1' frontiers
in Physiology

ORIGINAL RESEARCH
published: 05 December 2018
doi: 10.3389/fphys.2018.01536

OPEN ACCESS

Edited by:
Xiaotong Wang,
Ludong University, China

Reviewed by:
Annalisa Grimaldi,
Universita degli Studi dell'Insubria, Italy
Fenglian Xu,
Saint Louis University, United States

*Correspondence:
Qi Li
gilieé@ouc.edu.cn

Specialty section:
This article was submitted to
Aquatic Physiology,
a section of the journal
Frontiers in Physiology

Received: 09 July 2018
Accepted: 11 October 2018
Published: 05 December 2018

Citation:

Li H, Li Q and Yu H (2018) Molecular
Characterization of the Hedgehog
Signaling Pathway and Its Necessary
Function on Larval Myogenesis in the
Paci c Oyster Crassostrea gigas.
Front. Physiol. 9:1536.

doi: 10.3389/fphys.2018.01536

Check for
updates

Molecular Characterization of the
Hedgehog Signaling Pathway and Its
Necessary Function on Larval
Myogenesis in the Paci ¢ Oyster
Crassostrea gigas

Huijuan Li*, Qi Li** and Hong Yu *2

! Key Laboratory of Mariculture, Ministry of Education, OceaUniversity of China, Qingdao, China2 Laboratory for Marine
Fisheries Science and Food Production Processes, Qingdao &ional Laboratory for Marine Science and Technology,
Qingdao, China

Hedgehog signaling pathway participates in a chain of necesary physiological activities
and dysregulation of the hedgehog signaling has been impliated in birth defects and
diseases. Although substantial studies have uncovered thahe hedgehog pathway is
both suf cient and necessary for patterning vertebrate musle differentiation, limited
knowledge is available about its role in molluscan myogenés Here, the present study
rstly identied and characterized the key genes (CgHh, CgRc, CgSmo, CgGili) in
the hedgehog pathway of the Paci c oyster Crassostrea gigas and investigated the
function of this pathway in embryonic myogenesis oCC. gigas. Bioinformatics analysis
revealed that the functional domains of the key genes were ginly conserved among
species. Quantitative analysis indicated that CgHh, CgPicCgGli mRNA began to
accumulate during the blastula to gastrulation stages and ecumulated throughout
trochophore and into the D-shaped stage. RNA localization atterns by whole-mount
in situ hybridization revealed that the key genes own the stronges$peci ¢ staining in
gastrulation, trochophore, and D-shaped stage. Hedgehog pthway genes showed a
high expression level in myogenesis stage including troclpihore and D-shaped stages,
suggesting that the hedgehog pathway would be involved in mygenesis of C. gigas.
In adult oysters, the key genes were expressed at various ssies, indicating that
hedgehog pathway governed a series of development events.olfurther examine the
role of hedgehog signaling inC. gigas myogenesis, we used cyclopamine treatment in
C. gigaslarvae to inhibit the signaling pathway. The quanti cationf the expression of the
key genes in hedgehog pathway showed that expressions of kegenes were severely
down-regulated in treated larvae compared with normal laae. The velum retractors,
ventral retractors, anterior adductor, and posterior addator muscles of larvae treated
with cyclopamine at 4—-6mM for 6-12 h were severely destroyed, suggesting that the
hedgehog pathway took part in the myogenesis ofC. gigas. These ndings provide a
foundation for uncovering the molecular mechanisms of hedghog signaling in molluscan
physiological activity and enable us to better understandhie signaling pathway involving
in molluscan physiological activity.
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Lietal. Hedgehog Pathway in Paci ¢ Oyster

