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A B S T R A C T

In th is  paper, th e  n on -ta rg et effects  o f  teb u fen o z id e  w ere  eva lu a ted  on  th e  estu arin e  cru stacean, th e  
o p p o su m  shrim p N eo m ysis  in teger  (Leach, 18 1 4 ). T eb u fen ozid e  is a syn th etic  n o n -stero id a l ecd y so n e  
agon ist in sectic id e  and regarded as p o ten tia l en d ocr in e -d isru p tin g  ch em ica l (EDC). N. in teger  is  th e  m o st  
u sed  cru stacean  in  eco to x ico lo g ica l research  in  parallel to  D aphnia  sp. and has b een  p rop osed  for th e  
regu latory te s t in g  o f p o ten tia l EDCs in  th e  US, Europe and Japan.

M ajor resu lts w ere: (i) cDNAs en co d in g  th e  ecd ystero id  receptor (EcR) and th e  retino id -X -receptor  
(RXR), w ere  c lon ed  and seq u en ced , and su b seq u en t m olecu lar  p h y lo g en etic  an alysis  (m ax im u m  lik eli­
h ood  and n e igh b or-jo in in g) revea led  th a t th e  am in o  acid seq u en ce  o f  th e  ligand b in d in g  d om ain  (LBD) o f  
N. in teger  EcR (NiEcR) clusters as an outgrou p  o f th e  Crustacea, w h ile  NiRXR-LBD c lu sters in  th e  M alacos- 
tracan c lade (b ootstrap  p ercen tage  = 75%). (ii) 3 D -m o d elin g  o f  ligand b in d in g  to NiEcR-LBD d em on stra ted  
an in com p atib ility  o f th e  in sectic id e  teb u fen o z id e  to  fit in to  th e  NiEcR-ligand b in d in g  p ock et. This w as in  
great contrast to  p on asteron e  A (PonA) th a t is th e  natural m o lt in g  h orm on e  in  Crustacea and for w h ich  
effic ien t d ock in g  w a s d em on stra ted . In add ition , th e  h e terod im eriza tion  o f  NiEcR-LBD w ith  th e  co m ­
m on  shrim p Crangon crangon  (L innaeus, 1 7 5 8 ) RXR-LBD (CrcRXR-LBD) w as a lso  m o d eled  in silico. (iii) 
W ith  u se  o f  in sect Hi5 cells, ch im eric  con stru cts o f NiEcR-LBD and CrcRXR-LBD fu sed  to e ith er  th e  y ea st  
Gal4-DNA b in d in g  dom ain  (DBD) or G al4-activation  d om ain  (AD) w ere  c lon ed  in to  e x p ress io n  p lasm id s  
and co-tran sfec ted  w ith  a Gal4 reporter to qu antify  th e  p r o te in -p r o te in  in teraction s o f  NiEcR-LBD w ith  
CrcRXR-LBD. In vestigation  o f  th e  ligand effec t o f  PonA and teb u fen o z id e  revea led  th at o n ly  th e  p resen ce  
o f PonA cou ld  in d u ce  d im eriza tion  o f  th is  h e tero lo g o u s receptor com p lex , (iv) Finally, in  an in v ivo  to x ic ity  
assay, N. in teger  ju v en ile s  w ere  ex p o sed  to teb u fen o z id e  a t a co n cen tra tion  o f  100  jxg/L, and no  effects  
a gain st th e  m o lt in g  p rocess and n ym p h al d e v e lo p m en t w ere  scored.

In con clu sion , th e  in v itro  ce ll reporter assay, b ased  on  NiEcR-LBD/CrcRXR-LBD h eterod im eriza tion  
in  Hi5 cells  and va lid ated  w ith  th e  natural ecd ystero id  horm on e PonA, rep resen ts  a u sefu l to o l for 
th e  screen in g  o f  p u ta tive  EDCs. As a te s t  ex a m p le  for n on -stero id a l ecd y so n e  agon ist in sectic id es, 
teb u fen o z id e  had no  n eg a tiv e  e ffects  o n  NiEcR/RXR recep tor  d im eriza tion  in v itro, nor o n  th e  m oltin g  
p rocess and n ym p h al d ev e lo p m en t o f  N. in teger  a t th e  te s te d  con cen tra tion  (1 0 0  jxg/L) in vivo.
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1. Introduction

It is realized th a t today in densely populated  areas a w ide 
variety of chemicals is reaching the aquatic environm ent and 
can have effects on the health  of m arine and freshw ater ani­
mals (Sum pter, 2009). Effects of endocrine-disrupting  chemicals 
(EDCs) include mim icking endogenous horm ones, antagonizing
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norm al horm ones, altering the natural p a tte rn  of horm one syn­
thesis or m etabolism , and /or modifying horm one recep tor levels. 
EDCs thus have the potential to  interfere w ith  norm al rep ro ­
duction and developm ent th a t are controlled by an array of 
horm onal signals (Colborn et al„ 1993). Because EDCs have 
been found in freshw ater, estuarine and m arine ecosystem s, 
the aquatic environm ent has been term ed  the u ltim ate sink 
for natural and m an-m ade chem icals (Sum pter, 1998). Fur­
th e r research  needs to  clarify w h eth er EDCs actually im pact 
aquatic organism s and to  w hat ex ten t (Mills and Chichester, 
2005).
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Although m ost reports have focused on the im pact of environ­
m ental com pounds on physiological and reproductive functions in 
vertebrates, a global effort has been m ade m ore recently  to develop 
appropriate testing  system s to evaluate potential EDC effects on 
invertebrates such as crustaceans (LeBlanc, 2007; Rodriguez et al„ 
2007; Verslycke et al„ 2007; Tatarazako and Oda, 2007; Ford, 
2012). Despite the considerable increase in efforts, how ever, fur­
th e r research is needed to  develop additional te s t system s and to 
include additional possible contam inants to  estim ate the ir envi­
ronm ental im pact. For exam ple, insecticides w ith  ecdysone agonist 
activity constitu te a group of com pounds w ith  potential im pact on 
aquatic crustaceans because of th e ir possible in teraction  w ith  the 
receptor of the arthropod m olting horm one, the ecdysteroid recep­
to r (EcR), in crustaceans, w hich is evolutionary related  to  the insect 
EcR. A lthough the general toxicities of ecdysone agonists are low, 
the ir possible in teraction  w ith  the EcR of crustaceans could have 
profound effect on the ir developm ent and reproduction. Because 
ecdysone agonists act th rough  in teraction  w ith  the endocrine 
system , they  can therefore be regarded as potential endocrine dis- 
ruptors or endocrine-disrupting  chem icals (EDC) (Sonnenschein 
and Soto, 1998; Vos et al„ 2000).

In the A rthropoda phylum , the ecdysteroid horm one receptor 
com plex is of crucial im portance and it consists of a he terod im er of 
tw o nuclear receptors : EcR and U ltraspiracle or retinoid-X -receptor 
(USP or RXR; Kato et al„ 2007; Yao et al„ 1992). Both EcR and 
USP-RXR are part of the large nuclear receptor superfam ily w hich 
has a general m odular structure, com m only divided in four or five 
dom ains: A/B, C, D, E, and in som e receptors also an F-domain. 
The DNA-binding dom ain (DBD), also called the C-domain, and the 
ligand-binding dom ain (LBD) or E-domain are the m ost conserved 
across all taxa for both  receptors. A ligand-binding pocket, w hich 
has been characterized by X-ray crystallography (Billas et al., 2003 ; 
Carmichael et al., 2005), is form ed w ith in  the E-dom ain of EcR het- 
erodim erized to  USP-RXR. The D-domain, also referred to  as the 
hinge region, laying betw een  the C- and E-domains, can have an 
influence on ligand binding as seen in som e insect EcRs (Graham 
et al„ 2007).

