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A B S T R A C T

Molting enables growth and development across ecdysozoa. The molting process is strictly controlled by hor-
mones – ecdysteroids. Ecdysteroidogenesis occurs in the prothoracic glands and stimulated by prothoracico-
tropic hormone in insects, while it ensues in the Y-organ and regulated by the molt inhibiting hormone in
crustaceans. A peak in ecdysteroids in the hemolymph induces a cascade of multiple neuropeptides including
Ecdysis Triggering Hormone (ETH) and Corazonin. The role of ETH is well defined in controlling the molt
process in insects, but it is yet to be defined in crustaceans. In this study, we investigated the behavioral response
of intermolt crayfish to ETH and Corazonin injections as well as the impact of ETH on the molt period using in
vivo assays. Injection of Corazonin and ETH resulted in a clear and immediate eye twitching response to these
two neuropeptides. The Corazonin injection induced eye twitching in slow and asynchronous manner, while ETH
injection caused eye twitching in a relatively fast and synchronous way. A single injection of ETH to crayfish
resulted in a remarkable prolong molt period, at twice the normal molting cycle, suggesting that ETH plays a key
role in controlling the molt cycle in decapod crustaceans. Given the key significance of ETH in molt regulation
and its plausible application in pest control, we characterized ETH across the pancrustacean orders.
Bioinformatic analysis shows the mature ETH sequence is identical in all studied decapod species. ETH can be
classified into specific groups based on the associated motif in each insect order and shows an insect motif
–KxxPRx to be conserved in crustaceans.

1. Introduction

Pancrustacea (crustaceans and hexapods) is the most species-rich
clade in the Arthropoda phylum, comprising the majority of animal
species on earth (Price et al., 2011). Arthropods comprise four major
extant groups classified by morphological and ecological characteristics
including Hexapoda (e.g. flies, beetles, and grasshoppers), Myriapoda
(millipedes and centipedes), the Crustacea (e.g. crabs, shrimp, cope-
pods, and lobsters), and Chelicerata (scorpions, spiders, mites, and
ticks). Up until recently, Myriapoda was classified as closely related to
Hexapoda based on appendages morphology and terrestrial habitat.
This classification was based on shared features like the non-branched
appendages (uniramous), which set Myriapoda and Hexapoda apart
from the biramous crustaceans (Grimaldi and Engel, 2005). According
to the more recently adopted Pancrustacea theory (Hexapoda plus
Crustacea), insects are more closely related to Crustacea than

Myriapoda (Boore et al., 1998; Friedrich and Tautz, 1995), supported
by recent phylogenomic analysis of nuclear protein-coding sequences
(Regier et al., 2010), transcriptomic analysis (von Reumont et al.,
2012), molecular and morphological phylogenies (Oakley et al., 2013),
and molecular and physiology analysis (Tamone and Harrison, 2015).
Indeed, many molecular mechanisms were found to be quite similar
between crustaceans and insects, including the repertoire of neuro-
peptides found in both clades, which is highly conserved with a few
exceptions (Veenstra, 2016b).

A well-studied process in arthropods which articulates well the
conserved neuroendocrine mechanisms, and the exceptions that set
hexapods and crustaceans apart, is the process through which ar-
thropods grow. Arthropods possess an exoskeleton which enables limb
movement and provides protection against microorganisms (Andersen,
2009), although the rigidity of the exoskeleton also restricts the animal
from expanding in size. Hence, in order to grow and develop,
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arthropods must shed their outer exoskeleton, meaning they must form
a new one underneath prior to that and once shed, in a process known
as molting, they need to harden the new exoskeleton. Molting (also
known as ecdysis) is controlled by ecdysteroids – a class of arthropod
steroid hormones. Ecdysteroid biosynthesis occurs mainly in the -
prothoracic glands (PGs) in insects and a pair of molting glands, the Y-
organs (YOs), in decapod crustaceans (Covi et al., 2012). The YO reg-
ulatory pathways that affect the production and secretion of ecdyster-
oids are considered parallel to those in the insect PGs with a few key
differences including the neuropeptidergic control of the molt process.
A brain-derived prothoracicotropic hormone (PTTH) stimulates PGs
ecdysteroidogenesis in insects (Gilbert et al., 2002; Kawakami et al.,
1990), while molt-inhibiting hormone (MIH) inhibits YO ecdyster-
oidogenesis in crustaceans via a yet to be identified G protein coupled
receptor (GPCR) (Chang and Mykles, 2011; Covi et al., 2009; Mykles,
2011). In the blackback land crab (Gecarcinus lateralis), the majority of
GPCRs identified in the YOs were found to be up-regulated in the
premolt period and down-regulated in the postmolt period. The overall
expression of the GPCRs, including those that putatively respond to
MIH, were remarkably lower than that of the Corazonin receptors
(CrzRs) (Tran et al., 2019). This elevated expression of CrzR in the YOs
suggests a role for Corazonin (Crz) in crustacean molting, which could
provide another parallel to the mechanism in insects. Crz is a non-
apeptide paralog of the gonadotropin-releasing hormone (GnRH) found
across many arthropod lineages. Evolutionary study on GnRH receptor
and its ligand showed a common evolutionary origin with adipokinetic
hormone (AKH), AKH/Crz-related peptide (ACP), and Crz in ar-
thropods. (Hauser and Grimmelikhuijzen, 2014; Zandawala et al.,
2018). In some insect lineages, Crz regulates some aspects of molting.
For example, in the tobacco hornworm (Manduca sexta), the production
of ecdysis triggering hormone (ETH) is triggered by Crz (Kim et al.,
2004), while in Tribolium castaneum Crz is entirely absent (Li et al.,
2008). In crustaceans, Crz functions in the pigmentation of the green
shore crab Carcinus maenas (Alexander et al., 2017), a process which is
a manifestation of the molt. In C. maenas, elevated expression of CrzRs
in the YOs was documented (Alexander et al., 2017), in keeping with
the observation made in the closely related species G. lateralis (Tran
et al., 2019), suggesting a potential conserved role of Crz in molt reg-
ulation in decapod crustaceans.

The increased titer of ecdysteroids in the hemolymph at the end of
intermolt and begin of premolt stages is followed by a reduced level,
due to the uptake of these ecdysteroids by target tissues, where they
regulate expression of a vast array of molt-related genes by binding
nuclear receptors (Hyde et al., 2019), leading to molting. Unlike Che-
licerates, where ponasterone A is the main active ecdysteroid, in the
Pancrustacea it is primarily 20-hydroxyecdysone (20E), synthesized
from cholesterol by Cytochrome P450 (CYP450) enzymes encoded by a
group named the Halloween gene family. While CYP450s are notor-
iously known for rapidly evolving, the Halloween gene family is a
highly-conserved exception across arthropods with the recent addition
of the shed genes in decapods (Cummins and Ventura, 2019; Ventura
et al., 2017a, 2017b), further supporting the similarity in molecular
mechanisms between insects and crustaceans. Prior to ecdysis, many
preparatory processes occur sequentially in arthropods. Increasing ec-
dysteroid titers in the hemolymph stimulate the synthesis of the new
cuticle underneath the old cuticle. Cuticle synthesis is preceded by
apolysis – the process of separating the old exoskeleton from the un-
derlying epidermal cell layer. Apolysis is triggered by the response of
epidermal cells to the ecdysis cassette of hormones, including Crz, ETH,
and additional neurohormones (kinin, FMRFamides (Tv1–3), eclosion
hormone (EH), or CCAP, MIPs, and bursicon) that surge following the
secretion of ETH (Kim et al., 2006b). During apolysis, molting fluid,
filled with enzymes required to separate and absorb the old cuticle, fills
the space between the old exoskeleton and epidermal layer. This ela-
borate chain of events, accompanied by vast differential expressions
and cellular modifications surging across the animal, is followed by the

ecdysis event itself – when the animal detaches and emerges from the
old exoskeleton, expands and then hardens the new exoskeleton. The
ecdysis process also involves certain behavioral patterns (Chang and
Mykles, 2011).

ETH was previously shown to activate and execute the ecdysis be-
havior sequence in insects (Zitnan et al., 2007). In Bactrocera dorsalis,
ETH functions by regulating ecdysis in larvae through binding to ETH
receptor A (ETHR-A) (Shi et al., 2017), but it also plays an essential role
in reproduction regulation through binding to ETH receptor B (ETHR-B)
(Shi et al., 2019). In D. melanogaster, B. dorsalis, and M. sexta, a single
eth gene was found, encoding for 2 mature ETHs following post-trans-
lational cleavage (Park et al., 1999; Shi et al., 2017; Zitnan et al., 1999).
More recently, a single eth gene was identified in several decapod
crustaceans (Oliphant et al., 2018). ETHs are produced and released
from the endocrine Inka cells of the epitracheal glands in insects
(Kingan and Adams, 2000). It is not yet clear whether decapod crus-
tacean ETH is produced primarily by gill epithelia, which are homo-
logous to the epitracheal system in insects. In C. maenas, ETH is ex-
pressed mostly in the central nervous system (CNS), although the
expression in gills was not assessed (Oliphant et al., 2018). It is im-
portant to note that there is no solid evidence for conserved function-
ality of ETH in crustaceans to date, although the elevated ETH ex-
pression towards the postmolt in C. maenas (Oliphant et al., 2018) is
consistent with ETH regulating post-ecdysis behavior.