INTRODUCTION hedgehog signaling-{gure 1). On this occasion, the downstream
transcription factor Gli is phosphorylated and processed by an
Embryogenesis is a complex biological process and regulgted fatracellular protein complex including PKA, Slimb, GSKand
a mass of important cell-to-cell signaling cascadésafvicencio  Fysed. Then the incomplete Gli functions as a transcriptional
etal., 2000 The principal inductive signaling pathways involvedinhibitor and represses the activity of the hedgehog siguali
in embryogenesis are generally conserved, including BGFpathway (ia et al., 2002; Price and Kalderon, 208¢hen Hh
(transforming growth factorb), Wnt (Wingless and INT-1), s present, binding of Hh ligand to Ptc alleviates the inhibit
Receptor tyrosine kinase, Notch, and hedgehbgjffam and  of Smo Figure 1). Subsequently, Smo represses the activity of
McMahon, 2001; Lee et al., 2001; Cornell and Eisen, 200fhe protein complex that destroys the structure and function of
Kirilly et al., 2005; Huangfu and Anderson, 200@s one the Gli. The full-length form of Gli is protected and transpaite
member of those cell-cell signaling pathways, hedgeho@in into nucleus where it activates transcriptiokl¢thot and Basler,
is an evolutionarily conserved pathway and governs a chaipgoy.
of necessary embryonic development events ranging from cell Hedgehog signaling has been dened as an important
proliferation, di erentiation, apoptosis to morphogenesis of regulator of myogenesis in vertebrates. Hedgehog sigmalin
tissue, and organs\Weed et al., 1997 Hedgehog signaling determines the fast and slow muscle fate and a ects the muscle
participates in the correct development of various organsypes in zebra sh embryoQurrie and Ingham, 1996; Blagden
and tissue in both vertebrates and invertebratéseretsch et a1, 1997: Du et al., 19p0@verexpression of Hh in zebra sh
et al., 201)) Furthermore, hedgehog signaling plays importantjs able to convert the entire myotome into slow muscle bers
roles in tissue homeostasis and dysregulation of the hemgeh(Bjagden et al., 1997; Du et al., 1R9Hedgehog signaling
pathway is relevant with developmental disorders and somgiso has a later e ect on regulating the di erentiation of the
diseases invoIving in birth defects or cancers during embw dermomyotome in zebra sh. Hedgehog Signa”ng has no rales i
development@sterlund and Kogerman, 2006 the initial formation of the dermomyotome but is related Wit
The proteins involved in the hedgehog signaling pathway ars di erentiation into fast muscle bers eng et al., 2006Hh
highly conserved and include hedgehog (Hh), Patched (Ptcyoverns the proliferation and di erentiation of myoblasts dogj
Smoothened (Smo), and Gli family. Molecular character@ati chick limb muscle and mouse hypaxial muscle development
of the hedgehog ligands, receptors and downstream membegsuprez et al., 1998; Kruger et al., 20 mice, Myod is a
are best understood in vertebrate abdosophila(Huangfu and  myogenic regulatory factor that is in charge of the surviati
Anderson, 2006; Ingham and Placzek, 2008h, a secreted proliferation of myoblastsgraun et al., 1992Pax 3 has a role in
protein, is the start of the hedgehog pathwayillGvicencio  development of the somatic mesoderm muscigsi(ding et al.,
et al., 200Q Hh is rstly found in Drosophilato participate in 1994. Hedgehog signaling has a role in expression of the Pax-3
embryonic segment polarity\{isslein-Volhard and Wieschaus, and MyoD in mouseDuprez et al., 1998The ectopic expression
1980 Afterward, the existence of the Hh homologs in vertebi;ateof Hh results in the upregu|a’[ion of myogenic regu]a[ory tast
is proved to be a widespread phenomenon. For example, th#RFs) in mice hypaxial musculature.
Hh homologs are identi ed in mouse and chick, and they play Though there are abundant data showing that hedgehog
a role in pattering of the neural tube and limk:¢helard et al., signaling is related with the vertebrate muscle di erentatj
1993; Riddle et al., 1993; Roelink et al., )9Fhere are ve Hh  knowledge on the role of this pathway in invertebrate myogisie
homologs in zebra sh and three of them participate in embryoni js |ittle (Grimaldi et al., 2008 A Hh-related gene was discovered
patterning Currie and Ingham, 1996 In the mouse, there are to participate in the normal development of obliquely striated
three Hh homologs and all of them play important roles in muscles in leech probosciggng et al., 20031n Mollusca, the
embryonic developmentZhang et al., 20Q1Hh ligand binds to  role of hedgehog signaling in myogenesis is investigatéyion
the plasma membrane receptor Ptc, a 12-transmembrane proteepia o cinalis The hedgehog signaling is involved in correct
that is a negative regulator of the pathway and highly coresrv patterning of obliquely striated muscle bers in cuttle sh maet
among speciesHuangfu and Anderson, 2006; @sterlund and(Grimaldi et al., 2008
Kogerman, 2006 Ptc represses the downstream signaling when The Pacic oyster Crassostea gigais the most widely
the absence of ligand, and binding of Hh ligand excuses thgyltivated marine bivalves and widely distributed througho
repression. Smo, a seven-transmembrane (TM) protein, acthe world Zhu et al., 2015 C. gigasis also becoming an
downstream of Ptc and an necessary positive regulator of thteresting model species in the developmental biology bezau
hedgehog signaling{sterlund and Kogerman, 20phe seven- it owns the typical molluscan development stages, including
TMregion structure of Smo is relatively conserved amongigsec planktonic laravae and metamorphosis. Thoughgigagossess
and strongly resembles the Frizzled protein famil¢se, 2008 highly economic and scientic value, knowledge about the
Gli is the downstream transcription factor and the end of them0|ecu|ar mechanisms of myogenesis is still obscure up to
pathway. Active Smo regulates the bifunctional transcriptio now. Here, we choose th€. gigasas a bivalve animal
factor Gli. Full-length form Gli protein is a transcriptional model to further study the conserved role of Hedgehog
activator while broken or incomplete Gli protein becomes asignaling in myogenesis. We obtained the full length cDNA
transcriptional repressor and blocks the activity of hedgghoof C. gigasHh, Ptc, Smo, Gli (CgHh, CgPtc, CgSmo, CgGli).
signaling Matus et al., 2008 During the absence of Hh ligand, Subsequently, a detailed bioinformatics analysis on theouér
Ptc as an inhibitor blocks the ability of Smo to activate thecharacterization of the hedgehog pathway genes was comtlucte
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FIGURE 1 | The schematic diagram of hedgehog signaling pathwayA) Without Hh ligand. Fu, Su(fu) and Cos can form a complex. In tha@bsence of Hh, the complex
is able to bind to microtubules or membranes, and Gli can undeo phosphorylation by the PKA. Then the incomplete Gli furions as a transcriptional inhibitor and
represses Hh target genes.(B) With Hh ligand. When Hh is present, binding of Hh ligand to Ptalleviates the inhibition of Smo. Smo represses the actiyiof the
protein complex that destroys the structure and function othe Gli. The full-length form of Gli is protected and transped into nucleus where it activates transcription.

The spatial and temporal expression pattern of the hedgeho@FA) in 0.1 M phosphate bu ered saline (PBS, @H7.3) for
signaling members was studied using RT-gPCR and whol€-3 h at 4C. Afterwards, the larvae were rinsed three times for
mount in situ hybridization methods. To reveal the function 10 min in methanol and then were stored a20 C in methanol.
on C. gigasmyogenesis of hedgehog signaling, we inhibitedsamples including D-shaped larvae, umbo larvae and eyed larvae
the signaling with cyclopamine treatment i@.gigasembryo. were anesthetized with 7.5% MgQrior to xation. Samples
Then the expression pro les of target genes and F-actin weresed for uorescent phalloidin staining were xed in 4% PFA in
analyzed by mean of RT-gPCR and uorescent phalloidin0.1 M PBS for 2—3 h at room temperature (RT). Afterwards, the
staining respectively. The study was not only the rst to r@ve samples were rinsed three times for 10 min in 0.1 M PBS at RT
the molecular characterization and expression les of hedgeh and then were stored at € in 0.1 M PBS with 0.1% Naj\
signaling primary genes in bivalva, but also the rst to invgate
its function on bivalve myogenesis. The results would prexad Total RNA Isolation and Synthesis of cDNA
foundation for analyzing the molecular mechanisms of hédge TRIzol reagent (Invitrogen, USA) was used to extract the
signaling in invertebrate and enable us to better underdtdie  total RNA from C.gigassamples following the manufacturer's
function of hedgehog signaling in invertebrate myogenesis protocol. Agarose gel (1%) electrophoresis with 1®ading

bu er (Takara) was used to detect the quality of RNA. The

RNA concentration and purity were veri ed at optical density
MATERIALS AND METHODS (OD)260/(0D)280 with a NanoDrop 2000 (Thermo Scien)i ¢
Samples Collection spectrophotometer. PrimeScriptTM Reverse Transcription Kit