The natural ligands of EcR/USP-RXR are ecdysteroids. These 
are sm all lipophilic molecules, controlling a variety  of physio­
logical processes in the A rthropoda phylum  containing insects 
and crustaceans (as Ecdysozoa), especially during grow th and 
differentiation (Hopkins, 2009). Due to the ir high m em brane per­
meability, ecdysteroids are able to  directly in teract w ith  the 
EcR/USP-RXR com plex in the nucleus, regulating its binding to 
ecdysteroid responsive elem ents (EcRE) in the p rom oter regions 
of the ecdysteroid responsive genes (EcRG). The tw o m ost active 
m olting horm ones in decapod crustaceans (and arth ropods in 
general) are the tw o hydroxylated ecdysone molecules, nam ely 
20-hydroxyecdysone (20E) and 25-deoxy-20-hydroxyecdysone or 
also called ponasterone A (PonA), w hich are know n to bind in the 
ligand-binding pocket of the EcR.

Because the regulation of the m olting and m etam orphosis p ro­
cess by ecdysteroids is unique to  arthropods, th is system  has been 
targeted  for the developm ent of arthropod pest-specific insecti­
cides. To date, four synthetic non-steroidal ecdysone agonists w ith  
a dibenzoylhydrazine-based structure, are on the m arket as a new  
class of insecticides, also called m olting-accelerating com pounds. 
Tebufenozide (RH-5992), m ethoxyfenozide (RH-2485) and chro- 
m afenozide (ANS-118) are used to  control lepidopteran  insects 
(Dhadialla et al„ 2005; Yanagi et al„ 2006), w hile halofenozide 
(RH-0345) is used to  control coleopteran (scarabid larvae) and 
lepidopteran  insects in tu rf and ornam entals (Dhadialla et al„ 
2005). These m olecules are highly effective against various lepi­
dopteran  species, w hile having a benign profile tow ard  non-target 
species such as m am m als, birds, fish and bees (Dhadialla et al„ 
2005; M om m aerts et al„ 2006), making them  safe insecticides.

However, data  from Tomlin (2003) suggested th a t tebufenozide 
could potentially  contam inate ground and/or surface w aters. Even 
though  the estim ated m axim um  solubility in w ate r is ra ther low 
(0.83 mg/L), corresponding to  a -th eo re tic a l-  m axim um  concen­
tra tion  of 2.35 p,M, the (soil) adsorption  coefficient (Koc) is also 
low  (605). This im plies th a t m ost of the tebufenozide molecules 
will rem ain  dissolved in the w ate r column, ra ther than  adsorbed 
to the soil particles. Since the com pound is also quite resistan t to 
photolytic and hydrolytic degradation  (Sundaram, 1994), residual 
tebufenozide is expected to  persist in the aquatic environm ent for 
extended periods after its application as insecticide (K reutzweiser 
and Thomas, 1995; K reutzw eiser et al., 1998; Sundaram , 1995). 
Because its target site, i.e. the  ligand-binding pocket of the EcR, is 
conserved am ong arthropods, environm ental tebufenozide could 
act as an EDC in arthropods, m ainly insects, bu t possibly also crus­
taceans.

For crustaceans, the m ysid or opossum  shrim p, Neomysis integer 
is the m ost used crustacean in ecotoxicological research  in paral­
lel to  Daphnia sp. and has been  proposed for the regulatory testing 
of potential EDCs in the US, Europe and Japan (deFur et al„ 1999; 
Verslycke et al„ 2007). Mysids are relatively sm all crustaceans, on 
average 0.5-2.5 cm in to ta l length, th a t are characterized by the 
presence of a m arsupium  -  or brood pouch -  in females. They are 
w idespread over all continents and occur in various aquatic envi­
ronm ents, including freshw ater, groundw ater, brackish, estuarine, 
coastal, and oceanic habitats. Mysids are om nivores, feeding on 
phytoplankton, Zooplankton, detritu s and carrion (Fockedey and 
Mees, 1999; Lesutiene et al„ 2007). They form  a vital link in the food 
w ebs of aquatic ecosystem s, making them  in teresting  study  obj ects 
for ecotoxicological studies. Of these, Neomysis sp. are w idely d is­
tribu ted  in the coastal zone of the tem pera te  seas of the no rthern  
H em isphere and South America and are found in fresh and brackish 
w aters.

Here w e report on the m olecular cloning and analysis of full 
length EcR and nearly  full length RXR of the mysid N. integer. Subse­
quently, we developed a Gal4 cell reporter system  w ith  insect cells 
to evaluate the heterodim erization  of EcR/USP-RXR. In this in vitro 
Gal4 tw o-hybrid  system , w e investigated the im pact of the natural 
ligand PonA and the non-steroidal agonist tebufenozide on h e t­
erodim er form ation of crustacean EcR and USP-RXR. Tebufenozide, 
one of the m ost w idely-used m em bers of the class of com m ercial 
m olting-accelerating insecticides and a poten tial EDC, w as used as 
a m odel tes t substance. Many studies have been  carried out on the 
activity of tebufenozide against insects of different orders (Soin 
et al., 2010; Swevers e t al., 2004; Zotti et al., 2012) and it is of in te r­
est to  investigate w h eth er it can potentially  affect endocrinological 
processes in o ther arthropods, such as crustaceans. In parallel, 
w e m odeled the binding of PonA and tebufenozide in the ligand- 
binding pocket of the NiEcR and also evaluated potential in te r­
ference w ith  the heterod im erization  EcR/USP-RXR by horm one 
and horm one agonist in siiico. Finally, w e exposed N. integer ju v e ­
niles to environm entally  relevant concentrations of tebufenozide, 
in order to  evaluate potential effects on the m olting process 
in vivo. The developed Gal4 reporter system  in com bination w ith  
the m odeling/docking softw are package represen ts a valuable fast 
screening tool to predict w h e th er candidate EDC substances, such 
as tebufenozide, can d isrup t m olting and grow th of N. integer in vivo.

2. Materials and methods

2.1. Cloning o f NiEcR and NiRXR and molecular phylogenetic 
analysis

Crustacean N. integer m ysids w ere collected in the Braakman, a 
brackish w ater near the Scheldt estuary  in Hoek (the N etherlands)
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and in Galgenweel, a brackish w ater near the river Scheldt in 
A ntw erp (Belgium). Species iden tity  w as confirm ed w ith  PCR 
using universal prim ers for a fragm ent of the 16S rRNA gene 
and degenerate p rim ers for a partial sequence of cytochrom e b. 
Positive fragm ents w ere purified, ligated in the pGEM®-T vector 
(Promega, Madison, WI) and cloned. After colony PCR, plasm ids 
w ere extracted  and then  sequenced by LGC Genomics (Berlin, 
Germany).

Total RNA w as isolated from pooled N. integer using Tri- 
Reagent® (Sigma-Aldrich, Bornem, Belgium). cDNA w as syn­
thesized  w ith  Superscript® II Reverse transcrip tase (Invitrogen, 
M erelbeke, Belgium), according to the m anufacturer’s protocol. 
All gene-specific prim ers w ere designed w ith  Primer3 (Rozen and 
Skaletsky, 2000), unless sta ted  otherw ise.

Partial sequences encoding EcR and RXR w ere initially obtained 
by RT-PCR using degenerate prim ers d irected to the highly con­
served DBD for each nuclear receptor. Based on the thus obtained 
sequences, gene specific prim ers w ere designed to  bridge the zone 
from DBD to the LBD, w hile bo th  fragm ent term in i w ere am pli­
fied using Rapid Amplification of cDNA Ends (RACE). 5 '-ends w ere 
am plified w ith  the SMART® RACE kit (Clontech, M ountain View, CA) 
and 3 '-ends using the FirstChoice® RLM-RACE kit (Ambion, Austin, 
TX). U nfortunately, we did not obtain the com plete 3 '-end  of RXR 
because the oligodT-adaptor from  the FirstChoice® RLM-RACE kit 
annealed to a polyA rich region in the open reading fram e (ORF).