Successful molting requires the coordinated expression of multiple
genes which trigger an orchestrated secretion of many hormone mole-
cules in a cyclic way during molting. Prior to the commencement of the
ecdysis behavior sequence, the rising of ecdysteroid titer in the hemo-
lymph induces the expression of the ecdysone receptor (EcR) and ac-
tivates ETH production and secretion. It also increases the sensitivity to
ETH by promoting expression of the ETH receptor (ETHR) and EH in
the CNS (Kim et al., 2006a; Kim et al., 2006b; Kingan et al., 1997;
Zitnan et al., 1999). In insects, after ETH is released from the Inka cells,
ecdysteroid titer drops to a baseline level which induces the secretion of
EH from the CNS. EH acts on the epitracheal endocrine system as an
ETH releasing factor, and ETH, in turn, facilitates EH secretion. In in-
sects, only one EH encoding gene was identified, while in several dec-
apod crustaceans there are two EH encoding genes (Oliphant et al.,
2018). Both EH and ETH form a positive feedback loop which leads to a
high titer of both neuropeptides in the hemolymph (Kingan et al., 1997;
Zitnan et al., 2002). Elevating the level of ETH and EH in the hemo-
lymph provides a clear ecdysis signal by directly acting on the CNS to
trigger the neuropeptidergic signaling cascade including kinin, FMRFa
from neurosecretory cells (Tv1-3), crustacean cardioactive peptide, and
bursicon (Kim et al., 2006b). These peptides, together with ETH and EH
activate the ecdysis motor program which drives the whole process of
ecdysis behavior (pre-ecdysis I, pre-ecdysis II, ecdysis, and post-ecdysis)
(Gammie and Truman, 1999; Kim et al., 2006a; Kim et al., 2006b).

ETHs are a conserved family of peptide hormones in both hemi-
metabolous and holometabolous insects. Most insects produce two ETH
neuropeptides and an associated ETH (A-ETH, the remaining protein
sequence after cleavage of the signal peptide and mature ETH), all three
components encoded by the single eth gene and are formed following a
series of cleavages. Some insects such as honeybees, parasitic wasps and
aphids produce only a single ETH (Roller et al., 2010). In Lepidoptera,
most species produce two ETH peptides named pre-ecdysis triggering
hormone (PETH) and ETH. PETH and ETH were first identified in
M. sexta (Zitnan et al., 1999), and later in the silk moth Bombyx mori
(Zitnan, 2003; Zitnan et al., 2002), and the beet armyworm Spodoptera
exigua (Llopis-Gimenez et al., 2018). PETH was distinct from ETH group
because it contains no KxxKxxPRx motif which is common in the ETH
group. PETH was hypothesized to induce pre-ecdysis I, while ETH in-
itiates pre-ecdysis II and post-ecdysis behaviors. Injection of ETH alone
into M. sexta induced all three ecdysis behaviors leaving the actual
function of the PETH yet to be defined (Park et al., 2002; Zitrian et al.,
1996). In other insects, both ETH1 and ETH2 contain the conserved
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s e q u e n c e  m otif - K x x K x x P R x ( R oll er et al., 2 0 1 0 ). I nj e cti o n of t h e s e t w o

p e pti d e s i nt o t h e l ar v a e, p u p a e a n d a d ult  m o s q uit o s ( A e d es a e g y pti )

a cti v at e d t h e e c d y si s b e h a vi or ( D ai a n d  A d a m s, 2 0 0 9 ). I n D.  m el a n o-

g ast er , E T H 1 a cti vit y i s 1 0-f ol d hi g h er t h a n t h at of E T H 2 (P ar k et al.,

2 0 0 3 ). E T H 1 i nj e cti o n i nt o et h g e n e d el eti o n a ni m al s r e s c u e s t h e e ntir e

e c d y si s b e h a vi or s e q u e n c e a n d e n a bl e s e c d y si s,  w hil e E T H 2 eli cit s

tr a c h e al d y n a mi c s a n d e c d y si s at  m a s si v e c o n c e ntr ati o n  wit h o ut pr e-

e c d y si s b e h a vi or ( P ar k et al., 2 0 0 2 ).

I n d e c a p o d cr u st a c e a n s, E T H  w a s i d e nti fi e d t hr o u g h  m a n y tr a n-

s cri pt o mi c d at a b a s e s,  w hi c h ar e b e c o mi n g i n cr e a si n gl y a v ail a bl e i n

r e c e nt y e ar s ( H e et al., 2 0 1 2; Li et al., 2 0 1 2; S u w a n s a- Ar d et al., 2 0 1 5;

V e e n str a, 2 0 1 5;  V e nt ur a et al., 2 0 1 4; Z h a n g et al., 2 0 1 9 ), h o w e v er, E T H

r ol e i n cr u st a c e a n  m olti n g  w a s n ot f u n cti o n all y pr o v e n. I n a bi oi nf or-

m ati c st u d y,  D e c a p o d cr u st a c e a n E T H s  w er e d e s cri b e d i n a n i nt e n si v e

d at a  mi ni n g st u d y ( V e e n str a, 2 0 1 6 b ) u si n g i n s e ct E T H s a s a t e m pl at e. I n

all d e c a p o d s p e ci e s, o nl y o n e et h g e n e  w a s i d e nti fi e d  wit h v ar yi n g

n u m b er of p ut ati v e tr a n s cri pt s, all gi vi n g ri s e t o t h e s a m e  m at ur e E T H.

T h e e x a mi n e d s p e ci e s i n cl u d e d: S c yll a p ar a m a m os ai n, Lit o p e n a e us v a n-

n a m ei ( 2 et h v ari a nt s i n e a c h) , Eri o c h eir si n e nsis,  H o m ar us a m eri c a n-

us, Pr o c a m b ar us cl ar kii,  M a cr o br a n c hi u m r os e n b er gii a n d C.  m a e n as ( 1 et h

v ari a nt i n e a c h, ( V e e n str a, 2 0 1 6 b )). I n a n ot h er st u d y, 3 p ut ati v e et h

v ari a nt s  w er e i d e nti fi e d i n C.  m a e n as (Oli p h a nt et al., 2 0 1 8 ).

I n t h e c o nt e xt of t h e P a n cr u st a c e a t h e or y, t h e o v er all  m a c hi n er y

t h at r e g ul at e s  m olt i n cr u st a c e a n s a n d h e x a p o d s i s q uit e c o n s er v e d,

i n cl u di n g a  w ell c o n s er v e d r e p ert oir e of n e ur o p e pti d e s i n b ot h li n e a g e s

(V e e n str a, 2 0 1 6 b ). I nt er e sti n gl y,  Cr z i s k n o w n t o i n d u c e t h e r el e a s e of

E T H fr o m t h e I n k a c ell s i n i n s e ct.  W hil e t h e I n k a c ell s  w er e n ot i d e n-

ti fi e d i n  M al a c o str a c a, t h e hi g h e x pr e s si o n of  Cr z r e c e pt or s i n t h e  Y O of

G. l at er alis (Tr a n et al., 2 0 1 9 ) a n d t h e di ff er e nti al e x pr e s si o n of E T H i n

t h e  C N S a cr o s s t h e  m olt c y cl e i n C.  m a e n as (Oli p h a nt et al., 2 0 1 8 ),

s u g g e st a c o n s er v e d f u n cti o n alit y of b ot h  Cr z a n d E T H i n r e g ul ati n g t h e

e c d y si s a n d p o st e c d y si s b e h a vi or s e q u e n c e i n  M al a c o str a c a, a s it  w a s

o b s er v e d i n i n s e ct s.  T o t e st t hi s,  w e i d e nti fi e d t h e  Cr z a n d E T H fr o m t h e

cr a y fi s h ( C h er a x q u a dri c ari n at us ) a n d p erf or m e d a n i n vi v o a s s a y,  w h er e

w e i nj e ct e d s y nt h e si z e d  Cr z a n d E T H i nt o cr a y fi s h a n d r e c or d e d t h e

m olt i nt er v al t o e v al u at e t h e e ff e ct of t h e n e ur o p e pti d e s o n t h e  m olti n g

p eri o d.  W e al s o o b s er v e d a cl e ar b e h a vi or al r e s p o n s e i m m e di at el y aft er

n e ur o p e pti d e a d mi ni str ati o n, s u g g e st e d t o b e i n v ol v e d i n t h e e c d y si s

b e h a vi or. Pr ot ei n s e q u e n c e a n al y si s of E T H a cr o s s P a n cr u st a c e a

li n e a g e s  w a s al s o c arri e d o ut, pr o vi di n g t h e c o n s er v e d  m at ur e pr ot ei n

m otif s i n e a c h or d er.

