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Abstract

Introduction: Daphnia magna exhibits a parthenogenetic reproductive cycle linked to a moulting cycle, but
regulatory mechanisms of neither moulting nor reproductive cycle are understood in daphnids. Moulting is
regulated by ecdysteroids in insects. A previous study showed that a titre of ecdysteroids changed during the
reproductive cycle in D. magna; however, no clear correlation among titre, moulting and reproductive cycles has
been proved in daphnids. To understand endocrine mechanisms underlying the coordinated reproductive cycle, we
analysed the expression of genes coding for enzymes in ecdysteroids synthesis or inactivation pathways, and the
effects of 20-hydroxyecdysone (20E) on moulting and ovulation in D. magna.

Results: We cloned orthologues of neverland (nvd) and shade (shd) in the ecdysteroids synthesis pathway, and
Cypl18al in the ecdysteroids inactivation pathway previously identified in insects. Gene expression of Cyp18al

changed conversely with the fluctuation in ecdysteroids titre during the intermoulting period. Tissue-specific expression
analysis of nvd showed a prominent expression in the gut. Furthermore, treatment of adult female D. magna with 20E
inhibited moulting and/or ovulation.

Conclusions: Our cloning and phylogenetic analyses showed that nvd and shd as well as Cyp18al are evolutionary

conserved in D. magna, suggesting that these genes appeared in arthropods before the radiation of insects. The gene
expression analysis during the reproductive cycle indicated that Cyp18a1 possibly regulates the decline of ecdysteroid
titre before moulting and ovulation. Furthermore, the expression of nvd in the gut suggested that ecdysone might be

synthesised in the gut. Exogenous 20E-treatment resulted in the failure of not only moulting, but also ovulation,
suggesting that a low level of ecdysteroids before moulting is required for moulting and ovulation in D. magna.
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Introduction

Crustacea and Insecta comprising monophyletic group,
the Pancrustacea, are the most diverse animal group in
aquatic habitats [1]. Reproductive diversity as an adapta-
tion to environmental conditions may have facilitated
the radiation of crustaceans [2]. Reproduction of decapod
crustaceans is regulated by complex endocrine mechanisms
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involving ecdysteroids, neuropeptides, biogenic amines,
opioids, juvenile hormones, and vertebrate-type steroids
[3]. Daphnids show characteristic features in reproduction.
They reproduce parthenogenetically every three days
under favourable conditions, and the reproductive cycle
occurs synchronously with the moulting cycle. After
moulting, mother daphnids ovulate new eggs from the
ovary into the brood pouch (ovulation). At the end of each
reproductive cycle, the mother releases the brood from
the pouch to the surrounding water. After this release, the
mother moults again and repeats the cycle. These events
occur in a very systematic order with intervals that span
approximately three days depending on the condition.
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Consequently, a closely related system might regulate the
moulting and reproductive cycle. A similar association of
moulting with a reproductive cycle has also been reported
in other crustaceans such as amphipods, isopods, shrimps,
prawns and a sand crab [4,5]. However, regulation of the
reproductive cycle remains largely unknown in most
crustaceans.

Ecdysteroids (ecdysone and 20-hydroxyecdysone; 20E)
are steroid hormones that regulate moulting and meta-
morphosis in insects. These have been extensively studied
in insects, and are commonly called “moulting hormones”
as their major role implies. Recent studies in insects re-
vealed that ecdysteroids have a variety of functions besides
moulting in the control of reproduction and embryogen-
esis [6]. In Drosophila melanogaster, ecdysteroids are re-
quired for differentiation of germ line stem cells [7,8] and
prepupal development [9,10]. A pioneering study reported
that a titre of ecdysteroids increased at the premoult stage
and decreased back to the basal level before moulting in
Daphnia magna [11], indicating that ecdysteroids are pre-
dominant moulting hormones. However, in crustaceans,
reports on ecdysteroidal regulation in both moulting and
reproduction are scarce [4]. The synchronised moulting
and reproductive cycle in daphnids implies a possibility
that ecdysteroids may regulate not only moulting, but also
the reproductive cycle.