The LBD am ino acid sequences w ere aligned and analyzed 
using MUSCLE (in the default settings; Edgar, 2004) and COBALT 
(Papadopoulos and Agarwala, 2007). The evolutionary history 
w as inferred by using the m axim um  likelihood m ethod  based 
on the JTT m atrix-based m odel (Jones e t al„ 1992). The anal­
ysis involved 47 (EcR-LBD) and 37 (RXR-LBD) am ino acid 
sequences. All evolutionary analyses w ere conducted w ith  MEGA5 
(w w w .m egasoftw are.net, Tam ura e t al„ 2011 ).

2.2. Construction o f the reporter system

Restriction prim ers w ere designed for insertion  of the ORF 
corresponding to dom ains D to F of NiEcR (NiEcR-DEF) and C. 
crangon RXR-DEF ORF into the BamHI-site of the pEA-Myc-Gal4- 
DBD or pEA-Myc-Gal4-AD plasm id polylinker. pEA-Myc-Gal4-DBD 
and pEA-Myc-Gal4-AD are tw o modified pEA-NMyc lepidopteran  
expression vectors (Douris et al„ 2006) into w hich the respective 
Gal4-DBD or AD dom ains, derived from  yeast tw o-hybrid  vectors 
pGBT9 and pGAD424 (Clontech), w ere cloned as Bglll-BamHI frag­
m ents. In the expression plasm ids, the polylinker derived from 
pGBT9 or pGAD424 (including BamHI) is available for generation  
of fusion constructs w ith  Gal4-DBD or -AD, respectively. NiEcR- 
DEF and CcrRXR-DEF w ere cloned as BamHI-fragments into the 
corresponding site of pEA-Myc-Gal4-DBD/AD.

2.3. Heterodimerization assays in transfected Hi5 cells

Trichoplusia ni HighFive™ (Hi5) cells (Life Technologies, LT, 
Belgium), w ere cultured in IPL41 m edium  (Gibco®, LT, Belgium), 
supplem ented  w ith  10% fetal bovine serum  (LT). Hi5 cells w ere 
seeded in a 6-w ells plate at 5 x 10s cells per mL for transfections. 
For one well or 1 x IO6 cells, 5 pX Escort IV™ (Sigma-Aldrich) w as 
incubated together w ith  295 pX of basal IPL41 m edium  for 15 min 
on ice and then  15 m in together w ith  1.3 pig to ta l plasm id DNA 
(in 286 pX basal IPL41 m edium ) on ice. Plasmid DNA consisted of 
lOOng pCMV-CLuc 2 Control Plasmid (New England Biolabs, NEB, 
Ipswich, MA), 400 ng pNEBR-XIGLuc Gal4 Reporter Control Plas­
mid (NEB) and tw ice 400 ng of a vector expressing either NiEcR 
or CrcRXR fused to  Gal4-DBD or -AD (or the corresponding em pty 
constructs). The cells w ere incubated for 6 h  w ith  the transfection 
m edium  at 27 C in the dark. Then 24 h after transfection, cells w ere

seeded at a density  of 50,000 cells in 100 pX and incubated for 24 h 
w ith  ponasterone A (PonA, >95% pure; LT), tebufenozide (technical 
grade, >95% pure; kind gift by Rohm and Haas Co, Spring House, 
PA) or ethanol. The BioLux™ Gaussia (Glue) or Cypridina (Clue) 
luciferase assay kits (NEB) w ere used to m easure the luciferase 
expression 48 h post-transfection  in an Infinite M200 lum inom e- 
te r  (Tecan, Sw itzerland). Specific activation/heterodim erization  
of the NiEcRa-LBD/CcrRXR-LBD com plex w as determ ined  by the 
am ount of lum inescence by Gaussia luciferase norm alized to  the 
am ount of lum inescence by Cypridina luciferase. The effect of 
each trea tm en t w as tes ted  for significance using one-w ay ANOVA, 
followed by a post hoc te s t (all pairw ise m ultiple com parison p ro ­
cedures; H olm -Sidak m ethod) w ith  a significance level of p = 0.05 
in SigmaPlot v l l  (Systat Software, London, UK).

2.4. In silico modeling o f NiEcR-LBD docked with ponasterone A 
and tebufenozide, and o f NiEcR-LBD/CrcRXR-LBD 
heterodimerization

Homology m odeling of NiEcR-LBD and CrcRXR-LBD w as per­
form ed w ith  the YASARA Structure program  (Krieger et al„ 2002) 
running on a 2.53 GHz Intel core duo M acintosh com puter. Differ­
en t m odels of NiEcR-LBD w ere built from the X-ray coordinates of 
the ecdysone recep tor of the Lepidoptera Heiiothis virescens (Fabri­
cius, 1777) in com plex w ith  a synthetic dibenzoylhydrazine-based 
ecdysone agonist ligand (PDB code 3IXP), the USP-RXR receptor 
of the Coleoptera Tribolium castaneum  (Herbst, 1797) bound to 
PonA (PDB Code 2NXX; Iw em a et al„ 2007), the EcR-LBD of the 
H em iptera Bemisia tabaci (Gennadius, 1889) com plexed to  PonA 
(PDB code 1Z5X; Carmichael e t al„ 2005), the EcR-USP ofH. virescens 
in com plex w ith  20E (PDB code 2R40; Browning e t al„ 2007), and 
the hum an RXRa (PDB code 3FC6; W ashburn et al„ 2009) used as 
tem plates, respectively. Finally, a hybrid m odel w as built up from 
the five previous m odels. Similarly, four CrcRXR-LBD m odels w ere 
built from the X-ray coordinates of hum an RXRa-ligand-binding 
dom ain com plexed to  rhein  (PDB code R2A; Zhang et al„ 2011a), 
hum an RXRa com plexed w ith  bigelovin (PDB code OZJ; Zhang 
et al„ 2011b), hum an RXRa in com plex w ith  9-cis-retinoic acid 
(PDB code 30AP; Xia et al„ 2010), hum an PPARg-RXRa nuclear 
recep tor com plexed to DNA (PDB code 3E00; Chandra et al„ 2008). 
Finally, a hybrid m odel was built up from the four previous models. 
PROCHECK (Laskowski e t al„ 1993) w as used to assess the geom et­
ric quality of the three-d im ensional (3D) m odel. In th is respect, 
all of the residues of NiEcR-LBD w ere correctly assigned in the 
allowed regions of the Ram achandran plot. Using ANOLEA (Melo 
and Feytmans, 1998) to  evaluate the models, only tw o residues 
of NiEcR-LBD over 234 exhibited an energy over the threshold  
value. Both residues are located in a loop region connecting a -  
helices. Docking of PonA, tebufenozide and retinoic acid to  EcR 
and RXR dom ains, respectively, w as perform ed w ith  the YASARA 
structure program . In order to  define the d im erization interface 
betw een  NiEcR-LBD and CrcRXR-LBD, both  dom ains w ere m odeled 
and superim posed to  the structure  of the heterod im er of the 
tobacco budw orm  H. virescens in com plex w ith  PonA (PDB code 
IRIK), used as a tem plate  (Iwem a e t al„ 2007). M olecular car­
toons w ere draw n w ith  YASARA and Chim era (Pettersen  et al„ 
2004).