2.  M at e ri al s a n d  m et h o d s

2. 1.  A ni m als

A u str ali a n r e d cl a w cr a y fi s h ( C h er a x q u a dri c ari n at us )  m al e s a n d f e-

m al e s  w er e p ur c h a s e d fr o m a l o c al f ar m ( Fr e s h w at er  A u str ali a n

Cr a y fi s h  Tr a d er s,  T ar o m e,  Q u e e n sl a n d).  Cr a y fi s h  w ei g hi n g 1 – 4 g, cl e a n

fr o m p ar a sit e s a n d  wit h i nt a ct a p p e n d a g e s  w er e s el e ct e d f or t h e e x-

p eri m e nt s a n d pl a c e d i n s e p ar at e c o m p art m e nt s ( a s d et ail e d b el o w).

T h e cr a y fi s h  w er e f e d o n c e p er d a y i n t h e  m or ni n g  ~ 2 – 4 %  w et b o d y

w ei g ht  wit h c o m m er ci all y a v ail a bl e tr o pi c al  fi s h p ell et ( 3 2 % pr ot ei n,

1 8 % f at).  O v er t h e  fir st 2  w e e k s, t h e  w e a k a n d d e a d a ni m al s  w er e r e-

pl a c e d  wit h h e alt h y o n e s, a n d  m olt i nt er v al  w a s r e c or d e d fr o m t h e t hir d

w e e k. I n di vi d u al s  w er e r a n d o ml y a s si g n e d p er tr e at m e nt.

2. 2.  A p p ar at us

E a c h a ni m al  w a s h o u s e d i n a s e p ar at e f e n e str at e d pl a sti c c o nt ai n er

( 2 0 c m L  × 1 5 c m  W  × 1 0 c m  H)  wit h  w at er l e v el at 9 c m.  C o nt ai n er s

w er e c o v er e d  wit h li d s t o pr e v e nt cr a y fi s h e s c a pi n g.  T hr e e 1 5  m m

di a m et er p e b bl e r o c k s  w er e pl a c e d i n e a c h t a n k, s u b m er gi n g a pi e c e of

3 c m  × 7 c m s h a d e cl ot h at t h e b ott o m of e a c h t a n k, s er vi n g a s s h elt er

t o r e d u c e str e s s.  All c o nt ai n er s  w er e pl a c e d o n a h ol di n g tr a y dr ai ni n g

t h e  w at er  fl o wi n g o ut of all c o nt ai n er s t o a gr a vit y f e d bi o filt er ( 3 0 0 L

cir c ul ar t a n k).  T h e bi o filt er c o nt ai n e d pl a sti c bi o filt er  m e di a, a n air

p u m p, a n d a 1 k W h e at er  wit h a t h er m o st at s et at 2 5 ° C.  W at er fr o m t h e

bi o filt er  w a s s u p pli e d b a c k t o t h e tr a y s y st e m t hr o u g h a s u b m er si bl e

p u m p at a  fl o w r at e of 1 0 0 L p er h o ur. E a c h c o nt ai n er  w a s  fitt e d  wit h a

3  m m di a m et er t u b e a n d a s m all v al v e s u p pl yi n g  w at er a c o n st a nt r at e

of  ~ 3 L p er h o ur ( Fi g. 1 ).  T h e s y st e m  w a s l o c at e d at t h e  U ni v er sit y of

t h e S u n s hi n e  C o a st t e m p er at ur e r e g ul at e d a q u a c ult ur e r o o m ( air t e m-

p er at ur e 2 4 ° C  ± 2) a dj a c e nt t o a s h a d e d  wi n d o w t o pr o vi d e n at ur al

li g ht ( ~ 1 2: 1 2 L: D).  Di s s ol v e d o x y g e n ( > 9 p p m), t e m p er at ur e

( 2 4 ° C  ± 2), p H ( 7. 2 – 7. 5), a n d  N O 3
– (l e s s t h a n 1 5 p p m) i n t h e c o n-

t ai n er s  w er e c h e c k e d o n a  w e e kl y b a si s t hr o u g h o ut t h e e x p eri m e nt.

A b o ut 1 0 – 1 5 % of  w at er  w a s e x c h a n g e d e v er y  w e e k u si n g t e m p er at ur e

e q uili br at e d, d e c hl ori n at e d t a p  w at er.

2. 3.  H or m o n es a n d h or m o n e a d mi nistr ati o n

Cr z a n d E T H p e pti d e s ( T a bl e 1 )  w er e s y nt h eti c all y pr o d u c e d b y

P e p mi c ( Ji a n g s u,  C hi n a). S y nt h eti c  Cr z ( p- Q T F Q Y S R G W T N- a mi d e) a n d

E T H ( D A G H F F A E T P K H L P RI- a mi d e)  w er e di s s ol v e d i n 1  ml of ultr a p ur e

Fi g.  1. E x p eri m e nt al s y st e m d e si g n.  W at er  fl o wi n g i nt o all 2 4 c o nt ai n er s ( or a n g e)  w a s p u m p e d fr o m t h e bi o filt er.  W at er  fl o wi n g o ut fr o m t h e f e n e str at e d c o nt ai n er s

w a s c oll e ct e d b y a tr a y  w hi c h dr ai n e d t h e  w at er b a c k t o t h e bi o filt er b y gr a vit y ( bl a c k).

T a bl e  1

B e h a vi or al r e s p o n s e f oll o wi n g n e ur o p e pti d e s i nj e cti o n.

P e pti d e / e y e t wit c h e ff e ct Cr z ( 2 0 n M p er g of a ni m al) E T H ( 1 0 n M p er g of a ni m al) W at er i nj e ct e d c o ntr ol U ni nj e ct e d c o ntr ol

E y e t wit c h e s p er 5  mi n 1 6  ± 0. 8 6 9. 4  ± 5. 9 0. 4  ± 0. 2 0. 2  ± 0. 2

D ur ati o n > 1 h 3 0 – 6 0  mi n s N A N A

S y n c hr o ni z e d N o, 1 e y e d el a y e d Y e s Y e s Y e s

E y e t wit c h s p e e d A f e w s e c o n d s Fr a cti o n of a s e c o n d Fr a cti o n of a s e c o n d Fr a cti o n of a s e c o n d
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w at er t o  m a k e a st o c k s ol uti o n of 4  m g / ml. I n di vi d u al s  w er e i nj e ct e d

wit h t h e p e pti d e s ( or e q ui v al e nt  w at er v ol u m e, or n ot i nj e ct e d a s t w o

c o ntr ol gr o u p s) 1 5  ± 1 d a y s p o st  m olt. Si n c e t h e  m olt i nt er v al i n o ur

s y st e m  w a s o n a v er a g e 3 0 d a y s, a d mi ni st eri n g t h e p e pti d e s 1 5 d a y s p o st

m olt e n s ur e d t h e  m aj orit y of tr e at e d i n di vi d u al s ar e i n t h e i nt er m olt

p eri o d. E T H a n d  Cr z  w er e a d mi ni str at e d at 1 0 n M a n d 2 0 n M p er g of

a ni m al, r e s p e cti v el y.  M ol arit y  w a s c ali br at e d t o a ni m al  w ei g ht s.  T h e

s yri n g e  w a s i n s ert e d l at er all y t hr o u g h t h e  fir st a b d o mi n al s e g m e nt a n d

h el d i n pl a c e f or 5 s f oll o wi n g i nj e cti o n, a n d t h e a ni m al  w a s k e pt u p si d e

d o w n f or a n ot h er 5 s t o e n s ur e p e pti d e s  w er e di s p er s e d t hr o u g h t h e

h e m ol y m p h.  Aft er i nj e cti o n, t h e a ni m al s  w er e i m m e di at el y pl a c e d b a c k

i n t h eir h ol di n g c o nt ai n er s.  T h e  m olt o b s er v ati o n  w a s r e c or d e d d ail y f or

9 0 d a y s t o a s s e s s t h e l o n g-t er m e ff e ct of E T H o n t h e  m olt i nt er v al,

a ni m al s  w er e i nj e ct e d o n c e  wit h eit h er E T H,  w at er or n o i nj e cti o n

( n  = 8 p er gr o u p).  T o a s s e s s t h e s h ort-t er m b e h a vi or al r e s p o n s e t o E T H

or  Cr z, i n di vi d u al s  w er e i nj e ct e d  wit h eit h er E T H,  Cr z,  w at er or n o

i nj e cti o n ( n  = 5 p er gr o u p) f oll o w e d b y b e h a vi or al o b s er v ati o n (Fi g. 2 ).

2. 4.  B e h a vi or al o bs er v ati o ns

Cr a y fi s h b e h a vi or  w a s d et er mi n e d b y dir e ct o b s er v ati o n o v er t h e

fir st h o ur p o st i nj e cti o n a n d r e v ali d at e d fr o m r e c or d e d vi d e o s.  A

c a m er a (i P h o n e 6)  w a s s et dir e ctl y a b o v e t h e c o nt ai n er s, r e c or di n g t h e

di ff er e n c e s i n e y e s t wit c hi n g a n d l e g  m o v e m e nt b e h a vi or.  T h e e y e

t wit c hi n g a n al y si s  w a s b a s e d o n f o ur di ff er e nt p ar a m et er s ( 1 ) n u m b er

of e y e t wit c hi n g p er  mi n ut e, ( 2 ) s p e e d of e y e t wit c hi n g, ( 3 ) bil at er al

s y n c hr o n y b et w e e n e y e s  w h e n t wit c hi n g, ( 4 ) d ur ati o n of e y e t wit c hi n g.

