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Evidence for the Direct Effect of the
NPFF Peptide on the Expression of
Feeding-Related Factors in Spotted
Sea Bass (Lateolabrax maculatus )

Qing Li, Haishen Wen, Yun Li, Zhanxiong Zhang, Yangyang Zhou and Xin Qi*

Key Laboratory of Mariculture, Ocean University of China, Mistry of Education, Qingdao, China

Neuropeptide FF (NPFF) is a family member of RF-amide pepgisl, which are suggested
to be involved in the control of vertebrate feeding behavioHowever, little is known about
the effect of the NPFF peptide on feeding-related processesn basal vertebrates. In
this study, four full-length cDNAs npff, npffrl, npffr2-1, and npffr2-2, were cloned from
spotted sea bass and characterized. The conserved NPFF pejzte is biologically active
because it functionally interacts with different receptarexpressed in cultured eukaryotic
cells to enhance CRE promoter activity. Tissue distributio analysis showed that the
highest npff mMRNA expression occurred in the telencephalon, hypothalaos, medulla,
gonad and muscle, but the npffrs mRNAs were mainly distributed within the central
nervous system (CNS)In situhybridization (ISH) detectecdhpff-expressing cells in several
speci ¢ regions ranging across the telencephalon and midbain to the hypothalamus.
Incubation of the spotted sea bass conserved NPFF peptide gni cantly increased the
expression oforexin(orx) and neuropeptide Y (npy) mRNA and decreased the expression
of leptin (lep), somatostatin (ss), and cholecystokinin(cck) mMRNA in brain cells. Similarly,
the conserved NPFF peptide also heightened the expressionfayastrin (gas), ghrelin
(ghrl), and motilin (mtl) MRNA and signi cantly reduced the expression otck mRNA in
the intestine and stomach. Taken together, these data suggs that the NPFF peptide
may play a stimulating role in regulating feeding-relatedrpcesses in spotted sea bass.

Keywords: spotted sea bass, NPFF/NPFFR system, feeding, in situ hybridization, static incubation

INTRODUCTION

Neuropeptide FF (FLFQPQRFamide, NPFF) belongs to the RF-amiltedpeamily (peptides
with a C-terminal Arg-Phe-NH) and was rst isolated from the bovine brain 1)
NPFF is generated from the NPFF precursor peptide, which also yzexl neuropeptide
AF (NPAF) (). NPFF immunoreactivity was observed in the medial hypaihals and
nucleus of the solitary tract (NTS) in the rat brain3,(4). A majority of NPFF
neurons are located in a zone between the dorsomedial (DMH) wentromedial (VMH)
hypothalamus %). NPFF was originally found to regulate the analgesic e ectnafrphine
(1); soon afterward, additional physiological functions wetiscovered in other animals.
NPFF and its analogs can e ectively lower mouse body temperafGyeafter injection.
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Lietal. NPFF Regulates Sea Bass Feeding

In addition, the roles of NPFF in regulating blood pressurg ( (ICV) injection of GnlH signi cantly stimulated food inta&

gastrointestinal motility §), epilepsy 9) and insulin secretion mediated by the opioid mu-receptor3g 39). Likewise, i.c.v

(10) cannot be ignored. Recent studies have shown that NPHRjection of RFRP-3 induced a 4-fold increase in food intake

inhibits adipocyte di erentiation (1) and increases the M2 in ad-libitum female jerboas while simultaneously decreasing

activation and self-renewal of adipose tissue macrophddgs( Pomclevels and increasingpy mRNA levels 40). In summary,

murine animals and humans. based on these lines of evidence, NPFF or GnlH might stinsulat
In humans, NPFFR1 and NPFFR2, which are also referreféeding behavior via NPFFR2 or NPFFRL1 in some vertebrates.

to as GPR147 and GPR74 in mammals, have been identi efleeding-related processes include appetite control, focakéent

as G protein-coupled receptors (GPCRs) and sharfg0% and gastrointestinal motility. On the other hand, previotisdies

identity with each other 13, 14). NPFFR1 binds to RFRP have shown that the NPFF/NPFFR2 system has a bidirectional

peptides belonging to the RF-amide peptide family, but NPFFegulatory e ect on gastrointestinal motility in rats4{, 42).