2.5. Chronic toxicity assay with N. integer juveniles in vivo with 
tebufenozide

Standardized chronic toxicity tests  w ere done as described p re ­
viously by Ghekiere et al. (2006). Gravid N. integer fem ales w ere 
collected in the Braakman, a brackish w ater near the Scheldt 
estuary  in Hoek (the N etherlands), and individually transferred  
to aquaria. The aquaria w ere exam ined each 12 h for b irth  of

http://www.megasoftware.net
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juveniles. The juveniles from one fem ale w ere placed individu­
ally and at random  in 80 mL glass recipients containing 50 mL of 
lOOpigL-1 , corresponding to 248 nM, tebufenozide (Mimic®, for­
m ulated  tebufenozide ) at a salinity of 5 g L~1, a tem pera tu re  of 15 C 
and a photoperiod  of 16L:8D. Exposure lasted 4 m olts (70-100  h per 
molt, see Fig. 5), and juveniles w ere exam ined at 12 h-intervals to 
assess disturbance of m olting and toxicity. The criteria for death  
w ere scored by eye w hen  there  w as no m ovem ent and /or no 
response to  stim uli w ith  a pair of tw eezers. Exposure solutions 
w ere renew ed every 48 h. The juveniles w ere fed daily w ith  new ly 
hatched (<24 ho ld ) Artemia nauplii ad libitum. At least 12 replicates 
w ere used per concentration, based on optim ization experim ents 
as published by Ghekiere et al. (2006). The effect of the trea tm en t 
w as tes ted  for significance using non-param etric  M ann-W hitney 
or Kruskal-W allis tes ts  in SPSS v l5  (IBM, Armonk, NY).

3. Results

3.1. Cloning and molecular phytogeny o f the EcR and RXR ofN. 
integer

The full length nucleotide sequence of NiEcR (1713 bp, 
EU912574) w as obtained from N. integer. The full am ino acid 
sequence revealed low identities w hen  com pared to o ther know n 
EcRs; the highest BLAST identities found w ere 53% w ith  Blattella 
germanica (Linnaeus, 1767) EcR, 52% w ith  Pediculus humanus cor­
poris (Linnaeus, 1758) EcR, and 50% w ith  Uca pugilator (Bosc, 1802) 
EcR. As expected, the identity  w ith  the mysid Americamysis bahia 
(Molenock, 1969) EcR w as the highest: 73% for the full-length 
sequence, and 77% for the LBD (Fig. 1A).

In the COBALT alignm ent, the T. castaneum  EcR sequence w as 
used as tem plate  for the location of the secondary structures. A 
phylogenetic tree  representing  the evolutionary history of the EcR 
in the A rthropoda phylum  w as constructed  w ith  all available crus­
tacean EcR-LBD sequences and a large selection of insect EcR-LBD 
sequences, represen ting  all m ajor orders. A vertebrate  analog of 
EcR, i.e. Homo sapiens LXRa, w as used as an outgroup to  root the 
tree (Fig. 1B). NiEcR-LBD forms a d istinct m ysid clade (BP = 99%), not 
grouping together w ith  the o ther crustaceans th a t form separate 
clades, nam ely Branchiopoda (BP = 99%) and Decapoda (BP = 64%). 
The EcR-LBDs from the class of the Insecta are also distinct from all 
o thers (BP = 66%) w ith  the Lepidoptera grouping clearly together 
(BP = 100%).

The (alm ost) full NiRXR sequence revealed 76% sim ilarity w ith
C. crangon RXR (Fig. 1A), 74% w ith  Marsupenaeus japonicus (Spence 
Bate, 1888) RXR and 72% w ith  Lí. pugilator RXR.

A phylogenetic tree  containing all available crustacean RXR- 
LBDs, in addition to  a large selection of insect and chordate RXR-LBD 
sequences, as an outgroup w ith  Tripedalia cystophora RXR-LBD 
(Cnidaria, sim ilar as in Bonneton et al., 2003) to root the tree, w as 
constructed  in MEGA 5 (Fig. 2B). Similar to  the EcR-LBD phyloge­
netic tree, the Daphnia RXRs form ed their ow n clade: nam ely the 
Branchiopoda, w hich are branching off separately from the rest of 
the Crustacea (BP = 100%). The o ther crustaceans grouped together 
as the M alacostraca (BP = 75%) w hich w as again divided into tw o 
subclades: nam ely one containing the Decapoda (BP = 95%) and 
ano ther com prising the m ysid group (BP= 100%).

3.2. Functional assays in Hi5 cells fo r  heterodimerization 
between NiEcR-LBD and CrcRXR-LBD

Co-transfection of NiEcR-LBD fused to Gal4-AD (GAD-NiEcR- 
LBD) and CrcRXR-LBD fused to  Gal4-DBD (GDBD-CrcRXR-LBD), 
revealed a concentration-dependent increase of GAD-NiEcR- 
LBD/GDBD-CrcRXR-LBD dim erization in the presence of PonA

(Fig. 3A). The in teraction  betw een  NiEcR-LBD and CrcRXR-LBD 
w as specific, since no activation w as observed w ith  the o ther 
-supposed ly  inactive- com binations: GDBD/GAD, GDBD-CrcRXR- 
LBD/GAD and GDBD/GAD-NiEcR-LBD (Fig. 3A). W ith tebufenozide, 
there w as no concentration-dependent increase in heterod im er 
in teraction  at 100 and 1000 nM (Fig. 3B).

3.3. In silico modeling o f NiEcR-LBD docked with ponasterone A 
and tebufenozide

The NiEcR-LBD dom ain exhibits the typical canonical 3D- 
conform ation, built up from 12 a-helices (num bered H I-H I 2) 
associated to  a short hairpin of tw o ß strands (ß l  and ß2), and 
delineating an ecdysteroid-binding pocket (Fig. 4A).

The ligand-binding pocket of NiEcR-LBD readily accom m odates 
the steroidal horm one PonA (Fig. 4B) th rough  a netw ork  of hydro­
gen bonds, associated to  hydrophobic and stacking interactions 
w ith  hydrophobic and surrounding arom atic residues, respec­
tively (Fig. 4C). However, docking of the dibenzoylhydrazine-based 
tebufenozide to  the ligand-binding pocket of NiEcR-LBD creates a 
ra ther severe clash w ith  the ethyl-group at the phenyl ring th a t 
p revents tebufenozide to  becom e correctly bound to the ligand- 
binding pocket ofNiEcR-LBD (Fig. 4D). Both the size and shape of the 
ligand-binding pocket are responsible for the lack of in teraction  of 
NiEcR-LBD w ith  the non-steroidal ecdysone agonist tebufenozide.

3.4. In silico modeling o f NiEcR-LBD/CrcRXR-LBD 
heterodimerization

In order to  define the dim erization interface betw een  NiEcR-LBD 
and CrcRXR-LBD, bo th  dom ains w ere m odeled from the structure 
of the heterod im er of H. virescens in com plex w ith  PonA (Iwem a 
et al„ 2007). As show n from the structural analysis of interfaces 
in H. virescens EcR-RXR, B. tabaci EcR/USP-RXR and T. castaneum  
EcR-USP, tw o types of heterod im erization  interface betw een  EcR 
and USP-RXR have been identified (Iwem a et al„ 2009). They cor­
respond to the ancestral M ecopterida EcR-RXR interface (Heliothis) 
and the non-M ecopterida EcR-RXR interface (Bemisia, Tribolium), 
respectively. The structural analysis of the NiEcR-LBD/CrcRXR-LBD 
interface revealed a non-M ecopterida interface pattern , character­
ized by a lim ited num ber of in teractions betw een  bo th  dom ains 
(Fig. 4E). In this respect, only tw o hydrogen bonds occur betw een  
residues Asp318 of the loop L8-9 and Glu329 of helix H9 of CrcRXR- 
LBD, and residues Lys471 and Arg474 of helix H7 of NiEcR-LBD, 
respectively (Fig. 4F). In addition, the extended loop LÍ-3 w hich is 
responsible for the displacem ent of helix H3 tow ard  helix HI 2 in the 
M ecopterida Heliothis RXR structure, becom es readily shorter in the 
CrcRXR-LBD dom ain like in o ther non-M ecopterida RXR dom ains. 
Both NiEcR-LBD and CrcRXR-LBD in the dim er, readily accom m o­
date PonA and 9-ris-retinoic acid, respectively (Fig. 4G). Because 
docking studies indicated th a t tebufenozide cannot efficiently bind 
to NiEcR-LBD, it is expected th a t he terod im er form ation is not 
affected by th is com pound. Thus, the presence of tebufenozide 
alone will no t stim ulate heterodim erization, w hile it is also not 
expected to  prevent the ligand-induced heterodim erization  by 
PonA.

