogs. Sumiya et al. [26] suggested 
that nvd may be a target for molting disrupting chemicals in 
D. magna, as it modulate molting by regulating ecdysteroid 
synthesis during embryogenesis. In particular, our results 
support previous studies showing that BPA has anti-ecdys-
teroidal activity in D. magna [36] and copepods [37].

In addition, in the presence of 20-hydroxyecdysone, 
HR3 mRNA levels were significantly increased, while E75 

Fig. 3  The mRNA expression of A) Dc_nvd, B) Dc_E75, C) Dc_HR3 
during molting of adult Diaphanosoma celebensis (4 to 10 days old). 
Data are shown as means ± S.D. of 3 replicates. Different lowercase 

letters indicate significant differences among ages, as determined 
using a one-way ANOVA followed by Turkey’s test
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mRNA was slightly modulated [30], implying that these 
genes could also be target genes for ecdysteroid pathway-
disrupting chemicals. The different modulation of the BPs 
was also observed in our previous study using edysteroid 
pathway-related genes (cyp314a1, EcRA, EcRB, and USP) 
of D. celebensis [15] and the midge C. riparius [38]. Several 
studies have suggested that BPS and BPF have similar or 
low estrogenic activity in aquatic organisms [11, 15, 39]. 
Although there is as yet little information to compare the 
impacts of BPs on the expression of nvd, E75, and HR3 in 
crustaceans, our present findings and previous studies sug-
gest that BPS and BPF may also have endocrine-disrupting 
properties different from those of BPA in D. celebensis.

Materials and methods

Chemical reagents

All of the chemicals and reagents used in this study were 
of molecular biology and ultrapure grade. These were pur-
chased from Sigma-Aldrich Co. (Saint Louis, MO, USA) 
unless otherwise specified.

Experimental organisms

Diaphanosoma celebensis were used in this study the labo-
ratory-cultured strain originally provided by Korea Institute 
of Ocean Science & Technology (KIOST; Busan, South 
Korea). The culture medium was 0.2 μm-filtered 15 practi-
cal salinity unit (psu) of artificial seawater using an Instant 
Ocean(Aquarium system, France). D. celebensis were main-
tained under a 12 h:12 h light/dark photoperiod and at a 
temperature of 25 ± 1 °C. Chlorella vulgaris cultured in 
Jaworski’s medium was added as a food source once every 
two days at a density of 4–4.5 ×  108 cells/L.

Waterborne exposure tests

Stock solutions of BPA (2,2-Bis(4-hydroxyphenyl)pro-
pane; 6 mg/ml), BPF (4,4′-Methylenediphenol; 10 mg/ml) 
and BPS (4,4′-Sulfonyldiphenol; 46 mg/ml) were made by 
dissolving these respective chemicals in dimethyl sulfoxide 
(DMSO). Final concentration of BPA (0, 0.12, 0.6, 3 mg/L), 
BPF (0, 0.2, 1, 5 mg/L) and BPS (0, 0.92, 4.6, 23 mg/L) 
were exposed for 48 h in 4 days of D. celebensis (200 indi-
viduals/concentration; 200 ml). Exposure concentrations 
were determined based on acute toxicity values [15]. A final 
DMSO concentration of less than 0.05% was used, in which 
no mortality was observed. During the exposure to chemi-
cal, food and new media were not supplied. All tests were 
performed in triplicate.

Sequence analysis

Complete (Nvd and HR3) and partial (E75) cDNA 
sequences were obtained from local D. celebensis transcrip-
tome database (Sangmyung University, Seoul, South Korea). 
BLASTX (igBLAST (ver. 1.17)), NCBI conserved domain 
search and Expasy were used to identity and characterize 
each gene. Multiple alignment of each gene was analyzed 
with those of other species retrieved from GenBank using 
clustalX (1.83) and GeneDoc ver. 2.6. Phylogenetic tree was 
constructed by the neighbor-joining method using MEGA 
version 6.0 with 1000 bootstrap replicates.