2. 5. St atisti c al a n al ysis

T h e e ff e ct of E T H i nj e cti o n o n  m olt i nt er v al a n d  m olt i n cr e m e nt

w er e e v al u at e d  wit h S P S S v er si o n 2 4.  O n e- w a y  A N O V A  w a s u s e d t o

c o m p ar e t h e di ff er e n c e s b et w e e n t h e gr o u p s.  M olt i nt er v al s ( 1 st i n-

t er v al, 2 n d i nt er v al, d elt a)  w a s s et a s a d e p e n d e nt v ari a bl e a n d t h e

tr e at m e nt s ( E T H,  w at er, n e g ati v e c o ntr ol) a s a  fi x e d f a ct or. I n t h e b e-

h a vi or al r e s p o n s e o b s er v ati o n, t h e n u m b er of e y e t wit c hi n g  w a s s et a s a

d e p e n d e nt v ari a bl e a n d t h e tr e at m e nt ( E T H,  Cr z,  w at er, n e g ati v e c o n-

tr ol)  w a s s et a s a  fi x e d f a ct or. P o st- h o c L D S a n d  T u k e y t e st  w er e p er-

f or m e d f or b ot h t e st s t o d et er mi n e t h e si g ni fi c a n c e of di ff er e n c e b e-

t w e e n tr e at m e nt s. Pr o b a bilit y of l e s s t h a n 5 % ( P  < 0. 0 5)  w a s

c o n si d er e d a s st ati sti c all y si g ni fi c a nt.

2. 6. E T H c o ns er v ati o n a n al ysis st u d y

Art hr o p o d s E T H e n c o di n g s e q u e n c e s  w er e o bt ai n e d fr o m  N C BI a n d

U ni pr ot d at a b a s e s. Pr ot ei n s e q u e n c e s a n d t h eir a c c e s si o n n u m b er s c a n

b e f o u n d i n S u p pl e m e nt ar y  fil e 1 .  T o v ali d at e t h e s e ar c h, n e ur o p e pti d e

s e q u e n c e s  w er e s u b mitt e d t o  N e ur o Pr e d ( S o ut h e y et al., 2 0 0 6 ) t o

d et er mi n e t h e cl e a v a g e sit e s, f oll o w e d b y si g n al P 5. 0 ( Al m a gr o

Ar m e nt er o s et al., 2 0 1 9 ).  O nl y n e ur o p e pti d e s e q u e n c e s  wit h a si g n al

p e pti d e a n d cl e a v a g e sit e s  w er e s el e ct e d f or a n al y si s.  T h e Ill u str at or f or

Bi ol o gi c al S e q u e n c e s (I B S) t o ol v 1. 0. 3 ( Li u et al., 2 0 1 5 )  w a s e m pl o y e d

t o dr a w s c h e m ati c s of E T H. E T H c o n s er v ati o n  w a s a s s e s s e d b y  m ulti pl e

s e q u e n c e ali g n m e nt of t h e  m at ur e E T H p e pti d e s e q u e n c e s u si n g

M U S C L E t o ol s i m pl e m e nt e d i n  M E G A 7  wit h  U P G M B  m et h o d ( K u m ar

et al., 2 0 1 6 ).

3.  R e s ult s

3. 1. E T H i nj e cti o n pr ol o n gs t h e  m olt i nt er v al

T h e e ff e ct of E T H o n  m olt i nt er v al  w a s a s s e s s e d b y  m o nit ori n g t hr e e

c o n s e c uti v e  m olt c y cl e s. I n t h e  fir st  m e a s ur e d i nt er v al ( b et w e e n t h e  fir st

m olt a n d t h e s e c o n d  m olt), all i n di vi d u al s  w er e o b s er v e d  wit h o ut i n-

j e cti o n a n d t h e a v er a g e  m olt i nt er v al f or all tr e at m e nt s- all o c at e d i n-

di vi d u al s ( E T H,  w at er a n d c o ntr ol)  w er e 2 9. 5  ± 1. 7 5, 2 3. 5  ± 2. 7 1

a n d 2 5. 7  ± 2. 1 8 d a y s, r e s p e cti v el y ( Fi g. 3 ).  O n e- w a y  A N O V A a n al y si s

s h o w e d t h at t h er e  w a s n o st ati sti c all y si g ni fi c a nt di ff er e n c e b et w e e n t h e

t hr e e gr o u p s (S u p pl e m e nt ar y  fil e 2 a).  B a s e d o n t h e  fir st  m olt i nt er v al

a n d t h e f a ct t h at it t o o k l o n g er t h a n 1 6 d a y s f or e a c h i n di vi d u al t o  m olt,

at t h e s e c o n d  m olt i nt er v al ( b et w e e n t h e s e c o n d  m olt a n d t h e t hir d

m olt) t h e E T H gr o u p- all o c at e d i n di vi d u al s  w er e i nj e ct e d a si n gl e d o s e

of E T H at d a y 1 4 f oll o wi n g t h e s e c o n d  m olt. I n t h e s e c o n d i nt er v al, b ot h

w at er i nj e ct e d a n d u ni nj e ct e d c o ntr ol gr o u p s s h o w e d si mil ar  m olt i n-

t er v al s ( 3 1. 8  ± 4. 0 7 a n d 3 1. 7  ± 1. 6 3 d a y s),  w hil e t h e E T H gr o u p

t o o k  m or e t h a n t wi c e l o n g er t h a n t h e c o ntr ol a n d  w at er gr o u p s

Fi g.  2. E x p eri m e nt al d e si g n t o a s s e s s  m olt i nt er v al

( A) a n d b e h a vi or r e s p o n s e ( B) of C. q u a dri c ari n at us t o

a si n gl e i nj e cti o n of  Cr z a n d E T H.  A)  T hr e e gr o u p s of

cr a y fi s h ( n  = 8 p er gr o u p)  w er e i nj e ct e d  wit h eit h er

E T H,  w at er, or n o i nj e cti o n, f oll o w e d b y d ail y  m o n-

it ori n g of  m olt s.  B) F o ur gr o u p s of cr a y fi s h ( n  = 5 p er

gr o u p)  w er e i nj e ct e d  wit h eit h er E T H,  Cr z,  w at er or

n o i nj e cti o n, f oll o w e d b y b e h a vi or al r e s p o n s e a s-

s e s s m e nt.

Fi g.  3. E ff e ct of E T H o n  m olt i nt er v al.  M olt i nt er v al of t hr e e di ff er e nt tr e at-

m e nt s ( E T H c ol or e d i n bl u e,  w at er c ol or e d i n or a n g e, a n d c o ntr ol c ol or e d i n

gr e y)  w a s c al c ul at e d b y s u btr a cti n g b et w e e n t w o  m olti n g ti m e s, t h e d elt a  w a s

c al c ul at e d b y s u btr a cti n g b et w e e n t w o i nt er v al s.  A st eri s k s s h o w si g ni fi c a nt

di ff er e n c e b et w e e n t w o gr o u p s t e st e d b y P o st- h o c t e st ( T u k e y  H S D a n d L S D).

Err or b ar s i n di c at e t h e st a n d ar d err or of t h e  m e a n.  N  = 8 /tr e at m e nt gr o u p.
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( 7 6  ± 2. 7 3 d a y s; Fi g. 3 ). S u btr a cti n g t h e  fir st  m olt i nt er v al fr o m t h e

s e c o n d  m olt i nt er v al (r ef err e d t o a s ‘ d elt a’ i n Fi g. 3 ), s h o w s p o siti v e

v al u e s i n all t hr e e gr o u p s,  m e a ni n g t h at t h e s e c o n d  m olt i nt er v al  w a s

l o n g er t h a n t h e  fir st  m olt i nt er v al i n all gr o u p s.  Y et, t h e d elt a  w a s  m u c h

hi g h er i n t h e E T H i nj e ct e d gr o u p ( 4 6. 5  ± 4. 1 6 d a y s), t h a n t h e c o ntr ol

( 6  ± 1. 1 8 d a y s) a n d  w at er ( 8. 3 8  ± 2. 8 7 d a y s) gr o u p s ( Fi g. 3 ). St a-

ti sti c al a n al y si s u si n g o n e- w a y  A N O V A, f oll o w e d b y P o st- h o c t e st

( T u k e y  H S D a n d L S D) s h o w e d si g ni fi c a nt di ff er e n c e s b et w e e n E T H

tr e at m e nt a n d t h e  w at er a n d c o ntr ol gr o u p s (S u p pl e m e nt ar y  fil e 2 b,

2 c).