3.5. Chronic toxicity test with ecdysone agonists

W hen N. integer juveniles w ere exposed for 96 h to  a concentra­
tion  of 100 |ag/L (corresponding to  284 nM) tebufenozide, m ortality  
w as low er th an  10% and no t significantly different from the control. 
No clear sublethal effects on molting, as assayed on the duration  of 
the in term olt periods (IMP), w ere observed (Fig. 5).
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4. Discussion

In th is study, the tw o nuclear receptors th a t form  the ecdysone 
horm one receptor heterodim er, EcR and USP-RXR, w ere cloned 
from the m ysid N. integer, an im portan t crustacean sentinel species 
th a t is used as a m arker for environm ental pollution in estuaria 
and coastal w aters. Since the NiRXR sequence w as incom plete 
at the C-term inal end of the ORF, it w as chosen to  carry out 
all functional and m odeling studies using RXR of ano ther crus­
tacean, C. crangon (Verhaegen et al„ 2010). CrcRXR is the m ost 
closely related  RXR to NiRXR w ith  76% am ino acid sequence 
identity, and they  cluster together in the M alacostracan clade 
(BP = 75%). Since the com m on shrim p RXR is the m ost sim ilar to 
the opossum  shrim p RXR sequence, it is believed th a t it is the 
m ost valid candidate to  replace the opossum  shrim p RXR. How­
ever, it is realized th a t its use could be a source of non-specific

effects and th a t it w ould be preferable to  use NiRXR in future 
assays.

In m odels of NiEcR-LBD, PonA could be docked w ith  sim ilar 
efficiency as in insect receptors (Fig. 3A-C, Billas et al., 2003; 
Carmichael et al., 2005; Soin et al., 2009, 2010). In contrast, for 
tebufenozide, a steric clash w as observed w hich prevented  binding, 
indicating th a t it is no t likely th a t tebufenozide could act as a ligand 
for NiEcR. Similarly, Zotti et al. (2012) found th a t the apparen t 
insensitivity  of the N europtera species Chrysoperla carnea (Stevens, 
1836) to  tebufenozide is m ost likely due to  the lack of space avail­
able in the ecdysone-binding pocket of CcEcR, making it unable to 
support the anchoring of the ethyl-phenyl ring of tebufenozide.

Our m odeling results w ere confirm ed by the in vitro assays since 
it was observed th a t addition of PonA enhanced dim erization of the 
NiEcR-DEF/CrcRXR-DEF complex, w hile addition of tebufenozide 
had no effect. The effect of PonA w as strongest at a concentration
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Fig. 1. Amino acid sequence alignment and phylogenetic analysis o f  NiEcR. (A) Sequence alignment o f  EcR using COBALT. Alignment o f EcR sequences o f the crustaceans N. 
integer (NiEcR, ACJ68423), A. bahia (AbEcR), C. crangon (isoform 1, AC044665), and the red flour beetle T. castaneum  (CAL25730). Conserved a-helices (H I-H I2), ß-sheets 
(S1-S2), Zinc fingers (ZFl and ZF2) and other functional domains are indicated above the sequence. (B) Phylogenetic analysis o f 47 EcR-LBD amino acid sequences by 
maximum likelihood method. The tree o f EcR-LBDs was constructed w ith 46 sequences from several Insecta and Crustacea, w ith Homo sapiens sapiens LXRa-LBD to  root 
the tree. Bootstrap values as percentage o f 1000 replicates are indicated on the tree. The tree is drawn to scale, w ith branch lengths measured in the number o f amino acid 
substitutions per site.
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of 1 piM, bu t even at a low er concentration  of lO nM  the reporter 
activation w as still alm ost 3 tim es higher than  the control. Previ­
ously, binding assays have been used to  assess in teraction  of PonA 
w ith  EcR/USP-RXR. For the American lobster (Homarus americanus; 
H. M ilne-Edwards, 1837), Tarrant et al. (2011) reported  a dissoci­
ation constant K¿ of 2.5 nM for the PonA-HaEcR-DEF/HaRXR-DEF 
complex, and also Yokota et al. (2011 ) found a sim ilar low value for 
A. bahia w ith  a Kd of 2.14 nM for the PonA-AbEcR-DEF/AbUSP-DEF 
complex. However, it m ust be rem arked th a t binding assays usually 
report m uch low er Kd-values than  cell-based reporter assays. So 
far, no reports on an established crustacean cell line exist (Claydon 
and Owens, 2008; Lee et al„ 2011), and reporter assays have 
been developed based on non-crustacean cell lines. Such reporter 
assays, as those developed by V erhaegen et al. (2010, 2011) w ho 
used EcR-deficientD rosoplîiia-derivedK cL57-3-ll cells transfected  
w ith  CrcEcR/RXR expression plasm ids, are less labor intensive than

binding assays and clearly represen t m ore useful tools for prac­
tical applications such as the prediction of endocrine-disrupting  
activities of exogenous com pounds. O ther research groups have 
developed reporter assays based on m am m alian  cells, w hich have 
the m ajor advantage th a t endogenous EcR is naturally  absent. For 
instance, Kato et al. (2007) have used a tw o-hybrid  system  w ith  
transfected  chim eric genes, containing the LBDs of Daphnia magna 
(Straus, 1820) EcR and RXR in vertebrate  CHO cells. In our study, 
a sim ilar tw o-hybrid  approach w as used, bu t based on insect Hi5 
cells w hich express endogenous EcR. However, from  the set of 
experim ents, it appears th a t by using crustacean EcR or RXR con­
structs as Gal4-fusions, no interference w ith  endogenous receptors 
is observed, illustrating the feasibility of our approach.