Total RNA extraction and cDNA synthesis

To quantify temporal gene expression during the molting 
period, each sample was harvested every 24 h for 7 days of 
4-day old D. celebensis. To investigated relative gene expres-
sion, D. celebensis of 4-day old was collected after 48-h 

Fig. 4  The mRNA expression of Dc_nvd, Dc_E75, and Dc_HR3 in 
adult Diaphanosoma celebensis exposed to A bisphenol A (0.12, 
0.6 and 3.0 mg/L), B bisphenol S (0.92, 4.6 and 23.0 mg/L), and C 
bisphenol F (0.6, 1.6 and 5.0 mg/L), respectively, for 48 h. Data are 

shown as means ± S.D. of 3 replicates. Different lowercase letters 
indicate significant differences among concentrations, as determined 
using a one-way ANOVA followed by Turkey’s test
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exposure to BPA and its analogs. Each sample was homog-
enized in five volumes of TRIzol reagent (Thermo Fisher Sci-
entific Inc., USA). Total RNA was extracted according to the 
to the manufacturer’s instructions and stored at − 80 °C until 
it was used for later analyses. Total RNA quality and quantity 
were confirmed by gel electrophoresis and Nano drop (Maes-
trogen nano drop, Taiwan). The cDNA was synthesized from 
0.5 ug of the total RNA using RevertAid First strand cDNA 
synthesis kit (ThermoFisher, MA, USA.).

Relative real‑time polymerase chain reaction 
(RT‑PCR)

To examine patterns in the transcriptional expression of D. 
celebensis three genes (Nvd, E75 and HR3) after exposure 
to BPs, quantitative RT-PCR was performed in a CFX con-
nect opticus module (Bio-Rad, USA). A qRT-PCR reaction 
including 2 μL of cDNA and 2 μL of a 10 pmol primer 
set (Table 1). The PCR cycling conditions were as follows: 
95 °C for 10 min; 40 cycles of 95 °C for 15 s and then 
60 °C for 1 min. To check the amplification of a specific 
product, melting curves were produced under the following 
conditions: 95 °C for 15 s and then 60 °C for 1 min with a 
0.5 °C increase per second. Agarose gel electrophoresis and 
sequence analysis were also carried out to check the specific 
PCR product. In efficiency tests, 90–105% of efficiency was 
achieved. The PCR conditions were as follows: an initial 
step at 95 °C for 10 min, followed by 40 cycles at 95 °C 
for 15 s and 60 °C for 1 min. All of these experiments used 
SYBR master mix (KAPA Bioassay System, USA), and were 
performed in triplicate. The threshold cycle (Cq) from each 
experiment was normalized relative to that of D. celebensis 
18 s rRNA (AF144210.1). The fold change was calculated 
using the  2−△△Ct method [40].

Statistical analyses

Data from all experiments were presented herein as the 
mean ± standard deviation (S.D.) of three replicates. Relative 
mRNA expression levels were compared among treatments 
using one-way analysis of variance (one-way ANOVA) fol-
lowed by Tukey’s test. The PASW Statistics 18.0 program 
(SPSS Inc., Chicago, IL, USA) was used for all statistical 
analyses. A p value below 0.05 was regarded as statistically 
significant.

Conclusion

In summary, we identified the ecdysteroid signaling path-
way- related genes (nvd, HR3, and E75) and investigated the 
expression of these genes at different ages and upon expo-
sure to three BPs in D. celebensis. Dc-nvd, HR3, and E75 

had conserved domains with those of other species, suggest-
ing that they have conserved functions in D. celebensis. Age-
dependent expression of Dc-nvd, -E75, and -HR3 implies 
their involvement in the molting cycle. In addition, real-time 
RT-PCR results showed the different modulation of these 
genes upon exposure to BPs, indicating that BPA, BPS, and 
BPF may disrupt the edcysteroid signaling pathway in this 
species by different mechanisms.
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