preferentially activates NPFFRZ5. NPFFR1 and NPFFR2 However, the role of NPFF in the sh feeding process remains

are highly conserved compared with other species, implyintp be elucidated.

that they play critical roles across dierent specie$6)( The regulation of ingestion in sh is in uenced by many

Bonini et al. ((3) demonstrated thaNPFFR1and NPFFR2are external and internal factors, among which appetite and

widely distributed in the central nervous system (CNS) butgastrointestinal motility are key. Studies have shown thast

di er signicantly between humans and rats. Mani vitro  dietary regulatory factors are formed in the hypothalamus.

experiments have shown that NPFFR1 plays a role in regulatir@rexin (Orx) interacts with other dietary regulators, inding

the reproduction process and inhibiting the forskolin-stitated  Neuropeptide Y (Npy) and Leptin (Lep), in regulating the feeding

accumulation of cAMP by RF-amide peptidels#22). NPFFR2 process43 44). Furthermore, gastrointestinal hormones such as

is most highly expressed in the hypothalamus, super cial layerGastrin (Gas), Motilin (Mtl), Ghrelin (Ghrl) and cholecystakn

of the spinal cord and thalamic nucleild 23 24) and is (Cck) have been recognized as important factors in uencing

involved in activation of the ERK (extracellular signal-reged the regulation of gastrointestinal motility and appetité5¢

protein kinase) pathway26) and the regulation of pain and 47). Spotted sea baskdteolabrax maculatiiss an important

sensory input. economic aquacultural species in Chida), with its production
Most previous studies have focused on the pharmacologicakceeding 160 thousand tons in 2018. However, most of the

functions of the NPFF/NPFFR system in human and rodentsaquaculture sh showed serious obesity with substantisteral

and there have been few reports on sh or basal vertebratefat. To further understand the endocrinology regulationfobd

A zfPQRFgene was cloned in the zebra sh) and expressed intake and energy consumption, we herein used spotted sea bass

in the bulbus olfactorius and nucleus olfactoretinalis bet as a model to address these pivotal issues. After molecularly

telencephalon but not in the hypothalamus or brain stem. Incloningnp, nprl, npr2-1, andnp r2-2, we investigated their

dwarf gourami Colisa lalig, NPFF can inhibit the pacemaker ligand-receptor binding activities and gene expression paste

activity of TN-GnRHneurons 7). Thenp gene was identied as well as the cellular localization mp mRNA in the brain.

in lampreys £8), hag sh (29), and amphioxusd0). Interestingly, Furthermore, we measured some genes related to appetiteotontr

three peptides are encoded by lamprey and brown hagph  and gastrointestinal motility by incubating brain cells,éstinal

precursors; while, thep precursors of other species encodetissues and stomach tissues with the spotted sea bass cahserve

only two peptides 8 31). The latest report32) showed that NPFF peptide to evaluate thm vitro e ects of NPFF on

the grass pu er NPFF precursor protein can be separated intéeeding regulation.

a pair of mature peptides and play a possible regulatory role

in reproduction. Moreover, in amphioxus, common ancestrapJATERIALS AND METHODS

forms of thenp and gnih genes and their receptor genes

have been identi ed §3). All studies on basal vertebrates haveAnimals

focused on the molecular characterization, phylogenetitysisas ~ Spotted sea basa D 3) with body weights ranging from 1,000

and tissue expression patternsmf as described above, but to 1,200 g were purchased from a local sh market in Qingdao,

the physiological functions of the NPFF peptide have seldor@hina. All sh were temporarily reared in a plastic bucket at 25

been studied. 1 C under a 14:10 h light-dark photoperiod and fed commercial
To date, the role of NPFF and its paralog GnIH (RFRP, NPVHgeed (Haitong, Fujian, China) twice a day. The spotted sea bas

or LPXRFa) in feeding has been reported in several vertebrata¥ere anesthetized with tricaine methanesulfonate (MS-222,