On the o ther hand, it can also be noted th a t activation by PonA 
is less than  10-fold in our experim ents. One possible explanation 
could be th a t the Gal4-AD functions as a ra ther w eak activator in
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Fig. 2. Amino acid sequence alignment and phylogenetic analysis o f NiRXR. (A) Sequence alignment o f USP-RXR using COBALT. Alignment o f  the retinoid-X-receptor (RXR) 
or Ultraspiracle (USP) LBD sequences o f the crustaceans N. integer (NiRXR), A  bahia (AbRXR) and C. crangon (isoform 1, AC044668), and the red flour beetle T. castaneum  
(EFA04649). Conserved a-helices (H I-H I2), ß -sheets (S1-S2), zinc fingers (ZFl and ZF2) and other functional domains are indicated above the sequence. Only the amino 
acids that differ between NiRXRa and NiRXRb are displayed. NiRXRa has an extra 34  extra amino acids at the NH2-terminal. Note that the carboxy-terminal o f NiRXR is 
incomplete; helix HI 2 o f the LBD and the F-domain are missing (see Material and methods (Section 2.4)). (B) Phylogenetic analysis o f  3 7 USP-RXR-LBD amino acid sequences 
by maximum likelihood method. The tree o f RXR-LBDs w as constructed w ith 31 sequences from several Insecta and Crustacea. Chordata RXR-LBD sequences were used as 
an outgroup and Tripedalia cystophora RXR-LBD to root the tree. Bootstrap values as percentage o f  1000 replicates are indicated on the tree. The tree is drawn to scale, with  
branch lengths measured in the number o f amino acid substitutions per site.
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Fig. 3. Effect o f different ponasterone A and tebufenozide concentrations on NiEcR-LBD/CrcRXR-DEF heterodimerization. Ponasterone A (A) or tebufenozide (B) was added 
24 h after co-transfection o f the Hi5 cells w ith the different constructs and the luminescence was measured 24 h later (48 h post-transfection). The overall significance level 
o f the post hoc Holm-Sidak tests performed w as exactly 0.05 (n = 4).
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Fig. 4. Computer model o f NiEcR-LBD docked with ponasterone A and tebufenozide and NiEcR-LBD/CrcRXR dimerization. (A) Ribbon diagram o f NiEcR-LBD in complex with  
ponasterone A (PonA, red stick), showing the 3D-organization o f the tw elve a-helices (H I-H I 2) arrayed along the polypeptide chain o f the LBD. The tw o short strands o f  
ß-sheet forming the hairpin connecting a-helix  H6  to  a-h elix  H7 are labeled (ß l,  ß2). (B) Clip views (dashed red line) o f the ligand-binding pocket o f  NiEcR-LBD harboring 
PonA (blue stick). (C) Network o f hydrogen bonds (dashed yellow  lines) anchoring PonA (blue stick) to  NiEcR-LBD. Residues interacting w ith the ligand by hydrophobic and 
stacking interactions are colored orange. Residues are labeled according to the 3D -mode Is built for the NiEcR-LBD. (D) Clip views (dashed red line) o f docking o f tebufenozide 
(TEBU, purple stick) into the ligand-binding pocket o f NiEcR-LBD. Steric clash o f tebufenozide w ith LPBP is indicated by asterisk. (E) Ribbon diagrams showing the interface 
(dotted circle) between the NiEcR-LBD (EcR) in complex w ith PonA (orange stick) and CrcRXR-LBD (RXR) in complex w ith 9-ris-retinoic acid (REA, orange stick). The EcR 
and RXR domains are colored in green and pink, respectively. (F) Enlargement o f the interface showing the interactions between residues (colored blue) o f the a-helix  
H7 o f NiEcR-LBD domain and residues (colored red) o f the loop L8-9 o f CrcRXR-LBD domain. Hydrogen bonds are represented in black dotted lines. (G) Clip view  o f the 
NiEcR-LBD/CrcRXR-LBD dimer showing the ligand-binding pockets o f both domains harboring PonA (blue stick) and REA (blue stick), respectively. (For interpretation o f the 
references to color in this figure legend, the reader is referred to the w eb version o f the article).
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Fig. 5. Effect o f the non-steroidal ecdysone agonist tebufenozide on the intermolt 
periods (IMP) o f Neomysis integer juveniles. IMPO is the time (h) between birth and 
the first molt. IMP1-3 represent the tim es of intermolt periods 1-3  (first to second 
molt; second to third molt, third molt to  adult).

Hi5 cells. Recently, Kobayashi et al. (2011) found th a t activation 
dom ains derived from viral VP16 and m ouse NF-kB are 17 and 107 
tim es stronger, respectively, th an  Gal4-AD. In future experim ents, 
it w ould therefore be p ruden t to  include one of these dom ains.

In the assays using Gal4-AD and -DBD fusions, activation of 
the reporter gene is realized only after co-expression of Gal4-AD- 
NiEcR-DEF and Gal4-DBD-CcrRXR-DEF.This indicates th a t addition 
of PonA induces heterod im erization  of crustacean EcR and RXR and 
th a t heterodim erization  is w eak in the absence of ligand. Indeed our 
m odeling studies indicated the form ation of a dim erization in te r­
face w hen  the LBP of NiEcR-LBD is occupied by PonA and the LBP 
of CcrRXR occupied by retinoic acid. It indicates th a t he terod im er­
ization is an im portan t aspect for receptor functioning and tha t 
the reporter assay can be used  to  detec t endocrine disruptors tha t 
interfere w ith  the heterodim erization  process. Since tebufenozide 
did no t bind efficiently in the LBP of NiEcR-LBD, it is expected also 
no t to influence heterod im erization  significantly as w as observed 
in the reporter assays.

To confirm  our assum ption th a t tebufenozide is unable to in te r­
fere w ith  ecdysteroid signaling in N. integer, an in vivo toxicity 
assay w as perform ed. Here, the non-steroidal ecdysone agonist 
tebufenozide did no t significantly affect the in term olt period of 
N. integer juveniles at environm entally  realistic concentrations of 
100 |ag/L (corresponding to  284 nM). So, w e believe th a t in natural 
m ysid populations, m olting aberrations by tebufenozide are not 
expected, since our results indicated th a t (i) at the h ighest concen­
trations expected to  occur in the environm ent, tebufenozide did 
no t affect Neomysis developm ent in vivo, and (ii) even at higher 
concentrations tes ted  in vitro, it did no t in teract w ith  EcR/USP-RXR 
heterodim erization . In literature, reports on effects of pesticides 
against (non-target) crustaceans are scarce. Song et al. (1997) tes ted  
tebufenozide against tw o  saline arthropod species: Artemia sp. 
(Crustacea) and the m osquito Aedes taeniorhynchus (W iedem ann, 
1821), as well as against tw o freshw ater arthropods: the crustacean
D. magna and the m osquito Aedes aegypti (Linnaeus in Hasselquist, 
1762). In th is study (Song et al„ 1997), tebufenozide caused m olt­
ing defects in both  crustaceans and insects, bu t only m ortality  was 
observed in the tw o m osquito Aedes (insect) species. Also Hirano

et al. (2004) found no toxic effects in the cladoceran D. magna nor 
in the m ysid A. bahia at concentrations of >10mg/L tebufenozide. 
However, it should be rem arked here th a t com parisons betw een  
our findings w ith  Neomysis and the o ther studies in literatu re  w ith  
species from o ther crustacean classes cannot be easily done because 
the sequence of NiEcR-LBD diverges considerably from th a t of any 
o ther know n crustacean EcR-LBD.

In sum m ary, we report in this project on (1) the cloning 
and characterization of N. integer EcR and RXR, (2) the 30 - 
reconstruction  of the EcR-LBD and in silico docking of PonA and 
tebufenozide in th is model, (3) the functionality of the NiEcR- 
DEF/CrcRXR-DEF com plex in the insect Hi5 cell line th rough  a 
G al4-responsive luciferase reporter construct, and (4) the exposure 
of N. integer juveniles to  environm entally  realistic concentrations 
of tebufenozide. The results dem onstrated  th a t trea ted  opossum  
shrim p juveniles show ed no aberrations th roughout the m olting 
process and th is agrees w ith  the observations th a t tebufenozide 
did not activate the NiEcR-DEF/CrcRXR-DEF complex, w hich w as 
under the control of the natural ligand PonA. W e believe th a t such 
an in vitro reporter assay could prove a useful tool for screening of 
endocrine-disrupting  effects of chem icals on this non-target crus­
tacean species.

Contributions

RDW w rote  the m anuscript, did the phylogenetic analysis and 
perform ed the transfections. TS did the cloning, the chronic toxic­
ity tes ts  and w rote part of the m anuscript. RDW and LS m ade the 
plasm id constructs. OC helped w ith  the phylogenetic analysis. PR 
and GS did the in silico analysis. LS and GS w rote the m anuscript. 
All authors read and approved the final m anuscript.

Acknowledgements

The authors acknow ledge support for the ir research by the Insti­
tu te  for A griculture and Fisheries (ILVO-Vlaanderen), the Fund of 
Scientific Research (FWO-Vlaanderen, Belgium) and the Special 
Research Fund of G hent University (BOF-UGent).

References

Billas, Iwema, T., Garnier, J.-M., 2003. Structural adaptability in the ligand- 
binding pocket o f the ecdysone hormone receptor. Nature 426 ,91 -96 .

Bonnet on, F., Zelus, D., Iwema, T., Robinson-Rechavi, M., Laudet, V., 2003. Rapid 
divergence o f the ecdysone receptor in Diptera and Lepidoptera suggests coevo­
lution between EcR and USP-RXR. Molecular Biology and Evolution 20 ,541-553. 

Browning, C., Martin, E., Loch, C., Wurtz, J.-M., Moras, D., St ote, R.H., Dejaegere, 
A.P., Billas, I.M.L., 2007. Critical role o f desolvation in the binding o f 20- 
hydroxyecdysone to the ecdysone receptor. Journal o f Biological Chemistry 282, 
32924-32934.