In insects, biosynthesis of ecdysteroids starts with dietary
cholesterol. Rieske oxygenase DAF-36 (neverland, nvd)
converts it to 7-dehydrocholesterol [12]. After several
steps mediated by enzymes belonging to the cytochrome
P450 family (CYP450), it is converted to ecdysone. Then,
Cyp314A1 (shade, shd) finally converts ecdysone into 20E,
which is the biologically active form binding to an ecdys-
one receptor (EcR) [13,14]. The complex of 20E and EcR
recruits ultraspiracle (USP) in insects and daphnids or ret-
inoid X receptor (RXR) in decapods, and acts as a hetero-
dimer [15]. EcR and USP have been cloned in D. magna
[16]. Three EcR paralogues with five distinct N-terminus
sequences and one USP were identified [16]. These genes
in the ecdysteroids biosynthesis pathway except for nvd
belong to CYP450 encoding hydroxylases. D. pulex pos-
sesses five CYP450 genes: spook, phantom, disembodied,
shadow and shd [17]. In decapod crustaceans, Cyp306A1
(phantom) in kuruma prawn (Marsupenaeus japonicus)
[18], and four CYP450s (spook, phantom, disembodied and
shadow) and nvd in cray fish (Pontastacus leptodactylus)
[19] have been identified to date. However, neither gene
expression nor functional analyses have been explored
in microcrustaceans such as copepoda, phyllopoda and
cladocera [15].

The synthesis and secretion of ecdysone take place in
a specialised organ in insects and decapods. Insect larvae
synthesise ecdysone in the prothoracic gland although it
is destined to degenerate in the adult of most species

Page 2 of 12

[20]. The synthetic organ in decapods is the Y-organ.
However, the organ that synthesises and secretes ecdysone
has not been identified in microcrustaceans, including
daphnids. Some reports have speculated that these species
may synthesise ecdysone in the epidermis [15,21,22] since
ecdysone production in the epidermis was observed
in vitro in the tick Ornithodoros parkeri [23]. Identifica-
tion of the endocrine organ is essential to understand
the endocrine system of daphnids.

As an entry point to understand the roles of ecdyster-
oids in the reproductive cycle in D. magna, we cloned
genes of three key enzymes for 20E synthesis or inactiva-
tion: nvd, shd and Cyp18al. Spacio-temporal expression
analyses of these genes during the reproductive cycle indi-
cated that ecdysone is possibly synthesised in the gut, and
that the decline of the 20E titre before moulting [11] might
be regulated by Cyp18al. In addition, exogenous 20E treat-
ment during the reproductive cycle resulted in a failure of
moulting and ovulation, suggesting that a low level of ecdys-
teroids before moulting is required for successful moulting
and ovulation in D. magna. The present study provides
insight into the endocrine system that regulates the
highly coordinated reproductive system in crustaceans.

Results
Molecular cloning and phylogenetic analysis of genes in
20E synthesis or inactivation pathway in D. magna
We cloned full-length of nvd encoding 444 amino acids
(a.a.), shd encoding 526 a.a. and CypIl8al encoding 551
a.a. from D. magna. Furthermore, we identified the
partial ¢cDNA sequence of a distinct nvd. Aligning
amino acids of these genes with D. pulex and two
insect species, D. melanogaster and Bombyx mori,
revealed that both D. magna nvd contain a characteris-
tic domain, Rieske [2Fe-2S], and a non-heme Fe (II)
motif (Figure 1A) [12]. The obtained shd and Cyp18al
belonging to the P450 family have a P/G-rich domain
and five conserved P450 motifs: Helix-C, Helix-I,
Helix-K, PERF and Heme-binding (Figure 1B) [24].
Phylogenetic analysis was conducted by comparing
the amino acid sequences of the obtained nvd, shd and
Cypl8al with other available arthropod sequences. In
each obtained tree, D. manga and D. pulex clustered to-
gether with other arthropods, forming a monophyletic
group. This suggests that the orthologous genes of nvd,
shd and Cypl8al were identified in D. magna. Two of
the D. magna nvd were assembled in the Daphnia nvd
cluster. These nvd paralogoues were therefore desig-
nated nvdl (full length, AB839171) and nvd2 (partial
cDNA sequence, AB839172) (Figure 2A). We further
found a duplication of nvdl, nvdla (sequence ID in D.
pulex genome database, NCBI_GNO_67514) and nvd1b
(NCBI_GNO_462084).
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A neverland Rieske [2Fe-2S]
%k sk ko k
D. magna 1 107 FAVFQSAEGVAYVLDINTEIIRT MG Vs RYv co@vEMIFNcogRcADGo@TS IZY TS
D. magna 2 176 MAVFRTEEGKACVLDINTLTRNH NG 1GRYv 6D W1 E(@ATNGT0ENGNDBKETS IHY SKG
D. pulex 107 FYVFETEKGVASVL NI HMG TS R\ 6DV E dEIc{li0ER GE D{g0WTS TEYA TG
D. melanogaster 121 LVIFESKKDIVFILOLSTELTRE MG 116 S A0 DY I Ik FRG TD(AL @INIZYSTS
B. mori 150 LevYRGEDGLARC VIR IRINEA VGG TR G S @1 EldTITR [N AA - SLig-6sD
D. magna 1 167 KIgKSARVKSTPCOBVNEFIFVIYHIEQE - - -NPSTKVPRIPEIVTRKWIGCERSEYKVN
D. magna 2 236 KVESNARVKK{PTHEVNEFT FV{YHYESDKSLEPETVPELDETSS GRWRYRERT(Y K VN
D. pulex 167 KI[goSARVKATPSD FLLVYYHIYEQE - - - EPS{KPPQIPELAAKKIWFGERSEY RVN
D. melanogaster 181 -VEKGSKLKKJISQEVOEFIFIOYHINEQT - - - ELPJDLPVPMGE IDDTFV|gHEHNEF Y IN
B. mori 208 IARKGVSIRTJCVV VWIQHDEYEGR - - - EPL{JE ITDPPEL - - KE F GYRERN[AF E VS
Non-heme Fe (II)
b kK b
D. magna Vi 224 AEFEIAESVARIL DCLGPSLL Y GRDLNA--AQGGKSDNGWARF LQEHOK VK- - -E
D. magna 2 206 VAALINAADVATI AYLEGPSILFGEDLTAITRDDDRKTKTWAPL LHEHE VGIKGPE
D. pulex 224 AAOAEINEs vATIL ECLEIGPSTLYGDLKA - - TLNGKSVNGFAPFMQEHTIS VK- - -E
D. melanogaster 237 CRUEEINGANT ALFNATRKKNFINGY- - - - -- WAQKKRLFGLGS - - - IHIKARY- - SP
B. mori 263 ADERGIANGADV PRI NAVISFSLL - -9pL- - - - - - GERYPVLHEIIGRIVINADQ----
B shade P/G rich
D. magna 58 PFSQIEIAELPIFF@RQQL Y SWI-GPFL DML ANERK Y FK{8PTVKEHY LWNFPIVHL
D. pulex 55 PFSQIpIAaL HV{EL F @R QUL YSWI-GPYF L D[AMEIL ANEDKYRK\JEPVVK/3HF LWNFPIIHL
D. melanogaster 58 GIWDIIIAKRTiFL ETKIITF L LFFRRYKMTIQEIIE VY AR NRQUEDTVL 3VMP SNVPIVHL
B. mori 55 HSCRLIZAZOPL[FL @ R{- - - L FWSRYIKMNSHEIEAY ADMF K R8PV FMETTPGGVAVYST