Speci cally, food intake was decreased by NP, (vhile water ~ g/L) before anatomical assessments. All animal experimegits w

intake was increased by the same pepti2.(Although injection ~ conducted in accordance with the guidelines and approval of

of lower doses of the NPFF peptide (5-10 nM) can reduce foothe respective Animal Research and Ethics Committees of Ocean

intake, higher doses of NPFF increase food intaké.(Prior ~ University of China.

evidence has conrmed that loss NPFFR2in male rats is . .

associated with a signi cantly decreased food intsi@.On the  Cloning and Sequence Analysis of  npff

other hand, gonadotropin-inhibitory hormone (GnIH), apacgg and npffr s

of NPFF, was also proved to regulate food intake via NPFFRIotal RNA was extracted from the brain tissues of spotted

in chicks and jerboas3g-40). In chicks, intracerebroventricular sea bass using TRIzol Reagent (Invitrogen, USA) according to

Frontiers in Endocrinology | www.frontiersin.org 2 August 2019 | Volume 10 | Article 545


https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Lietal. NPFF Regulates Sea Bass Feeding

the manufacturer's instructions. The total RNA concentoati TABLE 1| Primers used in this study.
and purity were measured using a UV spectrophotomete;_ S 5 039
(ChampGel 5000, China). A 1.5% agarose gel was used to dete¢t equence (5 ™

RNA integrity. A total of 500 ng of total RNA was used as &pimers for ORF cloning

template for reverse transcription using a two-step methothwi ,¢.0rr-r ATGGACACAGCTGCGGTGGT
a PrimeScrithM RT reagent Kit with gDNA Eraser (Perfect Realnpff-ORF-R TTATTTCTTGCCGAATCTCT
Time) (Takara, Japan) according to the manufacturer's profac  npffr1-ORF-F ATGGAGATACTGGACAACGT
All open reading frame (ORF) sequences were identi ed impffr1-ORF-R TCAGTTATCCCACGCCTGAT
the whole genome sequence database (unpublished data) of tipgr2-1-ORF-F ATGGACCAGAATCTAATTCC
spotted sea bass. ORFsmgd and nprs were cloned using npffr2-1-ORF-R CTAAATCTGAGACACCTTTTCC
the synthesized cDNA. All primersTéble 1) used in this study npffr2-2-ORF-F ATGAATGAAGGACTTGGGAA
were designed using Premier 5 software. For PCRIa2) PCR  npffr2-2-ORF-R TCAAATAGACACTGCAGTCAC

Master Mix (Tiangen, China) was used in the following protocol:Primers for synthesizing sense
denaturation at 94 C for 3 min; 40 cycles of denaturation for 30 s and antisense digoxigenin
at94 C,30sat55C, and 30s at 72C; and a nal elongation of (DIG)-labeled riboprobes
5min at 72 C. The PCR product was puri ed with a TIANgel npff-ish-F CGCATTTAGGTGACACTATAGAA
Midi Puri cation Kit (Tiangen, China). The nal product was ' GCCCTECEGTEGTGACTCTTCTGE
subcloned into the PEASY-T1 vector (Tiangen, China), andP™shR /ffggﬁéggiiﬁgf?gg&%eGAGACA
four dierent individual positive clones were conrmed by _. )
Primers for real-time PCR

sequencing (The Beijing Genomics Institute, China). Alltwrb npff-qRT-F GOTGCGGTGGTGACTCTTCTG
sea bassp andnprs sequences have been submitted to the