Carmichael, J.A., Lawrence, M.C., Graham, L.D., Pilling, P.A., Epa, V.C., Noyce, L., 
Lovrecz, G., Winkler, D.A., Pawlak-Skrzecz, A., Eaton, R.E., Hannan, G.N., Hill, R.J., 
2005. The X-ray structure o f a hemipteran ecdysone receptor ligand-binding 
domain: comparison w ith a lepidopteran ecdysone receptor ligand-binding 
domain and implications for insecticide design. Journal o f Biological Chemistry 
280, 22258-22269.

Chandra, V., Huang, P., Hamuro, Y., Raghuram, S., Wang, Y., Burris, T.P., Rastinejad, 
F., 2008. Structure o f the intact PPAR-7 -RXR-nuclear receptor complex on DNA. 
Nature 456 ,350-356 .

Claydon, K., Owens, L., 2008. Attempts at immortalization o f crustacean primary 
cell cultures using human cancer genes. In Vitro Cellular and Developmental 
Biology-Ani mai 4 4 ,451-457 .

Colborn, T., vom Saal, F.S., Soto, A.M., 1993. Developmental effects o f endocrine- 
disrupting chemicals in wildlife and humans. Environmental Health Perspec­
tives 101,378-384.

de Fur, P.L., Crane, M., Ingersoll, C.G., Tattersfield, L.J., 1999. Endocrine Disruption in 
Invertebrates: Endocrinology, Testing and Assessment. SETAC Press, Pensacola 
FL, USA.

Dhadialla, T.S., Retnakaran, A., Smagghe, G., 2005. Insect growth and development 
disrupting insecticides. In: Gilbert, L.I., Kostas, I., Gili, S. (Eds.), Comprehensive 
Insect Molecular Science, 6 . Pergamon Press, New York, pp. 55-116.

Douris, V., Swevers, L., Labropoulou, V., Andronopoulou, E., Georgoussi, Z., Iatrou, 
K., 2006. Stably transformed insect cell lines: tools for expression o f secreted



40 R. De Wilde e t al. /  Aquatic Toxicology 130-131 (2013)31-40

and membrane-anchored proteins and high-throughput screening platforms for 
drug and insecticide discovery. Advances in Virus Research 6 8 ,113-156 .

Edgar, R.C., 2004. MUSCLE: multiple sequence alignment with high accuracy and 
high throughput. Nucleic Acids R esearch32,1792-1797.

Fockedey, N., Mees, J., 1999. Feeding of the hyperbenthic mysid Neomysis integer in 
the maximum turbidity zone of the Elbe, Westerschelde and Gironde estuaries. 
Journal o f Marine Systems 22, 207-228.

Ford, A.T., 2012. Intersexuality in crustacea: an environmental issue? Aquatic Toxi­
cology 108,125-129.

Ghekiere, A., Verslycke, T., Fockedey, N., Janssen, C.R., 2006. Non-target effects o f the 
insecticide methoprene on molting in the estuarine crustacean Neomysis integer. 
Journal o f Experimental Marine Biology and Ecology 332, 226-234.

Graham, L.D., Johnson, W.M., Pawlak-Skrzecz, A., Eaton, R.E., Bliese, M., Howell, 
L., Hannan, G.N., Hill, R.J., 2007. Ligand binding by recombinant domains 
from insect ecdysone receptors. Insect Biochemistry and Molecular Biology 37, 
611-626.

Hirano, M., Ishibashi, H., Matsumura, N., Nagao, Y., Watanabe, N., Watanabe, A., 
Onikura, N., Kishi, K., Arizono, K., 2004. Acute toxicity responses o f tw o crus­
taceans, americamysis bahia and Daphnia magna, to endocrine disrupters. Journal 
of Health Sciences 50, 97-100.

Hopkins, P.M., 2009. Crustacean ecdysteroids and their receptors. In: Smagghe, G. 
(Ed.), Ecdysone: Structures and Functions. Springer Science, Netherlands, pp. 
73-97.

Iwema, T., Billas, I.M.L., Beck, Y., Bonneton, F., Nierengarten, H., Chaumot, A., 
Richards, G., Laudet, V., Moras, D., 2007. Structural and functional characteri­
zation o f a novel type o f ligand-independent RXR-USP receptor. EMBO Journal
26,3770-3782.

Iwema, T., Chaumot, A., Studer, R., Robinson-Rechavi, M., Billas, I.M.L., Moras, D., 
Laudet, V., Bonneton, F., 2009. Structural and evolutionary innovation o f the 
heterodimerization interface between USP and the ecdysone receptor EcR in 
insects. Molecular Biology and Evolution 26, 753-768.

Jones, D.T., Taylor, W.R., Thornton, J.M., 1992. The rapid generation of mutation data 
matrices from protein sequences. Bioinformatics 8 , 275-282.

Kato, Y., Kobayashi, K., Oda, S., Tatarazako, N., Watanabe, H., Iguchi, T., 2007. Cloning 
and characterization o f the ecdysone receptor and ultraspiracle protein from 
the water flea Daphnia magna. Journal o f Endocrinology 193,183-194.

Kobayashi, I., Kojima, K., Uchino, K., Sezutsu, H., Iizuka, T., Tatematsu, K.-L, Yone- 
mura, N., Tanaka, H., Yamakawa, M., Ogura, E., Kamachi, Y., Tamura, T., 2011. 
An efficient binary system for gene expression in the silkworm, Bombyx 
mori, using GAL4 variants. Archives o f Insect Biochemistry and Physiology 76, 
195-210.

Kreutzweiser, D.P., Thomas, D.R., 1995. Effects of a new molt-inducing insecticide, 
tebufenozide, on Zooplankton communities in lake enclosures. Ecotoxicology 4,
307-328.

Kreutzweiser, D.P., Gunn, J.M., Thompson, D.G., Pollard, H.G., Faber, M.J., 1998. 
Zooplankton community responses to a novel forest insecticide, tebufenozide 
(RH-5992), in littoral lake enclosures. Canadian Journal o f Fisheries and Aquatic 
Sciences 55, 639-648.

Krieger, E., Koraimann, G., Vriend, G., 2002. Increasing the precision of comparative 
models with YASARA NOVA -  a self-parameterizing force field. Proteins 402, 
393-402.

Laskowski, R.A., MacArthur, M.W., Moss, D.S., Thornton, J.M., 1993. PROCHECK: a 
program to check the stereochemical quality of protein structures. Journal of 
Applied Crystallography 26, 283-291.

LeBlanc, G.A., 2007. Crustacean endocrine toxicology: a review. Ecotoxicology 16, 
61-81.

Lee, L.E.J., Bufalino, M. R., Christie, A., Frischer, M., Soin, T., Tsui, C., Hanner, R., 
Smagghe, G., 2011. Misidentification o f OLGA-PH-J/92, believed to be the only 
crustacean cell line. In Vitro Cellular and Developmental Biology-Animal 47,
665-674.

Lesutiene, J., Gorokhova, E., Gasiunaite, Z.R., Razinkovas, A., 2007. Isotopic evidence 
for Zooplankton as an important food source forthe mysid Paramysis lacustris in 
the Curonian Lagoon, the South-Eastern Baltic Sea. Estuarine, Coastal and Shelf
Science 73, 73-80.

Melo, F., Feytmans, E., 1998. Assessing protein structures with a non-local atomic 
interaction energy. Journal of Molecular Biology 277,1141-1152.

Mills, L.J., Chichester, C., 2005. Review o f evidence: are endocrine-disrupting chemi­
cals in the aquatic environment impacting fish populations? Science ofthe Total 
Environment 343, 1-34.

Mommaerts, V., Sterk, G., Smagghe, G., 2006. Bumblebees can be used in combina­
tion w ith juvenile hormone analogues and ecdysone agonists. Ecotoxicology 15, 
513-521.

Papadopoulos.J.S., Agarwala, R., 2007. COBALT: constraint-based alignment tool for 
multiple protein sequences. Bioinformatics 23 ,1073-1079.