identities.

Helix-C
D. magna 117 YOKNDIQTKYSSEYRTEEGLEAQT FIEINCEELYGBvEL v L KIJTOL
D. pulex 114 YOKHDI[4SNKYPS[YETEEGL A0 T FYEK DTN QG[gs KIITOL
D. melanogaster 118 YNRDDL{EKUNKYPSSYir P 7T TVMIEROSEIENTANY e T oeP SIISSI
B. mori 112 AERTAL[AINR S PAJK Y GEEP T vOMIGRGDENTAS 8L [0 Wlde Ky HGR N RO L
/L
7/ )
Helix-I

D. magna 295 L----VKEALNSDEATGTQSP----VLNQUETAEGVTRBIAT VS LT VAR GIAT
D. pulex 291 L----VN4ALSNDENTEIQSP----VLNQUWETAEGVTEUIAT VAL iYL VAL GRAT
D. melanogaster 298 TIDHELE4LKKSAACEDDEAAGLRSIFLNMNELKDL VTROMK SATINF I AR LaNTL
B. mori 289 L----ME[JAKSKTTGMAQDEA-TQETFLKUNENPALDMDIGAATIOF 11|82 LadisL
Helix-K
D. magna 347 LFLMHINILNNGEIKVRVYEFLDRVLPSPEDTITPQLMLELKYLRACTVES LM TRVAPNY
D. pulex 3473 L[ELMHNTVSNZEVKARVYEELDRVLYSSHVTITPQLIMLELKYLKIACV T[S LY TRVEPNY
D. melanogaster 358 LigVMsSVTGDFGAMPRIL S[F CE---YRDTNILQDAMTNATYTKACT QS YL RETAF CL
B. mori 344 V[gLRYLLSGRZDNQRKINSLPP - - -Y - -AMLCSEDMAGAPSVRIAINAAFY L FTIPFL
D. magna 407 M@ekPFTFQEYHVPABTLEVCETWVASLQEEYYLNG S DSDKTN---- - RY
D. pulex 403 NATMEKSFTFQEYNVPVEAMET CETWYVSSLODENYPDMKRF TR DADKVN- - - - - HH
D. melanogaster 415 NITMEEDMELS[YSLNAETVIL CONMIACHKDSIFQGIKQF T DPATENFTVNVDN
B. mori 300 [§L MoSPMTTGEHKIPPETFYLAHTAAACRREENFWRIEE Y LIgTKVQEPH- - - - -- A
Heme-binding
D. magna 462 PFLAVCIEOVEEMEZEEI T AGNEML 1T TAL LRAFDISFHKPMEQV YKL SPRGRINVI
D. pulex 458 PFLAVIIZEV@LMEIdEIT AdHEvL TTTINNL LQTFDMS[gOKPMEQV Y K[FNI SPAGIETRAT
D. melanogaster 475 ASTVVIZOVEIIS @G v(avidvvL L LMV AFDVS(EVKPMETEFE N APITEL SLR
B. mori 3 YSLVAZERGEMELIAGIF VL AL HL L LYATMOKWRVE[JDGEDTQF DAL SARS[EVTLR