_ X fipff-gRT-R TTGTTCGGACTGCCTTGGATGTG
NCBI database under the following accession numbars: ApfrL-qRTF GGTCTACACGGCGGTTCT
(MK816461),nprl (MK816462),npr2-1 (MK816463), and |« ore CAGCCACTCGGOCCAAA
np r2-2 (MK816464). ' npffr2-1-qRT-F TATCGCCACCTCAAAGC
The supposed cleavage sites of the NPFF precursor WEIro 1 gRT-R TTCAGACCCAACTCCACTE
predicted by Neuropred software, and the mature peptide§; ., qrrr CTTTCCTGGCTGCCTCTGTG
were forecasted by comparison with other species using, »  rr.r GCCTTCTCCAGGTCCTCCAT
Clustal W2 software (http://www.ebi.ac.uk/Tools/msa/tils/). ., qrT.F TGCAGAGCCGACTCCACCAG
Phylogenetic trees were constructed using the neighliaifig  ,.qrrr CAGGCAGGAGCGTTGTGATGG
(NJ) method via MEGA 6.0 software. The putative signals rrr GGTGCTTCTTGTGGCTTTG
peptide of the NPFF precursor was predicted by SignalP 3Q qrr.r GAGGTCCTTGTCGTTGGTGA
(http://www.cbs.dtu.dk/services/SignalP/). The transmbeane  ppy.qrT-F GAGGGATACCCGATGAAACCG
helical regions of Np rs were predicted by TMHMM Server 2.0 npy-gRT-R CCTCTTTCCATACCTCTGTCTCG
(http://lwww.cbs.dtu.dk/services/ TMHMMY/). lep-qRT-F TGCAACTTTTAAGTGGGGGTA
lep-qRT-R TGTTGTAACCCTCCAGCACGG
gas-qRT-F TGCTAAGAGGGAGAAACTG
. . gas-gRT-R TATCTCGCGTTCATCGTC
Cell Culture, Transfection, and Functional PR T ACACCTOTITGOTOR TOTTTC
Assays ghrl-gRT-R ATGTGATGTGGTTGGCCTCTG
The ORFs of spotted sea basgrs cDNA were subcloned .qrrr TGCTGATGAAGGAGCGAGAA
into pcDNA3.1C) expression vectors. The spotted sea basgy.qrrr TCCACCATGTTCCACCTGAG
conserved NPFF peptide (LLHQPQRF) was synthesized by Gly.qrrF TGCCAACTACAACCAACCT
Biochem (Shanghai, China) at purity exceeding 95%. Prior tgek-grT-R GCGTCGTCCAAAGTCCAT
transfection, 293-T cells were maintained at G7in DMEM  Reference gene
(SparkJade, China) supplemented with 10% fetal bovine serumss.r GGGTCCGAAGCGTTTACT
(FBS) (Biolnd, Israel). Sixteen hours before transfection 1 18s-r TCACCTCTAGCGGCACAA

cells/well were seeded into 24-well tissue culture plateenT
1,000 ng of pCRE-Luc reporter plasmids; 1000 ng of pcDNA3.1-

np rl, pcDNA3.1-np r2-1 or pcDNA3.1-np r2-2; and 100 ng of

PRL-TK (to normalize transfection e ciency) containing Rerdll  Tissue Distribution

luciferase were transiently cotransfected into the call850 ml  To determine the mRNA levels opp andnp r s, telencephalon,