Pettersen, E.F., Goddard, T.D., Huang, C.C., Couch, G.S., Greenblatt, D.M., Meng, 
E.C., Ferrin, T.E., 2004. UCSF-Chimera -  a visualization system for exploratory 
research and analysis. Journal o f Computational Chemistry 25 ,1605-1612.

Rodriguez, E.M., Medesani, D.A., Fingerman, M., 2007. Endocrine disruption in crus­
taceans due to pollutants: a review. Comparative Biochemistry and Physiology 
Part A 146, 661-671.

Rozen, S., Skaletsky, H., 2000. Primer3 on the WWW for general users and for biolo­
gist programmers. In: Misener, S., Krawetz, S.A. (Eds.), Bioinformatics Methods 
and Protocols: Methods in Molecular Biology. Humana Press, New Jersey, pp.
365-386.

Soin, T., Masatoshi, I., Swevers, L, Rougé, P., Janssen, C.R., Smagghe, G., 2009. Towards 
Coleoptera-specific high-throughput screening systems for compounds with

ecdysone activity: development o f EcR reporter assays using weevil (Anthono- 
mus grandis)-derived cell lines and in silico analysis of ligand binding to A. 
grandis EcR ligand-binding pocket. Insect Biochemistry and Molecular Biology 
54, 429-438.

Soin, T., Swevers, L., Kotzia, G., Iatrou, K., Janssen, C.R., Rougé, P., Harada, T., Nak- 
agawa, Y., Smagghe, G., 2010. Comparison o f the activity of non-steroidal 
ecdysone agonists between dipteran and lepidopteran insects, using cell-based 
EcR reporter assays. Pest Management Science 66 ,1215-1229.

Song, M.Y., Stark, J.D., Brown, J.J., 1997. Comparative toxicity of four insecticides, 
including imidacloprid and tebufenozide, to  four aquatic arthropods. Environ­
mental Toxicology and Chemistry 16, 2494-2500.

Sonnenschein, C., Soto, A.M., 1998. An updated review o f environmental estro­
gen and androgen mimics and antagonists. Journal o f Steroid Biochemistry and 
Molecular Biology 65, 143-150.

Sundaram, K.M.S., 1994. Degradation kinetics of tebufenozide in model aquatic sys­
tems under controlled laboratory conditions. Journal o f Environmental Science 
and Health, Part B 29, 1081 -1104.

Sundaram, K.M.S., 1995. Persistence and fate o f tebufenozide (RH-5992) insecticide 
in terrestrial microcosms o f a forest environment following spray application of 
tw o mimic® formulations. Journal o f Environmental Science and Health, Part B 
3 0 ,321-358 .

Sumpter, J.P., 1998.Xenoendocrine disrupters -  environmental impacts. Toxicology 
Letters 102-103 ,337-342 .

Sumpter, J.P., 2009. Protecting aquatic organisms from chemicals: the harsh realities. 
Philosophical Transactions o f the Royal Society A 367,3877-3894 .

Swevers, L., Kravariti, L., Ciolfi, S., Xenou-Kokoletsi, M., Ragoussis, N., Smagghe, G., 
Nakagawa, Y., Mazomenos, B., Iatrou, K., 2004. A cell-based high-throughput 
screening system for detecting ecdysteroid agonists and antagonists in plant 
extracts and libraries o f synthetic compounds. FASEB Journal 18 ,134-136.

Tamura, K., Peterson, D., Peterson, N., Stecher, G., Nei, M., Kumar, S., 2011. MEGA5: 
molecular evolutionary genetics analysis using maximum likelihood, evolu­
tionary distance, and maximum parsimony methods. Molecular Biology and 
Evolution 28, 2731-2739.

Tarrant, A.M., Behrendt, L., Stegeman, J.J., Verslycke, T., 2011. Ecdysteroid recep­
tor from the American lobster Homarus americanus: EcR/RXR isoform cloning 
and ligand-binding properties. General and Comparative Endocrinology 173, 
346-355.

Tatarazako, N., Oda, S., 2007. The water flea Daphnia magna (Crustacea, Cladocera) 
as a test species for screening and evaluation o f chemicals with endocrine dis­
rupting effects on crustaceans. Ecotoxicology 16 ,197-203.

Tomlin, C. (Ed.), 2003. The Pesticide Manual, A World Compendium., thirteenth ed. 
BCPC, Farnham, UK.

Verhaegen, Y., Parmentier, K., Swevers, L., Rougé, P., Soin, T., De Coen, W., Coore- 
man, K., Smagghe, G., 2010. The brown shrimp (Crangon crangon L.) ecdysteroid 
receptor complex: cloning, structural modeling o f the ligand-binding domain 
and functional expression in an EcR-deficient Drosophila cell line. General and 
Comparative Endocrinology 168,415-423.

Verhaegen, Y., Parmentier, K., Swevers, L., Renders, E., Rougé, P., De Coen, W., Coore- 
man, K., Smagghe, G., 2011. The heterodimeric ecdysteroid receptor complex in 
the brown shrimp Crangon crangon: EcR and RXR isoform characteristics and 
sensitivity towards the marine pollutant tributyltin. General and Comparative 
Endocrinology 172, 158-169.

Verslycke, T., Ghekiere, A., Raimundo, S., Janssen, C.R., 2007. Mysid crustaceans as 
standard models forthe screening and testing of endocrine-disrupting chemi­
cals. Ecotoxicology 16, 205-219.

Vos, J.G., Dybing, E., Greim, H.A., Ladefoged, O., Lambre, C., Tarazona, J.V., et al., 
2000. Health effects o f endocrine-disrupting chemicals on wildlife, w ith spe­
cial reference to the European situation. Critical Reviews in Toxicology 30, 
71-133.

Washburn, D.G., Hoang, T.H., Campobasso, N., Smallwood, A., Parks, D.J., Webb, C.L., 
Frank, K., Nord, M., Duraiswami, C., Evans, C., Jaye, M., Thompson, S.K., 2009. 
Synthesis and SAR o f potent LXR agonists containing an indole pharmacophore. 
Bioorganic and Medicinal Chemistry Letters 19,1097-1100.

Xia, G., Boerma, L.J., Cox, B.D., Qiu, C., Kang, S., Smith, C.D., Renfrow, M.B., Muccio, D.D., 
2010. Structure, energetics, and dynamics of binding coactivator peptide to the 
human retinoid X receptor-a ligand binding domain complex with 9-ds-retinoic 
acid. Biochemistry 50, 93-105.

Yanagi, M., Tsukamoto, Y., Watanabe, T., Kawagishi, A., 2006. Development o f a novel 
lepidopteran insect control agent, chromafenozide. Journal o f Pesticide Science 
31 ,163-164 .

Yao, T-P., Segraves, W.A., Oro, A.E., McKeown, M., Evans, R.M., 1992. Drosophila ultra­
spiracle modulates ecdysone receptor function via heterodimer formation. Cell
71 ,63-72 .

Yokota, H., Eguchi, S., Nakai, M., 2011. Development o f an in vitro binding assay for 
ecdysone receptor o f mysid shrimp (Americamysis bahia). Aquatic Toxicology 
105, 708-716.

Zhang, H.N., Chen, L., Chen, J., Jian, H., Shen, X., 2011a. Structural basis for retinoic 
X receptor repression on the tetramer. Journal o f Biological Chemistry 286, 
24593-24598.

Zhang, H.N., Chen, L., Chen, J., Jian, H., Shen, X., 2011b. Structure basis o f bigelovin 
as a selective RXR agonist w ith a distinct binding mode. Journal o f Molecular
Biology 407, 13-20.

Zotti, M.J., Christiaens, O., Rougé, P., Grutzmacher, A.D., Zimmer, P.D., Smagghe, G., 
2012. Sequencing and structural homology modeling of the ecdysone receptor 
in tw o chrysopids used in biological control o f pest insects. Ecotoxicology 21, 
906-918.