Figure 1 Alignments of predicted amino acid sequences of (A) neverland and (B) shade of Daphnia magna with other arthropod
species, Daphnia pulex, Drosophila melanogaster and Bombyx mori. D. magna 1 and D. magna 2 indicate the two neverland paralogues, nvd
1 and nvd 2, respectively. The conserved Rieske [2Fe-2S] domain and the non-heme Fe (Il) motif in nvd and conserved domain and motifs of the
P450 family in shd are shown in boxes. Asterisks show the evolutionally conserved amino acids in nvd. Entries in a black background indicate

In the case of shd, no paralogous genes were iden-
tified in the D. magna database. In agreement with
the arthropod phylogenetic trend, tick shd is the
most ancestral followed by daphnids shd, and insects’

shd being the most descendant (Figure 2B). As seen
in nvd and shd, the obtained D. magna Cypl8al
pairs with D. pulex Cypl8al (Figure 2C) showing a
close relationship.
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Time-course and tissue-specific expression analyses of
neverland, shade, Cyp18al, EcR and USP during
intermoulting period

Adult D. magna has a moulting cycle of three days
under current conditions, which takes 80 h on average
between two consecutive moultings. Investigation of the
expression profiles of the genes in the ecdysteroids syn-
thesis or inactivation pathway during the intermoulting
period was performed by quantitative real-time PCR.
nvdl, nvd2 and shd were highly expressed in the early
intermoulting period at 0-10 hours after moulting (ham)
(Figure 3A-C). The lowest expression level of nvdl was
reached at 20 ham, and it increased at 70 ham. In contrast,
the expression level of nvd2 did not change significantly
after the abrupt drop at 20 ham. The expression level of
shd gradually decreased until 20 ham. Thereafter, it stayed
at a rather constant level. Cypl8al was also highly
expressed at 0 ham, and its expression declined to the
lowest level by 30 ham (Figure 3D). At the end of the
moulting cycle, Cyp18al expression showed a steep rise
at 80 ham. The expression level of EcR was relatively

high until 10 ham and after 50 ham (Figure 3E). The
expression level of USP was highest at 0 ham but
decreased to the lowest level by 10 ham after which it
no longer shifted (Figure 3F).

A synthetic and target organs/tissues for ecdysteroids
are unknown in daphnids. Therefore, tissue-specific ex-
pression of genes in the ecdysteroids synthesis or inacti-
vation pathway was analysed in the major organs such
as the ovary, gut and remaining tissues (i.e., tissues other
than the ovary and gut) by quantitative real-time PCR.
nvdl was strongly expressed in the gut (Figure 4A).
nvd2 expression was also observed primarily in the gut,
but there was no significant difference in expression
levels among tissues (Figure 4B). shd was predominantly
expressed in the gut, and its expression was also de-
tected in the ovary and remaining tissues (Figure 4C).
Alternatively, the expression level of Cypi8al was rela-
tively low in the gut (Figure 4D). The expression level of
Cyp18al was the highest in the remaining tissues, but
not significantly higher than in the ovary or gut. EcR and
USP expression were detected in all tissues examined,
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Figure 3 Expression profiles relative to cyclophilin. (A) neverland 1, (B) neverland 2, (C) shade, (D) Cyp18al, (E) EcR common sequence and
(F) USP in the intermoulting period of adult female D. magna. 0 hour after moulting (ham) refers to the time immediately after moulting and 80
ham represents the time before the next moulting. Bars represent standard errors. Different letters indicate significant differences among time
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and the expression levels were highest in the remaining
tissues (Figure 4E,F).

Exogenous 20E treatment on adult D. magna in the
mid-reproductive cycle

To understand the importance of fluctuation of the
ecdysteroids titre on moulting and ovulation, adult
female D. magna were treated with exogenous 20E in
the middle of the reproductive cycle, which is a day be-
fore moulting and ovulation occur. After this treatment,
unusual phenotypes were observed at a significantly
higher rate (P < 0.001): normal moulting without ovula-
tion or neither moulting nor ovulation (Figure 5). In the
20E-treated group, only 34% of 128 individuals under-
went normal moulting followed by ovulation whereas
99% of 85 control individuals moulted and ovulated
normally. The most frequent phenotype appeared in
53% of the 20E-treated individuals. Those individuals
neither moulted nor ovulated. In addition, 13% of the
20E-treated individuals moulted normally but failed to

ovulate. The toxic influence seemed minimal as none of
the individuals died within 48 hours after the treatment.