Adult C.gigaswere collected from an oyster farm in Laizhou (Takara) was used to synthesize rst-strand cDNA according

in Shandong province, China. Adult tissue including gonad!© the manufacturer's instructions. The cDNA was preserved at

hemolymph, mantle, striated, and smooth adductor muscliés, g 20 C.

labial palp, digestive gland were frozen in liquid nitrogerdan .

then stored at 80 C until further processed. Larval culture was Cloning the Full-Length cDNA of

executed as Wang et al. describ&dang et al., 2002Embryo  Hedgehog Signaling Genes

and larvae were sampled at the following stages: fertiliped,e The internal fragment of hedgehog genes were ampli ed by PCR

two-cell stage, four-cell stage, blastula stage, gasstsge, according to the bioinformatics prediction of the gene madel

trochophore, D-shaped larvae, unbo larvae and eyed larvagih: LOC105317164; Smo: LOC105318081; Ptc: LOC105326154;

Samples stored at RNA store (Dongsheng Biotech, China) &li: LOC105322770). The template was the cDNA reverse
20 C were used for extraction of RNA. For whole-mount translated from RNA ofC.gigasadductors. Specic primers

situ hybridization, samples were xed in 4% paraformaldehydewere designed by the Primer Premier 5.0 software (Premier
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Biosoft International, Palo Alto, CA) based on the predicted2013. cDNAs of hedgehog signaling genes were ampli ed using
sequence. The thermocycling program of the PCR was performe@lYBR: Premix Ex Tad" Il kit (Takara) in a LightCycleR® 480
as follows: pre-denaturation at 92 for 3min, 94C for 30s, real-time PCR system (Roche) according to the manufacture's
Tm for 30s, 72C for 455, 35 cycles; 72 for 5min. The PCR protocols. The 10L qRT-PCR reaction containediL2 SYBR
products were detected by 1.5% agarose gel electrophorekis &remix ExTaq (Takara), 118L of each primer, and L diluted
then sequenced using an ABI 3730 Genetic Analyzer (AppliedDNA. The RT-gPCR ampli cation was conducted at @5for
Biosystems). 305, followed by 40 cycles at @5for 5's, 60C for 20s and 72C
According to the obtained internal fragment sequence, thdor 20s. The relative expression was calculated by tHé 9t
speci ¢ primers for 8 and ¥ RACE reactions were designed. method (ivak and Schmittgen, 20)1All data were given in
The @ and 9 terminal cDNA were cloned using the RACE the light of relative mRNA expression levels as meanSE
method with the SMARTeR RACE #3°Kit (Clontech). The (n D 6). The IBM SPSS Statistics 22 was used to analyze the
3%and ¥ RACE PCR reactions were ampli ed with Tks G ex signicant di erences between the means. All the data analyse
DNA Polymerase (Takara) according to the following condiso ~ were performed using one-way ANOVA followed by a multiple
98 C for 1 min; 98C for 10s, Tm for 10s, 6& for 20s, 35 comparison. Di erences were considered statistically sigac
cycles. The PCR products were puri ed using DNA puri ed kit atP < 0.05.
(Tiangen, China) and ligated into the pEASY-simple Blunt wect

(Trans Biotech, China) and sequenced in both directiona¢®a Whole-Mount in situ Hybridization

Biotech, China). Whole mount in situ hybridization was performed using
L . digoxigenin-labeled sense and anti-sense probes syntbesize
Molecular Characteristic and Phylogenetic following SP6- and T7-mediatedin vitro transcription
Analysis (MEGAscript kit, Ambion) using a DIG-RNA labeling Kit
The ¥ 5 terminal sequence and internal fragment were(Roche) from the clone of cDNAs fragment of target genes.
assembled using SegMan (DNAStar) software to acquire thEhe experiment was conducted using the protocol described
full length cDNA of hedgehog signaling genes. The DNAMANby Thisse and Thisse (200&yith some adjustments. Stored
(Lynnon Biosoft) software was used to predict the open readingamples were rehydrate stepwise into PBST for 30 min, and
frame and translate the cDNA sequence to the protein sequenddéen prehybridized with hybridization bu er (50% formamide,
The isoelectric point (pl) and molecular weight (MW) of 50mg/ml of heparin, 5 SSC, 506g/ml tRNA, 9.2 mM citric
the deduced amino acid sequences were predicted using theid, 0.1% Tween-20). Sense or anti-sense probes concemsrat
Compute pl/MW Tool at the ExPAsy site (http://web.expasy.orgivas 1.0 to 2.0 ngd and hybridizations were performed at 85
compute_pi/). The TMHMM server v.2.0 (http://www.cbs.dtu. overnight. Unbound probes were rinsed by a series of low-salt
dk/services/TMHMM-2.0/) was used to predict transmembrang2 SSC, 0.2 SSC) and samples were incubated in blocking
helices. The NetPhos server (http://www.cbs.dtu.dk/ses/i solution for 2—4 h. embryo and larvae were incubated in anti-
NetPhos) was used to generate neural network predictions faligoxigenin antibody (Roche) at 1:5,000 in blocking solutio
phosphorylation sites. The ScanProsite program (https:/peosi overnight at 4C. Samples were then washed several times in
expasy.org/scanprosite/) was used to analyze the conserddBT (150 mM sodium chloride, 100mM maleic acid, 0.1%
motif. The PredictProtein program (https://ppopen.informatik Tween-20, pH 7.5), and in alkaline Tris bu er for 3 5min.
tu-muenchen.de/) was used to predict the secondary strecturColor reactions were performed with 2% NBT/BCIP solution for
and transmembrane helices of protein. The signal peptid@ h in at room temperature or overnight at @&. Specimens were
and three-dimensional structure of the protein were analyzeghotographed on a uorescence light microscope (Olympus
with the SignalP 4.1 (http://www.cbs.dtu.dk/servicesi§ig/) BX53) with digital camera (Olympus DP73).
and PHYRE2 servicer (http://www.sbg.bio.ic.ac.uk/phyr&gg
ClustalW (Lynnon Biosoft, Los Angeles, CA) was used to alig
the protein sequences and modi ed by the ESPript 30f{ert
and Gouet, 2014 A phylogenetic tree was constructed by the
Neighbor-Joining analysis with 1,000 bootstrap replicatésgus
MEGA 7.0 softwareumar et al., 201% Protein sequence logos
were generated using the Java application LogoBarsz-Berco

Cyclopamine Treatment

Cyclopamine, a known blocker of hedgehog signaling pathway
from invertebrates and vertebratdsi¢ardona et al., 2000; Kang
et al., 2008 was diluted to a nal concentration of 0.5, 1, 2, 4,
6mM in sea water (from a stock solution 10 Mm in ethanol).
Embryos were selected for treatments when they developed int

etal., 2005 trochophore stage. Experimental embryos (trochophore stage)
. . were cultured in cyclopamine for 12 h (up to D-shaped stage).