3. 2. E T H a n d  Cr z i n d u c e a cl e ar b e h a vi or al r es p o ns e

F o ur gr o u p s of  fi v e i n di vi d u al s e a c h  w er e s et u p f or b e h a vi or al

o b s er v ati o n.  T hr e e gr o u p s  w er e i nj e ct e d  wit h E T H ( 1 0 n M / p er g of

a ni m al),  Cr z ( 2 0 n M / p er g of a ni m al) a n d  w at er c o ntr ol ( 2 0 µl).  T h e

f o urt h gr o u p s er v e d a s a n u ntr e at e d c o ntr ol.  T h e i n di vi d u al s i nj e ct e d

wit h E T H a n d  Cr z s h o w e d a cl e ar r e s p o n s e of e y e t wit c hi n g  w hi c h  w a s

di sti n cti v el y di ff er e nt b et w e e n tr e at m e nt s a n d di ff er e nt t o t h e  w at er

a n d c o ntr ol gr o u p i n di vi d u al s.  T h e e y e t wit c hi n g,  wit h t h e di sti n cti v e

fr e q u e n c y,  w a s o b s er v e d i m m e di at el y aft er i nj e cti o n.  T h e r e c or d e d d at a

f or o v er 5  mi n f oll o wi n g t h e  fir st e y e t wit c hi n g ( o b s er v e d  wit hi n 2  mi n

f oll o wi n g i nj e cti o n)  w a s o bt ai n e d a n d u s e d f or c al c ul ati o n s. E T H i n-

j e cti o n s h o w e d v er y hi g h e y e t wit c hi n g fr e q u e n c y ( 6 9. 4  ± 5. 9 t wit-

c h e s p er 5  mi n)  w hil e t h e a v er a g e e y e t wit c hi n g fr e q u e n c y of  Cr z-i n-

j e ct e d i n di vi d u al s  w a s l e s s t h a n o n e-f o urt h of E T H-i nj e ct e d i n di vi d u al s

( 1 6  ± 0. 8 t wit c h e s p er 5  mi n). I n b ot h  w at er i nj e ct e d a n d c o ntr ol

gr o u p i n di vi d u al s, e y e t wit c hi n g fr e q u e n c y  w a s v er y l o w ( 0. 4  ± 0. 2 2

f or  w at er a n d 0. 2  ± 0. 1 8 f or c o ntr ol; Fi g. 4 ).

B e si d e s t h e e y e t wit c hi n g fr e q u e n c y, t h e e y e t wit c hi n g d ur ati o n,

bil at er al s y n c hr o ni z ati o n, a n d s p e e d of t wit c hi n g  w er e al s o di ff er e nt

b et w e e n t h e tr e at m e nt s.  Cr z -i n d u c e d e y e t wit c hi n g s u st ai n e d f or  m or e

t h a n a n h o ur u ntil t h e a ni m al s r et ur n e d t o a n or m al t wit c hi n g b e h a vi or.

E T H-i n d u c e d e y e t wit c hi n g s u st ai n e d f or 3 0  mi n t o 1 h.  Cr z -i nj e ct e d

i n di vi d u al s t wit c h e d t h eir e y e s  m u c h sl o w er t h a n E T H-i nj e ct e d i n-

di vi d u al s.  Cr z i n d u c e s e y e t wit c hi n g  wit h e y e s r etr a ct e d u n d er n e at h t h e

r o str u m f or a f e w s e c o n d s b ef or e r el e a si n g b a c k t o n or m al p o siti o n,

w hil e it t o o k a fr a cti o n of s e c o n d f or t h e o n e c y cl e of e y e t wit c hi n g  wit h

E T H-i nj e ct e d i n di vi d u al s, si mil ar t o t h e o c c a si o n al e y e t wit c hi n g of t h e

c o ntr ol i n di vi d u al s.  A d diti o n all y,  w hil e E T H-i nj e ct e d i n di vi d u al s r e-

tr a ct e d t h eir e y e s s y n c hr o n o u sl y ( si mil ar t o t h e o c c a si o n al e y e

t wit c hi n g of t h e c o ntr ol i n di vi d u al s),  Cr z -i nj e ct e d i n di vi d u al s r etr a ct e d

t h eir e y e s a s y n c hr o n o u sl y,  wit h o n e e y e r etr a ct e d b y a s plit of a s e c o n d

d el a y aft er t h e ot h er.  All  m e a s ur e d c h ar a ct eri sti c s of t h e e y e t wit c hi n g

ar e s u m m ari s e d i n T a bl e 1 .  A S u p pl e m e nt ar y  Vi d e o i s pr o vi d e d,

s h o wi n g a n E T H-i nj e ct e d a n d a  Cr z -i nj e ct e d a s  w ell a s t h e c o ntr ol i n-

di vi d u al s ( S u p pl e m e nt ar y  Vi d e o ).

T h e l e g  m o v e m e nt  w a s o b s er v e d at t h e s a m e ti m e  wit h e y e

t wit c hi n g o b s er v ati o n.  T h e  Cr z i nj e ct e d i n di vi d u al s s h o w e d a n or m al

l e g  m o v e m e nt.  T h e E T H i nj e ct e d i n di vi d u al s s h o w e d i n cr e a s e d a cti vit y

a n d  m o v e d ar o u n d t h e c o nt ai n er.  T h e t hr e e p air s of  w al ki n g l e g s ( 1 – 3)

r e a c h e d t o t h eir c ar a p a c e a n d e y e st al k s i n a gr o o mi n g-li k e b e h a vi or.

T h e s e b e h a vi or  w er e o b s er v e d i n all t e st e d a ni m al s 2 0 – 2 5  mi n f ol-

l o wi n g i nj e cti o n, a n d l a st e d f or s e v er al  mi n ut e s  wit h a d e cr e a s e i n

fr e q u e n c y.

3. 3. E T H c o ns er v ati o n a cr oss P a n cr ust a c e a

3. 3. 1. E T H i n d e c a p o d cr ust a c e a ns

E T H s e q u e n c e s fr o m 8 di ff er e nt d e c a p o d s p e ci e s i n cl u di n g cr a b s

Eri o c h eir si n e nsis,  G. l at er alis,  C.  m a e n as a n d S c yll a p ar a m a m os ai n , fr e s h-

w at er pr a w n M a cr o br a c hi u m r os e n b er gii ,  m ari n e pr a w n ( s hri m p)

Lit o p e n a e us v a n n a m ei , fr e s h w at er cr a y fi s h Pr o c a m b ar us cl ar kii a n d l o b-

st er H o m ar us a m eri c a n us w er e u s e d f or t h e a n al y si s.  All e x a mi n e d

d e c a p o d s h a d o n e c o n s er v e d  m at ur e E T H, c o m pri si n g a n i d e nti c al

m at ur e p e pti d e of 1 6 a a.  D e c a p o d E T H s h a d v ari a bl e si g n al p e pti d e s ( 1 9

– 2 9 a a), f oll o w e d b y t h e c o n s er v e d  m at ur e E T H, f oll o w e d b y t h e  A-

E T H,  w hi c h i s s e p ar at e d fr o m t h e  m at ur e E T H b y a c o n s er v e d cl e a v a g e

sit e ( R R G) ( Fi g. 5 A).  Bl a st s e ar c h a g ai n st C h er a x d estr u ct or d at a b a s e

fr o m  N C BI u si n g E T H  m at ur e p e pti d e a s a t e m pl at e r e v e al e d  C d_ E T H

tr a n s cri pt  w hi c h p o s s e s s t h e s a m e  m at ur e pr ot ei n s e q u e n c e ( Fi g. 6 A).

3. 3. 2. E T H i n  Di pt er a

T w o  m at ur e E T H s e n c o d e d b y a si n gl e et h g e n e  w er e f o u n d i n

Di pt er a. E T H 1 i s l o c at e d ri g ht aft er t h e si g n al p e pti d e, f oll o w e d b y

E T H 2 ( s e p ar at e d b y a  R R cl e a v a g e sit e), a n d t h e t ail  A- E T H ( al s o s e-

p ar at e d fr o m t h e E T H 2 b y a  G R R cl e a v a g e sit e) ( Fi g. 5 B).  T h e  m at ur e

E T H 1 p o s s e s s 1 7 or 1 8 a a i n l e n gt h  w hil e  m at ur e E T H 2 c o m pri s e 1 5 – 1 9

a a s.  B ot h E T H s c o nt ai n a c o n s er v e d i n s e ct  m otif – K x x P R x ( Fi g. 6 C  &  D).

Bl a st s e ar c h a g ai n st  N C BI nr d at a b a s e u si n g  m at ur e E T H 1 a s a q u er y

i d e nti fi e d E T H s i n A e d es al b o pi ct us,  A n o p h el es g a m bi a e a n d  A n o p h el es

si n e nsis (T a bl e 2 ). E T H 1 c o nt ai n s f o ur c o n s er v e d a mi n o a ci d ( – P G F F x)

w hi c h i s u ni q u e  m otif  wit hi n art hr o p o d s a n d s er v e s a s a si g n at ur e t o

di sti n g ui s h  Di pt er a E T H 1 fr o m ot h er i n s e ct or d er s.

3. 3. 3. E T H i n  H e mi pt er a

I n  H e mi pt er a, E T H n e ur o p e pti d e s  w er e i d e nti fi e d i n t w o s p e ci e s,

Nil a p ar v at a l u g e ns a n d N e z ar a viri d ul a , u si n g  Bl a st s e ar c h a g ai n st i n s e ct

d at a b a s e s ( L a v or e et al., 2 0 1 8;  T a n a k a et al., 2 0 1 4 ).  T w o t y p e of E T H s

w er e f o u n d t o b e e n c o d e d b y a n et h g e n e.  A t y pi c al str u ct ur e of t h e et h

Fi g.  4. E y e t wit c hi n g r e s p o n s e t o E T H a n d  Cr z.  T h e n u m b er of e y e t wit c hi n g

w a s r e c or d e d o v er 5  mi n f oll o wi n g t h e  fir st e y e t wit c hi n g aft er i nj e cti o n  wit h

w at er ( or a n g e),  Cr z ( gr e e n), E T H ( bl u e) a n d t h e c o ntr ol  wit h o ut i nj e cti o n

( y ell o w). * s h o w s si g ni fi c a nt di ff er e n c e s b et w e e n t h e gr o u p s, t e st e d b y P o st- h o c

t e st ( T u k e y  H S D a n d L S D). Err or b ar s i n di c at e t h e st a n d ar d err or of t h e  m e a n.