The ovary and carapace were then analysed histologi-
cally. The whole ovary was full of yolk granules in con-
trol individuals (Figure 6A,B). The meiotic phase of the
eggs was also examined. In the ovarian eggs of D. pulex,
the nuclear envelope degenerates and becomes invisible
at the point of moulting [25]. This was confirmed in
D. magna. The nuclear envelope was invisible in control
individuals before moulting (Figure 6C). After moulting, a
meiotic apparatus was prominently visible in the ovarian
egg (Figure 6D) and ovulated egg (Figure 6E). In com-
parison, yolk granules were also present in the ovary of
20E-treated individuals (Figure 6F,G). However, the nu-
clear envelope did not degenerate in the 20E-treated in-
dividuals that failed to moult (Figure 6H). Interestingly,
the meiotic apparatus was observed in the ovarian egg
of those 20E-treated individuals that failed to ovulate
after normal moulting (Figure 6I). As a result, treatment
with 20E caused D. magna to be unable to moult and/or
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ovulate, and it ceased meiotic division at the time when
the nuclear envelope breaks or meiotic metaphase. A
new carapace, which was present in the control before
moulting (Figure 6],K), was also formed in the 20E-
treated individuals (Figure 6L,M).

Discussion

Genes in ecdysteroids synthesis or inactivation pathway
are evolutionary conserved in D. magna

The moulting hormones, ecdysone and 20E, have long
been known to play critical roles in moulting and develop-
ment of insects and crustaceans [26]. The final product of
the ecdysteroids synthesis pathway, 20E, actively interacts

with EcR/USP heterodimeric receptor in D. magna [16].
This indicates that the binding of 20E to EcR in arthropod
species can activate the ecdysteroids signalling pathway.
Although there is physiological evidence indicating that
crustaceans synthesise 20E from cholesterol, the molecular
basis of 20E synthesis in crustaceans is not fully under-
stood. Recently, orthologues of the insect Halloween genes
encoding P450 enzymes for ecdysteroids biosynthesis
such as spook, disembodied, phantom, shadow and shade
were obtained by searching the D. pulex database [17].
We newly identified genes covering the ecdysteroids syn-
thesis or inactivation pathway, i.e. not only these P450
genes but also nvd and Cypl8al in the D. magna EST
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database. The present study focused on nvd, which cataly-
ses the first step in the biosynthesis of ecdysteroids [12],
shade mediating the hydroxylation of ecdysone to 20E
[13], and Cyp18al, a key enzyme for 20E inactivation [14]
in insects. Our cloning and phylogenetic analyses showed
that nvd and shd as well as Cyp18al genes are evolution-
ary conserved in D. magna. This suggests that D. magna
possesses ecdysteroids synthesis and inactivation pathways
similar to those conserved in insects. This result is in
agreement with recent phylogenetic analysis suggesting
that these genes appeared in arthropods before the radi-
ation of insects. Interestingly, we identified two different
paralogues of the nvd gene in D. magna. Our phylogenetic
analysis indicates that gene duplication gave rise to these
two different nvd paralogues, nvd1l and nvd2 in daphnids.
This duplication is thought to have occurred after the
divergence of daphnids and insects but before the split
of D. magna and D. pulex. We also identified the two
nvdl paralogues, nvdla and nvdlb, in D. pulex. In the
D. pulex linage, a number of gene duplications occurred
[27]. These duplication events are thought to have re-
sulted in a complex lifecycle of daphnids.

Cyp18al might regulate the decline of ecdysteroids titre
before moulting

In crustaceans including D. magna, shrimp and crab
species, ecdysteroids titre shows a single peak during the
intermoulting period [4,28,29]. In contrast, ecdysteroids
titre in insect larvae fluctuates in more complex patterns
during embryogenesis and larval development. These rises
and falls of ecdysteroids at specific times are mandatory
for normal moulting and metamorphosis in insects [30].
Cyp18al inactivates 20E through 26-hydroxylation in in-
sects to lower the ecdysteroid titre [14]. Gene expression
analysis during the intermoulting period in D. magna
showed that the relative expression of CypI8al changed

conversely with the fluctuation in ecdysteroids titre
(Figure 3D). In other words, the ecdysteroids titre is
high in the mid-moulting cycle when Cypl8al expres-
sion is low, but is low at the end of the moulting cycle
when Cypl8al expression is high. This result suggests
that Cypl8al possibly regulates the decline of the
ecdysteroids titre before moulting in D. magna.