of serum-free medium using Xfé®f Polymer (Takara, Japan). hypothalamus, cerebellum, midbrain, medulla, pituitaryatie
Four hours after transfection, the cells were treated wihious  kidney, kidney, spleen, stomach, intestine, gill, heamagbliver,
(from 10 8 to 10 & M) concentrations of NPFF for 48h, and and muscle samples were collected from three adult spotted
OM NPFF was used as a control. Cells were collected, asga bass. Tissue samples were stored8t C for total RNA
luciferase activity assays were carried out using a Dueifénase isolation, reverse transcription PCR (RT-PCR) and qRT-PCR.
kit (Promega, USA). Primers fornp andnp r s are listed iffable 1
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A
1 ATGGACACAGCTGCGGTGGTGACTCTTCTGGCGCTGGTTATGGCGATGGCTGGCGTCAGT
1 M DTAAVVTTLTILALVYVMAMATGUVS
signal peptide
61 CAGGCTCTTCACATCCAAGGCAGTCCGAACAAAAATGACATCCTGCCAGGCTCAGAGGAG
21 QALHTIAQGSPNIKNDTITLUPSGS SEE
121 AACATGGCCGACCACCTGCTGGGGCTGGAGACTGAAAACACAGATAACAGCATCGATGAT
41 NMADUHLTLSGTLETENTDNSTIDTD
181 CGTTTACTGACTGCAGTGCTGAGAGCTCTGCTGCTCGGATCTCAGAGAGAAACCAGGAAC
61 RLLTAVLIRALTLTLSGS S Q®RETT RN
241 TCTCTCTTACATCAGCCACAGAGGTTTGGCCGTGGCTCCAGAGGGCAGGTAATGTCGGAG
81 SIL L H Q_ P Q RFGRGSIRG QVMSE
NPFF
301 GATCAGATACAGTCCCGTGACTGGGAGGGTGCCCCTGGTCAGATCTGGAGTATGGCCGTA
101 DQ I QS RDUVWETGIJAP GO QI W_S M A V]
361  CCCCAGAGATTCGGCAAGAAATAA NPAF
121 P Q R F]G K K *
B
Human Npff = —————] MVPQPPTTCPWKPVP-SPCDLRVQGICPSSFPDTPLAQEEDSEPLP-PQD—————— AQTSGSLLHYLLQAMER
Mouse Npff ——DSKWAALLLLLLLLLNWGHTE-EAGS———————- W-GEDQVFAGEDKGPHP-PQYAHIPDRIQTPGSLFRVLLQAMDT
Pig Npff MDSRRAAVLLLLLLLVTDWGHAE-GPGR———————— RGEGDQVFWEEDSGALP-PQD—————, AQTPGSLLRSLLQAMQR
Cow Npff MDARQAAALLLVLLLVTDWSHAE-GPGG———————— RDGGDQIFMEEDSGAHP-AQD————— AQTPRSLLRSLLQAMQR
Zebrafish Npff MDAGVWFMLVGVLLVMADQSRSITQDEALEQNKRLLEEDEE-QDNMLE—RPGAAQMNGLLED——RLLVEMLRSLLHGSQR
Medaka Npff MDTAAAMTLLALIVALAGISQALHVQDSLGKNDILPGSSEENVADRLL——RLEDETREHSLDN-—RLLPLVVKALLLGFQR
Nile tilapia Npff MDTAAAVTLLAL IMAMAGVSQALHIQGGLDKND I LPGSSEENMPDRLL——GLESENRDSDTDD——RVLTSLLRALLHGAQR
Spotted sea bass Npff MDTAAVVTLLALVMAMAGVSQALHIQGSPNKNDILPGS-EENMADHLL—GLETENTDNSIDD—RLLTAVLRALLLGSQR
Large yellow croaker Npff MDTAAVVTLLALVMAMAGVSRALHIQGSLDKTDILPGS-EENMADHLL--GLESENIDHGIDD-—RLLTAVLRALLFGSQR
European seabass Npff MDTAAVVTLLGLVMAMAGVSRALHIQGSLDKNDILPGS-EENMADHLL—GLR
Human Npff PGRSQA RNTQGSWR-NEWLSPRAGEG.NSQFWSLAAPQRFBKK
Mouse Npff PRRSPA RSAWGSWS-KEQLNPQA———RQFWSLAAPQRFEKK
Pig Npff PGRSPA RNTRGSWS-NERLSPRAGGAY SSPFWSLAAPQRFEKK
Cow Npff PGRSPA RFBRNTRGSWS-NKRLSPRAGEG|.SSPFWSLAAPQRFBKK
Zebrafish Npff YERNPS RGARSGLSTEERTQSRDWETPGQIWSMAVPQRFEKK
Medaka Npff ETR-ES RSSRGQVVSDDQIQARDWEAKNPGQIWSMAVPQRFEKK
Nile tilapia Npff EAR-E! RSSRGQVVLEDQMHSRDWEAKPGQIWSMAVPQRFEKK
Spotted sea bass Npff ETR-NS RFBRGSRGQVMSEDQIQSRDWEGAPGQIWSMAVPQRFFKK
Large yellow croaker Npff DTR-N§ RFBRGSRGQVVSEDQTHSRDWEAWPGQIWSMAVPQRFFKK
European seabass Npff ETR-NYVLHOPORFIRGSRGQVVSEDQIHSRDWE. KK
* Lok, skkokkkokk, 1 ook 2 3k, skkokokokokok
FIGURE 1 | Sequence analysis ohpff in spotted sea bass.(A) Nucleotide and deduced amino acid sequences ofipff in spotted sea bass. The asterisks represent
the stop codons. Single underlines represent signal pepties. The predicted conserved peptides of NPFF and NPAF of sptitd sea bass are boxed.(B) Amino acid
sequence alignment of spotted sea bass Npff with other verterates.