Expression Analysis of Key Genes by Control embryos were cultured in sea water with 0.1% ethanol

Real-Time Quantitative PCR Treatments were done in 12 L bucket with 10L of Itered fresh

The gRT-PCR primers for the hedgehog signaling genes weseawater. The rearing conditions retained same for corgnal
designed, and their speci cities were detected by conveatio experiment embryos. Water temperature was maintained at 23—
PCR and melting curve analyses. Ribosomal protein S18 (RSIB) C, with salinity at 30 psu and densities at 10 embryo/ml.
and elongation factor & (EF1la) were used as the internal Samples were collected and xed for RNA extraction and F-actin
control in the larvae and adult samples respectivély €t al., staining, as described above.
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F-Actin Staining and Confocal Microscopy and 908-1,155 respectly. CgPtc protein owned one conserved
The specimens were permeabilized in PBS containing 2% Tritorsterol-sensing domain (SSD) motFigures S2 S6. CgPtc is a
X 100 (PBT, pHD 7.3) overnight at room temperature. Actin protein with 12 transmembrane domains and its transmembrane
staining was conducted by uorescence labeling of lamerstou helix region were at located among amino acid positions 56—
F-actin with Phalloidin-iFluof™ 488 Conjugate (AAT Bioquest) 78, 407-429, 442-464, 468-490, 518-540, 550-572, 724-746,
in a 1:1,000 dilution in PBT for 24 h in the dark. Then the 1002-1024, 1026-1048, 1058-1080, 1101-1123, 1133-1455. T
larvae were washed three times for 10 min each and mountegkcondary structure prediction showed that 55% of the total
in Fluoromount G (Southern Biotech) between two coverslips t amino acids were in alpha helix and 5% formed beta strand.& her
allow scanning from both sides. Acquisition of confocal gea were 27 Serine, 4 Tyrosine and 8 Threonine phosphorylatios site
were performed on a Nikon ECLIPSE Ti confocal laser scanningy protein kinase A (PKA) and casein kinase | (CKIl).
microscope equipped with the software NIS-Elements (Version The full length of cDNA CgSmo contained 85TR of 387 bp
4.0). Optimization and adjustment of brightness and corttvess ~ and a $UTR of 802 bp with a poly (A) tailfigure 3). The ORF
conducted with Image J software (National Institutes of if®a of Smo was 3,021 bp encoding 1,006 amino acids with predicted
and Photoshop CS5 (Adobe). theoretical isoelectric point of 9.51 and molecular weidgtt12.3
kDa. The CgSmo was a secretory protein and the signal pepide
cleavage sites of CgSmo were Ser21 and Thr22. Smo protein

RESULTS contained the FRI and Frizzled conserved functional domains.

. . Seven transmembrane helix region detected by the TMHMM
cDNA Cloning and Sequence Analysis of program were at located among amino acid positions 204—226,
Key Hedgehog Pathway Genes 233-255, 290-312, 333-355, 375-397, 426-448, 490-512, 683

The full-length cDNA fragment of CgHh was 3,676 bp,700 Figure S3. The predicted phosphorylated sites of CgSmo
containing a Suntranslated region BUTR) of 1,176 bp, a®  were mainly located in the C-terminal taffigures S3S7). There
untranslated region BUTR) of 1,276 bp, and a putative open were 27 Serine, 8 Tyrosine and 4 Threonine phosphorylation
reading frame (ORF) of 1,224 bp encoding a 407-amino acidites by protein kinase A (PKA) and casein kinase | (CKI). Two
protein with an ATG start codon and TGA stop codon. A conserved motifs were found in accordance with CgSmo amino
polyadenylation signal, AATAAA, was found 12 bases upstreamacids, including a Fruzzled (FZ) and G-protein coupled receptor
from the poly (A) tail. The nucleotide and deduced amino acidfamily motifs at the positions of 26—150 and 202—467 respelgtiv
sequences of Hh were shown Kigure 1 According to the (Figure S3.
amino acid sequence, the predicted molecular mass and the The cDNA of CgGli was 5,278 bp, containing 402 SpHR,
isoelectric point of CgHh were 44.99 kDa and 7.67, respectivel$, 749 bp ORF and 127 b®BTR. The ORF of 4,749 bp was
The total number of positivity (ArgC Lys) and negativity (Asp predicted to encode a 1,582 amino acid. The estimated malecul
C Glu) in the amino acid composition of CgHh was 44 andweight and pl were 176.37 kDa and 7.84 respectively. There was
43, respectively. A signal petide was predicted by the Signati® signal peptide and transmembrane domains in CgGli protein.
4.1 Server: the signal peptide cleavage sites of CgHh werhe CgGliproteinincluded ve conserved ZnF_C2H2 functional
Alal6é and Phel7, suggesting that it was a secretory proteidomains. The zinc nger domains were relatively small protei
The CgHh protein contained HH-signal, Hint-N, and Hint-C motifs which contained multiple nger-liker protrusions that
conserved domains predicted by SMART software. The HHmade tandem contacts with their target molecule. There were
signal domain is the N-terminal domain of CgHh protein, four zinc nger C2H2 type motifs in CgGli proteinKigures S4
which is responsible for signaling following cleavage frdra t S8. The tertiary structure of CgGli protein was based on termplat
C-terminal domain. The Hint-N and Hint-C represented the C- c2gliA, which shared 81% identity with CgGli protein.
terminal and intein domain of CgHh protein. The Hint domain
was split to accommodate large insertions of endonucle#ses. . .
conserved intein N-terminal splicing motif were detectedfie H10mMology and Phylogenetic Analysis of
Hint-N domain (Figures S1S9. The putative protein secondary Key Hedgehog Pathway Genes
structure of CgHh contained eight alpha helices and twentg onThe amino acid sequence alignment of CgHh with Hh from
beta strand structures. The tertiary structure of Hh proteias other vertebrate and invertebrate species showed a moderate
based on template ¢c3m1nB, which shared 78% identity witdegree of sequence similarity. It exhibited high similatd Hh
CgHh protein. of the genuCrassostreauch asCrassostrea virginid®1%). A
The full length CgPtc cDNA was 5,266 bp, including a 288 bfhigh sequence similarity was detected in other Bivalva speci
52UTR, a 3,957 bp ORF encoding a 1,318 amino acid proteisuch asMlizuhopecten yessoer(&8%),Nucula tumidula(57%).
with predicted molecular weight of 146.51 kDa and a pl of 6.46n Mollusk, A high similarity was founded in Gastropoda,
and a 1,021 bp BUTR with a typical polyadenylation signal Cephalopoda, Scaphopoda, Polyplacophora, includbagella
sequence AATAAA and a poly (A) tail. CgPtc was not a secretedulgate(55%),Lottia gigantear{57%);ldiosepius notoid€55%),
protein for the reason that no signal peptide was detected in thEuprymna scolopg53%),0ctopus bimaculoid€53%); Antalis
Ptc protein according to SignalP 4.1 analysis with the D-scorentails (50%); Acanthochitona crinite(55%). Furthermore,
of 0.105 (cuto score of 0.450). CgPtc protein included a@ter A moderate similarity was analyzed in other invertebrates:
sensing domain and a Patched domain at the position 433-58%nnelida (50-51%), Insecta (47-52%); vertebrates: Osteihthy
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(48%), Chondrichthyes (50%), Aves (49-50%), Mammalia (48%)ighly conserved. The Zn binding sites owning a C-C-H-H
In addition, the Hedge_signal domain and Hint-C partial conserved feature residue pattern and ve ZnF_C2H2 domain
domain were evolutionally conserved among the vertebrateshowed a high identity among species. All the invertebrates
and invertebrates Higure 2A). The phylogenetic analysis of were clustered together and came into being four groups
Shh showed that th€rassostreapecies was clustered together,ncluding Bivalvia, Gastropoda, Cephalopoda and Brachiopoda.
and was closely related to thd. yessoensig@-igure 2B). All  In Bivalvia,Crassostreapecies were clustered together and had
the Mollusca species were clustered together and formed twacloser relationship witv.yessoensi§hree branches including
branches. The Bivalva, Polyplacophora and Gastropoda we@steichthyes, Reptilia and Aves were established in vetesra
clustered together, the Scaphopoda and Cephalopoda weffeigure 5B).
clustered together as another branch. .