Relative expression analysis of shd and Cyp18al showed
different patterns (Figure 3C,D). Each P450 gene in the
ecdysteroids synthesis pathway exhibits a different ex-
pression pattern in insect larvae, and it varies among
species [24,31-34]. Therefore, having a unique expres-
sion pattern for each of the genes appears to be a com-
mon phenomenon. Such variable expression patterns
reflect which gene is responsible for a rate-limiting step
or is a target of prothoracicotropic hormone (PTTH),
which induces ecdysone synthesis in insects [33].

Ecdysone might be synthesised in the gut, judged by the
expression of neverland

In insect larvae, expression of nvd is exclusively detected
in the ecdysone synthetic organ [12]. On the other hand,
shd has been observed in a range of 20E-target tissues/
organs [13,24,31]. In adult D. melanogaster, nvd is ex-
pressed in the ovary where ecdysone is produced [12]. A
gene encoding phantom, which participates in ecdysone
synthesis, in kuruma prawn is expressed in the Y-organ
[18]. D. magna nvdl was primarily expressed in the gut of
the adult, suggesting that ecdysone is possibly synthesised
in the gut. The expression of sid was detected in the ovary
as well as in the gut at 70 ham when oogenesis had been
promoted in the ovary for upcoming ovulation, and the
eggs had formed inside. Such spatial expression of shd in-
dicates that ecdysone targets the ovary besides the gut and
remaining tissues. Ecdysteroids might function in ovarian
egg maturation in D. magna.
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Figure 6 Histological analysis of the ovary and carapace. (A,B) Ovarian eggs in a control individual. (C) The nuclear envelope was invisible in
controls before moulting. (D,E) A meiotic apparatus found in ovarian and ovulated eggs of controls, respectively, and (F,G) ovarian eggs of a
20E-treated individual. (H) The nuclear envelope had not degenerated in the ovarian egg in the 20E-treated individual that neither moulted nor
ovulated. (I) A division apparatus appeared and chromosomes aligned at the metaphase plate in the 20E-treated individual that moulted normally
but did not ovulate. This meiotic apparatus at metaphase was also seen in the control eggs released into the brood pouch immediately after
ovulation. However, in the 20E-treated individuals, meiosis stopped at metaphase and did not proceed. (J,K) Carapace formation in controls and
(L,M) 20E-treated individuals. (J) A carapace layer with a newly formed carapace underneath the old one formed before moulting in the control.
(K) A new carapace was observed immediately after moulting in the control. (L) A new carapace was also formed in the 20E-treated individual
that neither moulted nor ovulated, and (M) the 20E-treated individual that moulted normally but did not ovulate. Yg: yolk granule, No: nucleolus,
Od: oil droplet, Ne: nuclear envelope, Cp: carapace. Tissue sections of exogenous 20E-treated and the control adult female D. magna were stained
with hematoxylin and eosin.
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The decline of ecdysteroids level before moulting is
required for ensuing moulting and ovulation

Ecdysteroids stimulate vitellogenesis in most decapod
species [35]. On the other hand, 20E inhibits vitellogenesis
in D. magna [36]. In support of this, endogenous ecdyster-
oids titre is low when moulting and ovulation are about to
occur in D. magna [11]. Ovulation occurs immediately
after moulting when ecdysteroids titre has decreased. As
such a correlation between ecdysteroids titre, moulting
and reproductive events exists, we hypothesised that the
fluctuation of ecdysteroids titre plays a key role in the
endocrine systems regulating the reproductive and
moulting cycles. Therefore, we analysed the effect of
20E-treatment on moulting and ovulation in D. magna.
Treatment with 20E from the middle of the moulting
cycle inhibited moulting and/or ovulation. This indi-
cates that a decrease of ecdysteroids at the end of the
reproductive cycle is required for moulting and ovula-
tion. Indeed, Cyp18al was highly expressed at the end
of the moulting cycle. Histological analyses revealed that
yolk granules existed in the ovary of both the control and
20E-treated D. magna. This implies that suppressed ovula-
tion might not have been caused by inhibition of vitello-
genesis by a high 20E titre. In the present study, those
individuals that did not moult after treatment with 20E
produced a new carapace underneath the old one. There-
fore, 20E treatment did not affect the process of cuticle
deposition.

Recently, a meiosis-like process of parthenogenetic oo-
genesis was documented in D. pulex [25]. In the present
study, the nuclei-germinal vesicles broke down (GVBD:
germinal vesicle breakdown), chromosomes condensed,
and the nuclei were invisible before moulting in the ovar-
ian eggs of control D. magna, as observed in D. pulex. In
the ovary of 20E-treated individuals showing neither
moulting nor ovulation, the meiotic process had stopped
before GVBD. Although the ovary contained as many
yolk granules as the control ovary, 20E inhibited the
entry of the ovarian eggs into GVBD, which marks the
onset of meiosis.