Fi g.  5. T h e s c h e m ati c di a gr a m s s h o wi n g t h e or g a ni z ati o n of di ff er e nt c o m p o-

n e nt s of t h e et h g e n e i n 5 di ff er e nt or d er s  wit hi n art hr o p o d p h yl u m.  A)

D e c a p o d,  B)  Di pt er a,  C)  H e mi pt er a,  D)  H y m e n o pt er a, a n d E) L e pi d o pt er a.  T h e

et h g e n e i n cl u d e s a si g n al p e pti d e ( S P)  w hi c h i s c ol or e d i n r e d, a cl e a v a g e sit e

a n d a n a mi d at e d r e si d u e c ol or e d i n pi n k, a n alt er n ati v e  m at ur e p e pti d e E T H

( E T H 1 c ol or e d i n bl u e, E T H 2 c ol or e d i n gr e e n, P E T H c ol or e d i n li g ht bl u e, E T H

c ol or e d i n c y a n) a n d a s s o ci at e d E T H c ol or e d i n y ell o w.
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g e n e i s f o u n d i n t hi s or d er, i n cl u di n g a si g n al p e pti d e ( 2 2 – 2 8 a a) a n d

t h e  A- E T H, s e p ar at e d fr o m t h e  m at ur e E T H 1 ( 1 4 a a) b y a n  R R- cl e a v a g e

sit e.  T h e E T H 2 ( 1 5 – 1 8 a a) i s l o c at e d ri g ht aft er E T H 1 a n d b ef or e

t er mi n al  A- E T H, s e p ar at e d b y t w o  R R cl e a v a g e sit e s (Fi g. 5 C).  B ot h

E T H s p o s s e s s hi g h s e q u e n c e si mil arit y a n d c o nt ai n t h e s a m e  m otif

N D F F x x K x x K x P RI ( Fi g. 6 B). Si mil ar t o  Di pt er a,  H e mi pt er a E T H s c o n-

t ai n a n i n s e ct  m otif – K x x K x P R x a n d  N D F F x  m otif at t h e  C-t er mi n u s

w hi c h c o ul d s er v e a s a  fi n g er pri nt t o i d e ntif y t h e E T H s i n t hi s or d er. I n

Pl a uti a st ali,  H al y o m or p h a h al ys,  N e z ar a viri d ul a , E T H 1  w a s r e p e at e d a n d

l o c at e d ri g ht aft er E T H 2 (S u p pl e m e nt ar y  fil e 1 ).  Bl a st s e ar c h a g ai n st

N C BI d at a b a s e di s c o v er e d E T H n e ur o p e pti d e s i n Ci m e x l e ct ul ari us w hi c h

s h o w t h e s a m e  m otif a s ot h er  H e mi pt er a.

3. 3. 4. E T H i n  H y m e n o pt er a

T h e  H y m e n o pt er a et h g e n e pr o d u c e s t w o E T H n e ur o p e pti d e s.  T h e

et h g e n e str u ct ur e c o m pri s e s of a si g n al p e pti d e ( 2 2 – 4 0 a a) f oll o w e d b y

a n E T H 1 d o m ai n ( 1 8 or 2 0 a a)  w hi c h c o nt ai n s a  fir st cl e a v a g e sit e ( G R).

E T H 2 ( 1 8 – 4 1 a a) i s l o c at e d n e xt t o t h e E T H 1 d o m ai n, a n d s e p ar at e d

fr o m t h e l a st  A- E T H d o m ai n b y a s e c o n d cl e a v a g e sit e ( R R) (Fi g. 5 D).

E T H 1 p o s s e s s e s a n i n s e ct  m otif  K x x K x P R x a n d a v er y c o n s er v e d

( c a pti o n o n n e xt p a g e )
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s e q u e n c e  A D E V P A F F L- at t h e  C-t er mi n u s ( Fi g. 6 G).  U nli k e E T H 1,  H y-

m e n o pt er a E T H 2 v ari e s i n l e n gt h a n d a a s e q u e n c e  wit h o ut a n y c o n-

s er v e d  m otif s.

3. 3. 5. E T H i n L e pi d o pt er a

T h e L e pi d o pt er a et h g e n e e n c o d e s t hr e e n e ur o p e pti d e s i n cl u di n g

P E T H, E T H a n d  A- E T H.  T h e str u ct ur e of t h e et h g e n e c o m pri s e s of a

si g n al p e pti d e ( 2 1 – 3 6 a a) at t h e  N-t er mi n u s  w hi c h s e p ar at e s fr o m t h e

n e xt P E T H d o m ai n ( 1 4 – 1 5 a a) b y t h e  fir st cl e a v a g e sit e ( S S,  G S,  C S or

A S) ( S u p pl e m e nt ar y  fil e 1 ).  D o w n str e a m t o t h e P E T H s e q u e n c e i s a n

E T H d o m ai n s e p ar ati n g fr o m t h e P E T H b y a s e c o n d cl e a v a g e sit e ( G R).

T h e  A- E T H i s l o c at e d ri g ht aft er t h e E T H a n d di sj oi nt e d b y a t hir d

cl e a v a g e sit e ( G R R) ( Fi g. 5 E).  T h e P E T H c o m pri s e s of a n 1 1 – 1 2 a a, o ut

of  w hi c h 8 a a a p p e ar t o b e c o n s er v e d a m o n g s p e ci e s; S F x K-  m otif i s t h e

r e c o g niti o n sit e of t hi s p e pti d e b e si d e s t h e c o n s er v e d  C-t er mi n u s  m otif

– N x P R V ( Fi g. 6 E).  B y u si n g t h e s e c o n s er v e d  m otif s,  Bl a st s e ar c h i d e n-

ti fi e d P E T H i n  m a n y s p e ci e s  wit hi n t h e L e pi d o pt er a (T a bl e 2 ).  T h e E T H

n e ur o p e pti d e i s  m u c h l o n g er t h a n t h e P E T H,  w hi c h c o nt ai n s 2 5 – 2 8 a a.

T h e  N-t er mi n u s of E T H i s q uit e v ari a bl e,  w hil e t h e  C-t er mi n u s c o nt ai n s

t w o c o n s er v e d r e gi o n s i n cl u di n g t h e i n s e ct  m otif – K x x K x P R x a n d a

fi n g er pri nt  m otif – G Y VI.

3. 3. 6. E T H i n  M yri a p o ds,  C h eli c er at es, a n d t ar di gr a d es

T h e str u ct ur e of t h e et h g e n e of c h eli c er at e s,  m yri a p o d s a n d t ar di-

gr a d e s c o m pri s e s a si g n al p e pti d e ( 1 1 – 2 9 a a) at t h e  N-t er mi n u s f ol-

l o w e d b y E T H d o m ai n ( 1 2 – 1 4 a a).  T h e E T H d o m ai n i s s e p ar at e d fr o m

Fi g.  6. (c o nti n u e d )

Fi g.  6. M ulti pl e s e q u e n c e ali g n m e nt of di ff er e nt  Art hr o p o d or d er s u si n g  m at ur e E T H n e ur o p e pti d e s e q u e n c e s.  T h e c ol or s of r e si d u e s  w er e f oll o w e d b y  R a s m ol c ol or

s c h e m e ( S a yl e, 1 9 9 5 ).  T h e c o n s e n s u s s e q u e n c e  w a s d et er mi n e d b y c o m m o n a a a cr o s s s p e ci e s.  T h e s e q u e n c e l o g o e x pr e s si o n r e pr e s e nt s t h e a p pr o xi m at e p er c e nt a g e of

e a c h a a i n t h e s e q u e n c e.  T h e n u m b er at t h e e n d i n di c at e s t h e n u m b er of a a of t h e s e q u e n c e A ) D e c a p o d s E T H ; S. p ar  = S c yll a p ar a m a m os ai n, C. m a e  = C ar ci n us

m a e n as , E. si n  = Eri o c h eir si n e nsis , L. v a n  = Lit o p e n a e us v a n n a m ei ,  M.r o s  = M a cr o br a c hi u m r os e n b er gii ,  H. a m e  = H o m ar us a m eri c a n us , P. c a m  = Pr o c a m b ar us cl ar kii ,

C. d e s  = C h er a x d estr u ct or ,  G.l at  = G e c ar ci n us l at er alis . B ) H e mi pt er a E T H;  N.l u g  = Nil a p ar v at a l u g e ns , P. st a  = Pl a uti a st ali,  H. h al  =  H al y o m or p h a h al ys,

N. vir  =  N e z ar a viri d ul a,  C.l e c  =  Ci m e x l e ct ul ari us . C ) Di pt er a E T H 1 a n d  D ) Di pt er a E T H 2.  D. m el  = Dr os o p hil a  m el a n o g ast er ,  B. d or  = B a ctr o c er a d ors alis ,

A. d ar  = A n o p h el es d arli n gi , S. cr a  = S ar c o p h a g a cr assi p al pis ,  A. a e g  = A e d es a e g y pti ,  A. al b  = A e d es al b o pi ct us ,  A. g a m  = A n o p h el es g a m bi a e ,  A. si n  = A n o p h el es si n e nsis .