Sequence alignment of CgPtc with Ptc from other species€mporal Expression Patterns of Key
showed that it displayed an extremely high similarity to PttHedgehog Pathway Genes
of the C. virginica (89%; Figure 3A). A moderate degree of The temporal expression patterns among dierent embryo-
amino acid sequence similarity was found in other molluskdarval developmental stages and di erent adult tissues oy
such asM. yessoensi§63%), Terebratalia transvers55%), key hedgehog pathway genes were examined by RT- gPCR
and Biomphalaria glabratg56%). It also exhibited moderate (Figure 6). CgHh mRNA was not detected until blastula stage
similarity to Ptc form other speciesNovocrania anomala (P < 0.05) during the embryo stages. CgHh mRNA began
(59%), Lingula anatine (55%), Limulus Polyphemug50%), to accumulate during blastula stage to trochophore stage and
Patiria miniata (48%), Octodon degu§46%) andAcanthaster peaked in D-shaped stagP € 0.05). During umbo larvae and
planci (45%). In addition, the transmembrane helical region,eyed larvae, CgHh gene expression showed a sharply decrease
sterol-sensing domain and patched domain were evolutignall(P < 0.05). The CgHh mRNA expression levels in dierent
conserved among vertebrates and invertebrate species. tidsues including the female gonad, male gonad, gill, neantl
majority of phosphorylation sites were highly conservedieda digestive gland, labial palp, striated adductor muscle, smooth
in the position of 121, 169, 261, 373, 409, 451, 515, 545, B33, 6adductor muscle, and hemolymph were investigated. The Isighe
685, 894, 916, 954, 984, 1,054. The phylogenetic analysisghowxpression level was detected in smooth adductor mustte (
that all the invertebrates were clustered together and &tm 0.05), followed by gill, digestive gland, labial palp and sdat
three branches: Bivalvia, Gastropoda and BrachiopGdagigas adductor muscle. Relatively low expression were discovered
C. virginicaandM.yessoensigere clustered togethds.glabrata in mantle, gonad and hemolymphP(< 0.05). CgPtc mRNA
and L.anatinawere clustered together as another branch. Thexpression was relatively low during fertilized egg and four
vertebrates were clustered together and formed two brasmicheell stage until development into blastula stage < 0.05).
including Aves and MammalisRigure 3B). CgPtc gene expression showed an overall increase pattern from

Multiple sequence alignment of Smo showed that CgSmo haolastula stage through gastrula stage and trochophore stéme
the highest identity withC.virginicaat 87% in theCrassostrea D-shaped stage. A small decreased expression was observed in
species Kigure 4A). A moderate degree of sequence similarityumbo larvae. Similar to CgHh, CgPtc mRNA expression showed
was found in mollusks including/l.yessoens(§3%),B.glabrata a highest level in the smooth adductor muscle and a higher
(49%),L.anatina(49%). The transmembrane helical region, FRIlevel in the gill and striated adductor muscle. A lower exp@ssi
domain and Frizzled domain were highly conserved amongvas detected in the labial palp, mantle, gonad, digestive gland
invertebrates and vertebrates. The ligand binding sitethat and hemdymph P < 0.05). CgSmo mRNA expression began
position of 374, 451, 454, 458, 488, 493, 497 were absolutédytilized egg and increased throughout the blastula stagel
conserved among species. According to deduced amino acistrula stage. A sharply decrease expression was observed
sequences of CgSmo from other species, a neighbor—joinifigom trochophore stage to eyed larvaP & 0.05). CgSmo
phylogenetic tree was formed to identify the evolutionarymRNA was expressed in a variety of tissues and had a highest
position of CgSmo. In general, species from the same clasgpression in gonad tissue. A lower expression was observed
were clustered together and developed into a separatéd hemolymph, gill, labial palp and adductor muscles. CgGili
subgroup. All the Mollusca species were clustered togethenRNA was expressed in a similar pattern to CgHh. There was
and formed two branches including Bivalvia and Gastropodaan overall increasing trend from the blastula stage through
Brachiopoda species including.anatina and T. transversa trochophore stage and a large increase at the eyed larvae stag
were clustered together as another brandfiggre 4B). In  The CgGli gene was expressed in all tested tissues and theshighe
general, the phylogenetic results were consistent withticathl ~ expression level was founded in gill. Relatively lower exjmess
taxonomy. levels were detected in labial palp, gill, mantle, and adducto