A meiotic apparatus at metaphase was observed soon
after moulting and soon after ovulation in the control eggs
in D. magna (Figure 6D,E). Such a meiotic apparatus at
metaphase was also observed in the eggs of 20E-treated
individuals that moulted normally but failed to ovulate
(Figure 6I). In the 20E-treated individuals, however, mei-
osis stopped at metaphase and did not proceed further
even after enough time had passed for meiosis to progress
(Figure 6I). Such a terminated meiotic process might cor-
respond to a failure in meiotic reinitiation. The first reini-
tiation appears as GVBD and the second as anaphase.
Furthermore, meiotic reinitiation is correlated with the
ecdysteroids titre in prawn (Palaemon serratus) and locust
(Locusta migratoria) [37]. The present results suggest that
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the 20E titre might also be responsible for meiotic reinitia-
tion in D. magna. Ovulation never occurs unless moulting
precedes it. The time interval between moulting and ovu-
lation is precisely 13 minutes in D. pulex at 18°C [25].
Therefore, moulting is expected to act as an ovulation
trigger. There must be coordinated regulation between
moulting and ovulation. Our results are compatible with
this idea, but moulting alone is not enough to initiate ovu-
lation. Some regulatory mechanisms might be present to
promote ovulation after moulting. Alternatively, some in-
hibitory mechanisms might also be present for ovulation
of abnormal eggs.

In Drosophila, neural signalling with octopamine, which
causes oviduct-muscle contraction, controls ovulation
[38,39]. In decapod crustaceans, octopamine in the lob-
ster Homarus americanus also stimulates muscle con-
traction of ovarian walls [3]. Neural signalling besides a
direct endocrine pathway could possibly drive the
regulation of ovulation in D. magna. That is because
ovarian eggs likely require some mechanical force, such
as muscle contraction, to be released into the brood
pouch. This suggests that 20E might affect ovulation
through muscle contraction.

Conclusions

In conclusion, we identified genes in the ecdysteroids
synthesis or inactivation pathway in D. magna. Decline
of the ecdysteroids level at the end of the reproductive
cycle is necessary for ensuing moulting and ovulation.
Our gene expression analyses suggest that fluctuation of
the ecdysteroids titre during the reproductive cycle might
be regulated by the expression of Cyp18al. Judging by
the predominant expression of nvdl in the gut, we
also propose that ecdysone might be synthesised in
the D. magna gut although further studies are required to
identify the specific site of ecdysteroidogenesis in the gut.
Gene identification and expression analyses in ecdyster-
oids synthesis or inactivation pathways provide a concrete
basis for understanding the contribution of ecdysteroids
signalling in the highly coordinated reproductive system of
crustaceans.

Materials and methods

Animals

Daphnia magna (NIES strain) obtained from the National
Institute for Environmental Studies (NIES; Tsukuba,
Japan) were maintained in M4 medium [40] at 20 + 1°C
under a 14-hour:10-hour light:dark photoperiod. Chlorella
vulgaris was added daily into each culture. For experi-
ments, each animal was incubated under the same condi-
tions mentioned above but in 50 ml of M4 medium
individually. The culture medium was substituted every
three days. Under these conditions, D. magna produces
female offspring every three days.



Sumiya et al. Frontiers in Zoology 2014, 11:60
http://www.frontiersinzoology.com/content/11/1/60

Table 1 Primer sequences used for gene cloning
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Genes Forward Reverse

neverland 1 ATGGATGTCTTTTTCGTTTTCAAATCC GGTGTAACCGTCTCGAAG
neverland 2 GGACGCGTATTGCCCTCATTTGGGA TAATCCCGGCCCGATTTGTTTGGCT
Cypl8al ATGATCGTGTGGAGTTTGGGA TTTGGCGTTCTGGATCTCCAG

3' RACE

neverland 1 GCCTCCATCATGAACTACGCCTATTCGG

Cypl8al GCGACGGCCGTGAGAAAATGGAG

GCCGTTCACATGAACCCTGCCTTGC

Cloning and phylogenetic analysis

Total RNA extracted from adult female D. magna using
the RNAqueous Kit (Life Technologies, Carlsbad, CA,
USA) was reverse transcribed with Super Script III (Life
Technologies). To obtain gene fragments of nvd and
Cypl8al, oligonucleotide primers were designed based
on the sequences of the D. magna EST database [41]
(Table 1). PCR was performed with Platinum Taq DNA
Polymerase High Fidelity (Life Technologies). The ampli-
fied products were cloned into pGEM-T easy (Promega,
Tokyo, Japan), and sequenced using the BigDye Termin-
ator Cycle Sequencing Kit (Life Technologies). Based on
the sequence information of the obtained PCR products,
the 5" and 3’ ends of nvd 1 and Cypl8al sequences were
amplified using a rapid amplification cDNA ends (RACE)
kit (Gene Racer Kit, Life Technologies) with Platinum
Taq High Fidelity (Life Technologies). The obtained
two nvd and Cypl8al sequences were assigned the
following accession numbers [DDBJ: nvdl: AB839171,
nvd2: AB839172 and Cyp18al: AB839173]. Sequence of
shd of D. magna was available in the NCBI database
(AB257771.1). Sequences of EcR and USP were defined
in our previous study (AB274819-24) [16].