E ) L e pi d o pt er a P E T H a n d F ) L e pi d o pt er a E T H.  B. m or  = B o m b y x  m ori ,  M. s e x  = M a n d u c a s e xt a , S. e xi  = S p o d o pt er a e xi g u a ,  C.f u m  = C h orist o n e ur a f u mif er a n a ,

O. br u  = O p er o p ht er a br u m at a ,  D. pl e  = D a n a us pl e xi p p us , P. m a c  = P a pili o  m a c h a o n , P. x ut  = P a pili o x ut h us , P. p ol  = P a pili o p ol yt es , S.lit  = S p o d o pt er a lit ur a ,

T. ni  = Tri c h o pl usi a ni ,  H. ar m  = H eli c o v er p a ar mi g er a ,  B. a n y  = Bi c y cl us a n y n a n a ,  V.t a m  = V a n ess a t a m e a m e a , P.r a p  = Pi eris r a p a e ,  G. m el  = G all eri a  m ell o n ell a ,

A.tr a  = A m y el ois tr a nsit ell a , P. x yl  = Pl ut ell a x yl ost ell a . G ) H y m e n o pt er a E T H 1 a n d H ) H y m e n o pt er a E T H 2.  A. c er  = A pis c er a n a ,  A. m el  = A pis  m ellif er a ,

N. vit  = N as o ni a vitri p e n nis , E. m e x  = E ufri es e a  m e xi c a n a ,  H.l a b  = H a br o p o d a l a b ori os a ,  D. n o v  = D uf o ur e a n o v a e a n gli a e ,  B.i m p  = B o m b us i m p ati e ns ,  M. q u a  = M eli p o n a

q u a drif as ci at a ,  M.r ot  = M e g a c hil e r ot u n d at a ,  B.t er  = B o m b us t err estris ,  A. d or  = A pis d ors at a ,  A. fl o  = A pis  fl or e a , P. d o m  = P olist es d o mi n ul a , L. ni g  = L asi us ni g er ,

D. all  = Di a c h as m a all o e u m , F. ari  = F o pi us aris a n us. I ) T ar di gr a d e s,  C e nti p e d e s a n d  C h eli c er at e s E T H.  D. p ul =  D a p h ni a p ul e x, S. m ar = Stri g a mi a  m ariti m a,

H. d uj =  H y psi bi us d uj ar di ni, R. v ar =  R a m a z z otti us v ari e or n at us, M. m ar = Stri g a mi a  m ariti m a, P. cit = P a n o n y c h us citri, D.f ar =  D er m at o p h a g oi d es f ari n a,

S. mi m = St e g o d y p h us  mi m os ar u m, P. p s e = P ar d os a ps e u d o a n n ul at a, P.t e p = P ar ast e at o d a t e pi d ari or u m, A. g e n =  A c a nt h os c urri a g e ni c ul at e.
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the A-ETH domain by a cleavage site (RR) (Supplementary file 1). Most
examined chelicerates had one eth except for Stegodyphus mimosarum
and Mesobuthus martensii where two eth genes were identified. The
motif QFFxKx at the N-terminus was conserved across all studied che-
licerates, myriapods (Strigamia maritima) and tardigrades (Hypsibius
dujardini, Ramazzottius varieornatus), while the motif KxxPRx was found
in the myriapods, tardigrades, and some of the chelicerates species
(Fig. 6I). ETHs of Daphnia pulex were included as the outgroup which
showed a distinct pattern in term of sequence length and motif.

4. Discussion

In most studied insects, the increase in ETH hemolymph con-
centration was found to trigger the release of other neuropeptides
(CCAP, EH, Bursicon), initiating a synchronous ecdysis behavior se-
quence (Diao et al., 2017; Nassel and Winther, 2010). The EH and ETH
together trigger the ecdysis motor and are naturally secreted to the
hemolymph at a late premolt stage, following the earlier onset of the
ecdysone cassette (Hyde et al., 2019). By this stage, apolysis has already
occurred, the animal has formed a new cuticle underneath and is ready
to shed its old exoskeleton, then expand and harden the new one. In our
study, a single injection of ETH into crayfish during the intermolt stage
triggered an immediate, observable ecdysis behavior response, and
considerably delayed the molt. The significant delay in molt can be
explained by the fact that the ETH injection simulated the ecdysis be-
havioral process in intermolt animals, well before its normal cycle. The
old exoskeleton was not detached, new cuticle was not formed under-
neath, and the animals were not ready for ecdysis. The immediate ob-
served behavioral response suggests that ETH triggered the ecdysis
behavioral response which pushed the animals to the next stage. In fact,
they are unable to molt and repeat the molt cycle again, which there-
fore delayed the molt twice as long as it takes for a normal molting
cycle. The exceptionally delayed molt due to a single ETH injection out
of sync opens the question of what is it that follows the induced ecdysis
behavior response that caused this dramatic delay. The recorded phe-
notypic behavior only lasted for less than 1 hr, still, the molt was de-
layed by ~1 month.

The eye twitching in C. quadricarinatus is naturally occurring across
all molt stages at very low frequency, with a bit higher frequency ob-
served at late premolt, peaking at the postmolt right after molting. The
eye twitching behavioral response following ETH and Crz injections are
different and suggest a link between these two hormones in crayfish.
While the ETH injection induced rapid, bilaterally-synchronous eye
twitching (similar to the infrequent eye twitching occasionally observed
in the control individuals), the Crz injection induced prolonged, bilat-
erally-asynchronous eye twitching. Nevertheless, both Crz and ETH

Table 2
List of identified and predicted ETH in 4 orders of insect and decapod crusta-
cean.

Order Species Accession no. Reference

Decapoda Scylla paramamosain (Veenstra, 2016b)
Carcinus maenas (Oliphant et al.,

2018; Veenstra,
2016b)

Eriocheir sinensis (Veenstra, 2016b)
Litopenaeus vannamei (Veenstra, 2016b)
Macrobrachium
rosenbergii

(Veenstra, 2016b)

Homarus americanus (Veenstra, 2016b)
Procambarus clarkii (Veenstra, 2016b)
Cherax destructor This study
Gecarcinus lateralis This study

Diptera Drosophila
melanogaster

AAF47275.1 (Adams, 2000)

Bactrocera dorsalis AVA17335.1 (Shi et al., 2017)
Anopheles darlingi ETN66573.1 (Marinotti et al.,

2013)
Sarcophaga
crassipalpis

BAQ19554.1 Unpublished

Aedes aegypti ABI93272.1 (Dai and Adams,
2009)

Aedes albopictus XP_019563397.1 This study
Anopheles gambiae XP_308702.3 This study
Anopheles sinensis KFB50454.1 This study

Hemiptera Nilaparvata lugens BAO00949.1 (Tanaka et al., 2014)
Plautia stali BAV78804.1 Unpublished
Halyomorpha halys XP_014275716.1 This study
Nezara viridula AZK31339.1 (Lavore et al., 2018)
Cimex lectularius XP_014240257.1 This study

Hymenoptera Apis cerana PBC31252.1 (Diao et al., 2018)
Apis mellifera NP_001136079.1 (Roller et al., 2010)
Nasonia vitripennis NP_001136107.1 (Roller et al., 2010)
Eufriesea Mexicana OAD61141.1 Unpublished
Habropoda laboriosa XP_017788897.1 This study
Dufourea
novaeangliae

XP_015433603.1 This study

Bombus impatiens XP_012248764.1 This study
Melipona
quadrifasciata

KOX72530.1 This study

Megachile rotundata XP_012143027.1 This study
Apis dorsata XP_006609679.1 This study
Apis florea XP_003692656.1 This study
Polistes dominula XP_015177012.1 This study
Diachasma alloeum XP_015115374.1 This study
Fopius arisanus XP_011310218.1 This study

Lepidoptera Bombyx mori (Adams and Zitnan,
1997; Zitnan et al.,
2002)

Manduca sexta AAD45613.1 (Zitnan et al., 1999;
Zitrian et al., 1996)

Spodoptera exigua AXY04252.1 (Llopis-Gimenez
et al., 2018)

Choristoneura
fumiferana

AGA00107.1 (P et al., 2016)

Operophtera brumata KOB69386.1 (Derks et al., 2015)
Danaus plexippus A0A212FCU4 Unpublished
Papilio machaon XP_014363994.1 This study
Papilio Xuthus XP_013176125.1 This study
Papilio polytes XP_013136705.1 This study
Spodoptera litura XP_022817257.1 This study
Trichoplusia ni XP_026742015.1 This study
Helicoverpa armigera XP_021186791.1 This study
Bicyclus anynana XP_023943925.1 This study
Vanessa tameamea XP_026490568.1 This study
Pieris rapae XP_022127396.1 This study
Galleria mellonella XP_026756357.1 This study
Amyelois transitella XP_013198446.1 This study
Plutella xylostella XP_011565063.1 This study

Centipede Strigamia maritima (Chipman et al.,
2014)

Table 2 (continued)

Order Species Accession no. Reference

Chelicerate Panonychus citri AZL90163.1 (Zhu et al., 2019)
Stegodyphus
mimosarum

(Veenstra, 2016a)

Parasteatoda
tepidariorum

(Veenstra, 2016a)

Acanthoscurria
geniculata

(Veenstra, 2016a)

Mesobuthus martensii (Veenstra, 2016a)
Dermatophagoides
farina

(Veenstra, 2016a)

Strigamia maritima (Veenstra, 2016a)
Pardosa
pseudoannulata

(Yu et al., 2020)

Tardigrades Hypsibius dujardini (Koziol, 2018)
Ramazzottius
varieornatus

(Koziol, 2018)

Cladocera Daphnia pulex (Dircksen et al.,
2011)
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induce eye twitching suggesting both peptides are involved in the same
pathway, in keeping with findings in insects showing that Crz induces
ETH production (Kim et al., 2004).