Similar to CgHh, CgPtc and CgSmo, CgGli showed amuscle.
high similarity to C. virginica(91%) and a moderate degree L
identity among other mollusks including/. yessoensi&5%), RNA Localization Patterns of Key
O. bimaculoideg62%), B. glabrata(55%). ForBrachiopoda Hedgehog Pathway Genes
CgGli exhibited a moderate similarity such dsanatina The RNA localization patterns of key hedgehog pathway genes
(55%) and T. transversa (449%:igure 5A). The putative from fertilized eggs to eyed larvae was studied using whole-
nucleic acid binding sites at the position 555, 558, 559mount in situ hybridization (Figures 7 8). The CgHh RNA
563, 567, 568, 583, 585, 586, 589, 590, 593, 594, 598 wecalization pattern in early gastrula stage was a stained cell
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FIGURE 2 | (A) Multiple sequence alignment of the CgHh amino acid sequencamong species. The conserved functional structure are madd in box. Identical
residues are shown as white letters with red background, andgimilar residues are shown as black letters with yellow bagkound. (B) Neighbor-joining phylogenetic
tree based on the amino acid sequences of the CgHh.

Invertebrate

Vertebrate

fre—

FIGURE 3 | (A) Multiple sequence alignment of the CgSmo amino acid sequereeamong species. The conserved functional structure are méed in box. Identical
residues are shown as white letters with red background, andgimilar residues are shown as black letters with yellow bagitound. (B) Neighbor-joining phylogenetic
tree based on the amino acid sequences of the CgSmo.

clusters at the middle of the embryo. The one cell clusterthe specic signaling of CgPtc was one cell cluster in early
have an increase in number and size during gastrula stagegastrula stage. The cell clusters were increased in emhanas
Several cell clusters were distributed randomly in the bofly larvae during gastrula and early trochopore stage larvae. Th
larvae in trochopore stage. The specic signal was observegpeci c staining were clustered together and widespreadnduri

in the velum position during umbo and eyed larvae stagelate trochopore stage and early D-shaped larvae. However, the
The RNA localization pattern of CgSmo was several stainespeci c signaling decreased in late D-shaped stage and bthcate
clusters that were located symmetrically with respect to that the gut domain in the umbo larvae and adductor muscle
midline of the larval body during gastrula stages. One cellomain in eyed larvae. The CgGli specic staining was one
cluster was observed from trochopore stage and D-shapexll cluster in early gastrula stage and became more and more
larvae stage. The CgSmo gene location was restricted to thelate gastrula stage. The speci c signaling was stronger an
gut and stomach domain in umbo stage. The speci ¢ staininghe distribution was widespread throughout the larval body
was detectable at the foot in eyed stage. Similar to CgHlluring trochopore and early D-shaped larvae. One cell cluster
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FIGURE 4 | (A) Multiple sequence alignment of the CgPtc amino acid sequereamong species. The conserved functional structure are méed in box. Identical
residues are shown as white letters with red background, andgimilar residues are shown as black letters with yellow bagkound. (B) Neighbor-joining phylogenetic
tree based on the amino acid sequences of the CgPtc.
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FIGURE 5 | (A) Multiple sequence alignment of the CgGli amino acid sequercamong species. The conserved functional structure are méed in box. Identical
residues are shown as white letters with red background, andgimilar residues are shown as black letters with yellow bagkound. (B) Neighbor-joining phylogenetic
tree based on the amino acid sequences of the CgGli.

was observed in adductor muscle domain in umbo and eyedly means of RT- qPCRF{gure9. We found that the

larvae. expression of key genes were severely down-regulated
in cyclopamine treated embryos. The e ective inhibition
concentration of CgHh and CgPtc was @il. The expression

Quanti Cat_lon of the Inhlbltory Effect of of CgSmo and CgGli had a signicant reduction when the
Cyclopamine on the Expression of Key embryos were treated with cyoclopamine at 2 anohMl
Hedgehog Pathway Genes respectively® < 0.05). Results also showed that the expression

To evaluate if the expression of key hedgehog pathway gerleyel of CgPtc decreased with the increase of cyclopamine
was blocked by cyclopamine, we quantied the expressiogoncentration.
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FIGURE 6 | (A-D) Expression pro les of key genes during embryo-larval devefamental stages. (E—H) Expression pro les of key genes in adult different tissues.
Different letters indicated signi cantly different® < 0.05). The letters “a,” “b,” and “c” indicate the signi canceof the differences between two groups. Firstly, the whole
mean of gene expression is ranked from large to small. The marum average is marked the letter “a” and this average is comgred with the following averages.
Where the difference is not signi cant, the letter “a” is mar&d; otherwise, the letter “b” is marked. Secondly, the maxiram average marked “b” is used as the standard
deduction and compared with the following unmarked averags. Where the difference is not signi cant, the letter “b” is meked; otherwise, the letter “c” is marked.