The amino acid sequences of nvd, shd and Cypl8al
in other arthropod species were identified in euGenes/
Arthropod genomes (Indiana University, http://arthropods.
eugenes.org/arthropods/). The amino acid sequences were
aligned with MEGAS5 software using MUSCLE method
with the default options [42]. Neighbour joining trees were

constructed from these alignments using Poisson model
with bootstrap analyses of 1000 replicates along with
complete deletion options.

Quantitative PCR

Whole body adult D. magna samples were prepared at
nine time points with 10-hour intervals during an 80-hour
intermoulting period. For the tissue-specific gene ex-
pression analysis, adult D. magna at 70 ham was dis-
sected, and ovary, gut and the remaining tissues were
separately obtained. Three replicates were prepared for
each time point for each experiment. Total RNA was
extracted using the RNAqueous-Micro Kit (Life Tech-
nologies). cDNA was synthesised from 0.5 pg of total
RNA using Super Script III (Life Technologies) with
random primers. PCR was conducted with SYBR-Green
PCR Master Mix (Life Technologies) using the 7000
real-time PCR system (Life Technologies). The primer
sequences used for the quantitative PCR analyses are
shown in Table 2. To detect EcR, a common sequence re-
gion of three EcR genes was utilized to design the primers.
Among four housekeeping genes (cyclophilin, Ltd4ds, LBT
and L32), D. magna cyclophilin was selected as a reference
gene calculated with geNorm [43] and NormFinder
[44]. Statistical analyses of gene expression at each
time point were performed by ANOVA followed by the
Tukey-Kramer post-hoc test using Excel 2004 (Micro-
soft Corp., Redmond, WA) with an add-in software
Statcel 2 [45].

Table 2 Primer sequences used for quantitative real-time PCR

Genes Forward Reverse

cyclophilin GACTTTCCACCAGTGCCATT AACTTTCCATCGCATCATCC
neverland 1 AGCACAAGGCGGGAAGAGT GCTTCCCATTTCACCTTCCA
neverland 2 CGTCGGTGACTGCATCGA TGCCGTCGTTCCCATTG

shade GACTGCTGAAGGCGTTGACA CGGCTGCCACTAGGTCGATA
Cypl8al TACCCGATCGTCGGTTACCT GAGCGCCGTCAGCTCTTC

EcR common region GAGGCGCTGCAGGCTTAC GAGTTTGGCAAACTCCGTCATC
usp GTTGGAGTCAAGGATGGTATCGT AGCCGAGTTCCGGTGGAT
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Treatment with exogenous ecdysteroid

A stock solution of 10 mM 20E (Sigma, St. Luis, MO,
USA) dissolved in ethanol was kept at —20°C until use.
This stock solution was directly added to each 50 ml of
M4 medium containing one adult female D. magna at
two days after moulting (N =128). The final concentra-
tion was 0.5 pM 20E. Ethanol (0.0001%) served as the
control (N = 85). The number of individuals was counted
for three phenotypes in the following order of severity:
normal moulting and ovulation (no effect), normal moult-
ing following no ovulation (moderate effect), or neither
moulting nor ovulation (severe effect). Differences in the
incidence between the control and 20E-treated animals
were analysed with the Mann—Whitney U test using Excel
2004 (Microsoft Corp.) with Statcel 2 [45]. For tissue sec-
tioning, the 20E-treated and control animals were fixed in
Bouin’s fluid overnight. The samples dehydrated in ethanol
and xylene were embedded in paraffin. Serial sections of
5 pm thickness were subjected to haematoxylin and eosin
staining. The sections were studied under a microscope
(Axioplan2, ZEISS, Oberkochen, Germany) and the im-
ages were processed with callSens Standard, version 1.3
(Olympus, Tokyo, Japan). Six individuals of the 20E-
treated animals were observed for each of the three
phenotypes. Three control animals were examined at
three stages: before moulting (sampled after the release
of a brood), soon after moulting and before ovulation
(sampled within 15 minutes after moulting) and soon
after ovulation (sampled when ovulation finished).

Abbreviations

Cyp450: CyctochromeP450; EcR: Ecdysone receptor; GVBD: Germinal vesicle
breakdown; Ham: Hours after moulting; Nvd: Neverland; shd: Shade;

USP: Ultra spiracle; 20E: 20-hydroxyecdysone.
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