In our observation, non-treated crayfishes were less likely to move
their legs across their carapace during intermolt and premolt. However,
they used their front three pairs of walking legs to touch their carapace
and eyestalk several times during ecdysis (~15 mins) and after ecdysis
occurred. The ETH injected individuals showed the same leg movement
behavior that is typical of ecdysis, while in intermolt. This response was
observed in all examined animals synchronized with the eye twitching,
both are behaviors observed during ecdysis of non-treated crayfishes,
strongly supporting our conclusion that ETH is directly involved in
ecdysis behavior in C. quadricarinatus.

Decapod crustaceans ETH was previously discovered by using insect
ETH through a phylogenetic study (Veenstra, 2016b). It contains an
insect ETH motif –KxxPRx at the C-terminus of the mature peptide.
However, the decapod crustacean ETH appears to have diverged from
the insect homolog, as it possesses an extremely conserved and unique
sequence in the mature peptide, found across all studied decapod spe-
cies (Fig. 6A). This conservation suggests a functional similarity in
decapod species. Unlike most studied insects, which produce two dif-
ferent mature ETHs, only one ETH was found in decapod crustaceans.
Interestingly, blast search against nr database in NCBI, using the ETH
sequence as a template, showed no hit for any myriapod species. Given
the Pancrustacea theory, placing Hexapoda more closely related to
Crustacea than Myriapoda, with the open question of which insect
lineages derived from which crustacean lineages, it would be prudent to
test what is the ETH conservation in cephalocarida, branchiopoda and
remipedia and find whether these groups produce one or two mature
ETHs. Given the uniquely conserved functionality of ETH in molt reg-
ulation across the Pancrustacea, these further studies would facilitate
identifying evolutionary linkages among orders within the phylum
Arthropoda. The eye twitching induced by ETH implies a conserved
function for ETH between decapods and insects, regulating the ecdysis
behavior sequence. In insects, the edysis behavior sequence is accom-
panied by a series of body contractions (Kim et al., 2006b; Zitnan et al.,
2002). In decapods, as we observed in C. quadricarinatus that the ani-
mals twitch their eyes more frequently in late premolt and postmolt
than the intermolt. The animals also use their walking legs to touch
their head and eyes right before and after ecdysis. This behavior is
perhaps a postmolt grooming behavior. The eye twitching behavior
could occur at the same time as body contraction, but in C. quad-
ricarinatus, the muscle movement under the exoskeleton cannot be
observed. The eye twitching in response to ETH and Crz injection could
reflect a part of the body contraction during ecdysis sequence behavior.
Overall, this study shows for the first time in crustaceans, a conserved
function of ETH with insects in regulating the ecdysis response behavior
which was studied thus far only in insects. Given the significant delay in
molt due to a single exposure to the mature ETH peptide, a thorough
investigation of the properties of ETH across the Pancrustacea is war-
ranted. As a first line of investigation, this study mapped the conserved
motifs found in the mature ETH peptides of each insect order.

Diptera is one of the largest orders in the insect sub-phylum which
comprise approximately 125,000 species. The majority of species in this
order have two-wings, unlike the four-winged species in the
Lepidoptera and Hemiptera orders. The role of ETH1 and ETH2 in
Diptera is still unresolved. Sequence alignment within this order reveals
that ETH1 is more conserved than ETH2 (Fig. 6C & D). Studies in
D. melanogaster and B. dorsalis indicate that ETH1 expression is com-
pulsory for inducing ecdysis behavior, while ETH2 is not. The ETH1
elicits stronger response than ETH2 at lower concentrations (Park et al.,
2003; Shi et al., 2017). However, both ETHs activated ETHR and trigger
ecdysis behavior in A. aegypti at pupal stage in the absence of pre-ec-
dysis behavior, although the effect of both ETHs on triggering ecdysis
behavior is slightly different (Dai and Adams, 2009). Both A. aegypti
ETHs share the same motif FFxKxxKxxPRx, while ETH1 and ETH2 in

both D. melanogaster and B. dorsalis share only the insect motif
–KxxKxxPRx. The similarity in sequence motif could explain the similar
in function of ETH across species. Further research to better elucidate
the structure–function relationship between ETHs in these species is
needed. Hemiptera ETH1 and ETH2 share a high sequence similarity
and both retain the insect conserved motif. In Plautia stali, Halyomorpha
halys, Nezara viridula, the ETH1 domain is duplicated and is located
right before, as well as right after ETH2 domain (Supplementary file 1).
The expression of the eth gene in these species therefore could lead to
twice as much ETH1 produced compared with ETH2. In Hymenoptera,
ETH2 appears to be very different from the other ETH2 in other insect
orders. The insect motif as well as recognition site for Hymenoptera
were unidentified in its sequence. It can therefore be argued that there
is only one ETH in Hymenoptera (ETH1 rather than ETH2). However,
the eth gene structure contains two cleavage sites which is the same for
all species within Hymenoptera. Moreover, most Hymenoptera species
share a conserved C-terminus and N-terminus regions in the sequence
we refer to as ETH2. Moreover, most of insect possess two isoforms of
ETH, it is therefore high probability to have ETH2 in Hymenoptera. In
Lepidoptera, The PETH is quite different from any other ETH peptide in
insect. It possesses a very conserved sequence which contains no insect
motif (–KxxKxPRx), suggesting a unique role in ecdysis behavior. In
M. sexta, PETH injection 6–8 h before ecdysis evoke initial response
which is defined as pre-ecdysis I behavior but the animals did not
progress to ecdysis, while ETH injection induce later response which is
named pre-ecdysis II and ecdysis behavior (Zitnan et al., 1999). In B.
mori, injection of either PETH or ETH induce the full ecdysis sequence
through the action on the CNS. However, PETH Injection 20–24 h be-
fore ecdysis evoke only pre-ecdysis behavior while injection 10–15 h
before ecdysis induce the entire ecdysis sequence (Zitnan et al., 2002).

The mature ETHs were found in one eth gene in insects, decapods
and Daphnia pulex. In chelicerates, some species had two ETH-encoding
genes, which differs from the pancrustacea subphylum (Supplementary
file 1). Multiple alignment analysis showed that many chelicerates had
no KxxPRx motif which was present in all examined insects and dec-
apods. Besides, QFFxKx was found in the N-terminus of all studied
species of chelicerates, myriapods, and tardigrades, suggesting a close
relationship between myriapods and chelicerates, apart from insects
and crustaceans.

Insecta and Crustacea share a high similarity in their neuropepti-
domes. Most neuropeptides are present across all studied lineages of
both subphyla, except for allatotropin which is absent in decapod
crustaceans (Roller et al., 2010; Veenstra, 2016b). The conserved role of
ETH as an ecdysis triggering factor across Hexapods, shows functional
conservation in decapods as well. While the function seems to be highly
conserved, the difference in ETH secretion source (Inka cells in the
trachea system of insects and the CNS in decapods), perhaps illustrates
a key adaptation to living on land.

In conclusion, this study indicates that a single injection of ETH
significantly delays the molt cycle in C. quandricarinatus. Further re-
search is required to see if similar molt delay can be achieved in insects,
with the effort to protect crops from pest insects. We therefore provide
in this study a comprehensive identification of the conserved ETH
motifs in each order which could serve as reference for developing a
species-specific approach to control insect molting.

5. Conclusions

ETH is involved in regulating several crucial biological processes in
Pancrustaceans, including molting and reproduction. Clarifying the
mechanism of how ETH function is triggered and controlled will enable
a better understanding of molting and reproduction in this sub-phylum.
A single injection of Crz or ETH caused a quick response of eyestalk
twitching of Crayfish, C. quandricarinatus. Whether the behavior re-
sponse to Crz and ETH is similar to other decapod species remains to be
explored. Crz is known to induce the ETH production in insects. In our
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study, the behavior response is similar between these two neuropep-
tides suggesting a linked signaling pathway. Future research to explore
the mechanistic understanding underlying this physiological response is
warranted.
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