The Hedgehog Pathway Was Required for (Gallet et al., 2003; Bijlsma et al., 2J08-terminal to the Hint
Normal Myogenesis in C. gigas domain is a sterol recognition region [SSRiomas et al., 2003
To examine if the hedgehog pathway was involved in normal he CgHh owned conserved functional motifs including the N-
muscle development i€.gigaswe investigated the myogenesisterminal HH-signal domain and the C-terminal autoprocessin
progress of cyclopamine treated larvae by uorescence tapeli Hint domain. Moreover, a conserved intein N-terminal splicing
of lamentous F-actin with Phalloidin-iFluot™ 488 Conjugate. Motif were also detected in the Hint-N domain. These ndings
Here, treatment with cyclopamine at 0.5, 1 andi@ for 12h revealed that the CgHh possessed the primary structural and
had no damage e ect on muscle development and the muscliinctional domains as present in typical Hh family. The high
system of treatment groups was same to control groups whicheduence similarity suggested the conserved function of Hh
owned three pairs velum retractors, anterior adductor meiscl 9ene among Mollusca. In addition, similar to most invertebsa
and posterior adductorKigure 10. The velum retractors and there was only one Hh gene i@.gigasin general, the obvious
adductor muscles of larvae treated with cyclopaminerafor ~ di erence between invertebrates and vertebrates is thatkthe
6-12 h was signi cantly destroyed. The damage on larval tieuschedgehog pathway genes have been duplicated in vertebrates
was mild after 6 h treatment and was severe after 12 h treatmedHuangfu and Anderson, 20)6For example, there are ve Hh
The damage e ect on larval muscle was observed until the éarvd1omologs in zebra sh and three Hh homologs in the mouse
were treated for 6h at M and the larval velum retractor was respectivelyifkker et al., 1995; Bitgood et al., 1996; Zhang et al.,
destroyed severely. When the larvae were treated by cyciapam 200). However, there are only one Hh gene in most invertebrates
at 6mM for 8 h, the larval velum retractor was hardly presentedSuch asDrosophila(Huangfu and Anderson, 200)6sea urchin
The damaged e ect on larvae musculature in 12 h treatment wag/Varner et al., 2013 Sepia o cinalis(Grimaldi et al., 2008 As
stronger than that in 6 h and the major musculature including@" important receptor of Hh in hedgehog pathway, Ptc turns
velum retractor and adductor muscle of larvae was vanished. © the downstream signaling pathway in the absence of Hh
ligand (Huangfu and Anderson, 2006Based on the deduced
amino acid sequence of CgPtc, we predicted that it contained

DISCUSSION a sterol-sensing domain (SSD) and patch domain, which were
hallmarks of Ptc family membersH@angfu and Anderson,

The Sequence Characteristics of Key 2009. In addition, CgPtc owned 12 transmembrane domains

Hedgehog Pathway Genes which showed a high similarity among Mollusca 70%).

The complete cDNA sequence and characterization of th&pparently, this 12 transmembrane domains (TM) is common
hedgehog pathway genes@ngigasvere analyzed in the present Within the family of vertebrates and invertebrates inchugli
study. The N-terminal of Hh was responsible for signalingd an mouse Goodrich et al., 1996 chicken (arigo et al., 1996
the C-terminal autoprocessing Hint domain was in charge of2rosophila(Huangfu and Anderson, 2006and Sepia o cinalis
adding cholesterol moiety to the N-terminal signaling dama (Grimaldi et al., 2008 Moreover, the phosphorylation sites of
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FIGURE 7 | RNA localization patterns of key hedgehog pathway genes dimg embryonic to larval stage (A—C) RNA localization patterns of CgHh during gastrula
stages. (D,E) RNA localization patterns of CgHh during trochopore stages(F) RNA localization patterns of CgHh during D-shaped stageqG) RNA localization
patterns of CgHh during umbo stages.(H) RNA localization patterns of CgHh during eyed stageq!-K) RNA localization patterns of CgSmo during gastrula stages.
(L,M) RNA localization patterns of CgSmo during trochopore stage (N) RNA localization patterns of CgSmo during D-shaped stageqO) RNA localization patterns
of CgSmo during umbo stages.(P) RNA localization patterns of CgSmo during eyed stages. GA,astrulae stage; TR, trochophore stage; DS, D-shaped stagel)M,
umbo larvae stage; EY, eyed-larvae stage; bla, blastopordi, hinge; di, digest gland; vl, vium; um, umbo; fo, foot; aduadductor.

CgPtc was highly conserved among molluscan speei@®%). of Smo including the 7-TM domain structure, FRI/ Frizzled
There was only one Ptc gene @.gigasand it was consistent conserved functional domains, Fruzzled (FZ) and G-protein
with the phenomenon that the key hedgehog pathway genesupled receptors family motifs. Multiple sequence alignment
have been duplicated in vertebrates compared to invertebratef Smo among invertebrates showed that the TM region was
(Huangfu and Anderson, 2006For example, both mice and relatively conserved among species, while signi cant di @en
zebra sh have two ptc homologs, whilgiona and Drosophila exists in the C-terminal domain (CTD). It was also found
only oppose one Ptc gen&godrich et al., 1997; Wol et al., in Drosophilaand experiments in the y have demonstrated
2003; Huangfu and Anderson, 2006Smo is a membrane that the CTD is important for Smo activityJ(a et al., 2003;
protein owning a seven TM domain structurélcedo et al., Nakano et al., 2004 In addition, similar to Drosophilawe
1996. In C. gigas CgSmo contained most common featuresfound that the predicted phosphorylated sites of CgSmo were
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FIGURE 8 | RNA localization patterns of key hedgehog pathway genes dimg embryonic to larval stage (A—C) RNA localization patterns of CgPtc during gastrula
stages. (D—F) RNA localization patterns of CgPtc during trochopore stage (G) RNA localization pattern of CgPtc during the early D-shapedtage. (H) RNA
localization pattern of CgPtc during the late D-shaped stag. (I) RNA localization patterns of CgPtc during umbo stages(J) RNA localization patterns of CgPtc during
eyed stages. (K-M) RNA localization patterns of CgGli during gastrula stagefN—P) RNA localization patterns of CgGli during trochopore stage (Q) RNA
localization pattern of CgGli during the early D-shaped sge. (R) RNA localization pattern of CgGli during the late D-shapedtage. (S) RNA localization patterns of
CgGli during umbo stages.(T) RNA localization patterns of CgGli during eyed stages. GA agtrulae stage; TR, trochophore stage; ED, early D-shapedtage; LD, late
D-shaped stage; UM, umbo larvae stage; EY, eyed-larvae stag bla, blastopore; hi, hinge; di, digest gland; vl, vlum; umumbo; fo, foot; adu, adductor.

FIGURE 9 | (A-D) Inhibitory effect of cyclopamine on the RNA Expression lexebf key hedgehog pathway genes. The larvae in the gures was ithe D-shaped
stage. Different letters indicated signi cantly differenfP < 0.05). The letters “a,” “b,” and “c” indicate the signi canceof the differences between two groups. Firstly,
the whole mean of gene expression is ranked form large to smialThe maximum average is marked the letter “a” and this avege is compared with the following
averages. Where the difference is not signi cant, the lettefa” is marked; otherwise, the letter “b” is marked. Secondlythe maximum average marked “b” is used as
the standard deduction and compared with the following unmaked averages. Where the difference is not signi cant, the keer “b” is marked; otherwise, the letter “c”
is marked. ad, adductor muscle; vr, velum retractor musclelr, larval retractor.
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FIGURE 10 | Myogenesis of cyclopamine treated larvae. C represent theancentration of the cyclopamine M), T represent the treated time (hour).

Frontiers in Physiology | www.frontiersin.org 12 December 2018 | Volume 9 | Article 1536



Lietal. Hedgehog Pathway in Paci ¢ Oyster

mainly located in the C-terminal tail. Though the CTD of in muscle and gut development in chickeSukegawa et al.,
Smo was discrepant, the phosphorylation sites by protein kinas#0Q, Amphioxus Shimeld, 1999 zebra sh Gtrahle et al.,
A (PKA) and casein kinase | (CKI) was conserved amond. 996, leech Kang et al., 2003

invertebrates [Penef et al., 2000; Zhang et al., 2p0Because
Smo phosphorylation coordinates Hh activatiodgnef et al., - .
2000, we speculated that the function on Hh activation of Smolnh'b'tory Eﬁe_Ct of Cyclopamlne on the

was conserved among invertebrates. Gli is a member of zinRRNA EXpression Levels of Key Hedgehog

nger transcription, which has been identi ed as a downstmea Pathway Genes

mediator of the hedgehog signaling pathwafaifg et al., 1997  Cyclopamine, an antagonist of the hedgehog signaling, itshib
According to the deduced amino acid sequence, CgGli ownetthe pathway activation by binding directly to SmGl{en et al.,
most common structures including ve conserved ZnF_C2H22002). Hence, cyclopamine was often used to investigate the
functional domains and zinc nger DNA binding domains. Thes function of hedgehog pathway in various species including
results suggested that Gli was a relatively conserved gemarsg  chicken (ncardona et al., 1998Zebra sh (Wol et al., 2003,

invertebrates. Sepia o cinalis(Grimaldi et al., 2008 In the study, we inhibited
the hedgehog pathway with cyclopamine treatmentingigas
Tempora| Expression Patterns of Key larvae. The RNA expression levels of four key genes were

severely down-regulated in treated larvae compared with mbrm
larvae. Similarly, the RNA expression of Ptc and Hh was
éeduced signi cantly in cyclopamine- treated embryos inak@n

Hedgehog Pathway Genes

Quantitative analysis of the key genes in embryo-larvajesta

indicated that CgHh, CgPtc, CgGli mRNA began to accumulat
during the blastula to gastrulation stages and accumulate
throughout trochophore and into the D-shaped stage. Simila
results were also found in the previous studies on sea urchi
(Walton et al., 2006 In conclusion, the key genes mRNA
expression levels were observed higher in the gastrulatio
and trochopore stags which were an early stage of muscﬁe

devel t. It ts that hedgeh th i : . . L
evelopmen suggests that hedgenog painway was mal e expression level of Ptc in zebra sh a8édpia o cinaliswas

involved in early muscle development such as the di erentiati o .

of mesodermal muscle. The key genes were expressed inedl tesreduced signi _cantly when the drug co_ncen;ratlon was 15 and
tissues, indicating that the hedgehog pathway participated inomwlr?sgetck:]tlvgly‘(vol etal, 2003,t§3r|ma;1lqt;.t§t al., Zooanﬁzt
various physiological activities @.gigasThe highest expression specuiated the discrepancy on € ective inhibition concend
level of CgHh and CgPtc were observed in adductor smootﬁ.f cyclopamine might be relevant to some reasons includirg th

muscle, suggesting that the hedgehog pathway was connecf@ﬁe of embryos, the treated stage ort_reated time. Ourtealso
with muscle development iS. gigasSimilar phenomenon also ound that there was only the expression level of CgPtc deedeas
occurred in sea urchinarner et al., 2013 with the increase of cyclopamine concentration. Though the

expression levels of CgHh, CgSmo and CgGli were down-
L regulated in treatment groups, there was no a consistent trend as
RNA Localization Patterns of Key the concentration of cyclopamine increases. We speculatad th
Hedgehog Pathway Genes this situation might be due to the fact that the larvae used for
The RNA localization patterns of CgHh and CgSmo were similaanalysis are mixed sample.

during gastrula and trochopore stages. In these stages, the

irregular cell clusters were distributed randomly at thedpof . .

larvae. The speci ¢ staining of CgPtc and CgGli became stongd® Conserved Role for Hedgehog Signaling

compared to CgHh and CgSmo during gastrula and trochoporén Muscle Development

stages. Moreover, the speci ¢ signal of CgPtc and CgGli werko verify if the hedgehog pathway was involved in normal muscle
observed in velum retractors during the early D-shaped stagedevelopment inC. gigaswe investigated the changes in larval
The location patterns were accordance with myosin essentiatuscle phenotype by uorescence labeling of F-actin. The data
light chain (MELC) which was one muscle marker @ gigas showed that as the treatment concentration and time incedas
(Yu et al., 201y These results suggested that CgPtc and CgGihe degree of damage on larval muscle was more serious. Similar
were concerned with larval myogenesisGrgigasSimilar data phenomenon was also found in zerbra skVpl et al., 2003.

was also found in mouse/A(ol et al., 2003, Sepia o cinalis Moreover, we suggested that hedgehog signaling pathway had
(Grimaldi et al., 2008 The key pathway genes except CgSma conserved role in muscle development among species. In sea
had a common localization that was near the hinge positiorurchin embryo, hedgehog signaling was vital for gut muscle
during late D-shaped stage. The speci c signals were observedvelopment \(Valton et al., 2006 In cuttle sh, the hedgehog

in the velum, gut, stomach, adductor domain during umbo, andpathway was involved in the formation of striated muscle bers
eyed larvae stage, suggesting that the signaling pathwayt migGrimaldi et al., 2008 Hedgehog signaling was also proved to
be involved in these organ development@ gigasSimilarly, promote the proliferation and di erentiation of muscle cells in
hedgehog signaling pathway have been con rmed to participateebra sh (~eng et al., 2006

ncardona et al., 1998Same phenomenon was also found in
ebra sh andSepia o cinalisthat the expression levels of Ptc was
glown-regulated in treatment group8\(ol et al., 2003; Grimaldi
et al., 2008 In addition, the e ective inhibition concentration
as di erent among species. In present study, we suggested
at the e ective inhibition concentration of CgHh and CgPtc

s 0.5nM. The e ective concentration of CgSmo wasn.
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