RNA in situ Hybridization (ISH) and permeabilization in xylene, the sample was immersed in
For detection ofnp mMRNA, a pair of sense and antisensepara n. The para n was cut into 7-micron slices on glass slides.
riboprobes for the spotted sea bass gene were generated After hydration and permeabilization, the sample was diggste
using the DIG RNA Labeling Kit (Roche Diagnostics, Mannheimby proteinase K (10 mg/mL) for 20 min and then prehybridized
Germany) as directed by the manufacturer. Brain tissue weat 55C for 1h. The slice was hybridized overnight at 65
collected from adult male spotted sea bass for ISH andith digoxigenin (DIG)-labeled probes diluted to 0.1% using
then xed in 4% paraformaldehyde buer for 24h. After hybridization buer. Then, the slice was washed in graded
dewatering by a series of graded ethanol solutions (70-100%5C buer (2 , 1 , and 0.1 ) for 30min at 55C and
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blocked with Blocking Reagent (Roche Diagnostics, Germanyprimer. The template was ampli ed at 96 for 30 s, followed by
DIG was detected with an alkaline phosphatase-conjugatead an#t0 cycles of 9% for 5's, 55C for 30 s and extension at 72 for
DIG antibody (Roche Diagnostics, Germany; diluted 1:1,00080s. Thel8SrRNA gene was used as the internal reference for
and chromogenic development was conducted with NBT/BCIRJRT-PCR normalization.

Stock Solution (Roche Diagnostics, Germany).

_ _ _ Statistical Analysis
Static Incubation of Stomach and Intestinal All data are shown as the mean SEM. Statistical analysis
Fragments and Brain Cells was carried out using SPSS software version 20.0. One-way
The fresh stomachs and intestines were washed with phospha@/OVA followed by Duncan's multiple range test and Fisher's
bu er saline (PBS), and the tissues were cut into fragmentkeast signi cance dierence (LSD) test was used to identify
(<1 mmd). All pieces were then evenly distributed in a 24-signi cant dierences. Any dierence with aP < 0.05 was
well culture plate with 1ml of M199 medium (SparkJade deemed signi cant.
China) per well (containing double antibodies) and inculzhte
at 27 C. After preincubation for 3 h, di erent concentrations
of the conserved NPFF peptide (f0and 107 M) were RESULTS

added to the corresponding test well, and equal amounts qf5ene Cloning and Sequence Analysis of

M199 medium were used as controls. Three replicates of ea@potted Sea Bass npff and npffr S

treatment were placed in a 2€ incubator for 1, 3, and 6h. d loned via RT-PCR Usi tted
Experimental tissues were collected and stored8&tC for Ep at;] _npé;Aweretr? ortle \:""1 1:h ut?mdg SPo be sea
the measurement ogastrin (ga3 (MK825881), ghrelin (ghr) cgsl'\lsA ;s:qnuence hzss a: O;rgpo? gé4 b[e; ;Eg :ncosc?:s aﬂ;§otein
MHO04 .1)motili tl) (MH046054 hol tokini . .

(MH046053.1)motiin (mt)) (MHO046054), anceholecystokinin of 127 amino acidsHigure 1A). The NPFF precursor has a

(cch (MK825882) expression after incubation. dicted sianal tide of 23 . id d tains t
Spotted sea bass brain cell culture was prepared accordiﬁée icted signal peptide o amino acios and contains two

to the method described by Wong MK:§) and Yan-Horn Lee ature RF-amide peptides (NPFF and NPAF). Based on the

(50. The intact brains were quickly removed and cleaned ir{)red.icted cleavage .and amidation site, two putative mature
10 mL of PBS. The isolated brain tissues were then transferr eptides are theoretically NPAF: DWEGAPGQIWSMAVPQRFa

into 5mL of fresh trypsin (SparkJade, China) and chopped int nd NPFF: NSLLHQPQRFa in the spotted sea bass. However,

small pieces with a pair of scissors. After removing the trypsi urther puri cation and identi cation are still needed to corm

by centrifugation, the cells were further pipetted up and downthe exact mature peptides sequences. The spotted sea bass NPFF

until dissociated. The mixture of dispersed brain cells dssites Precursor has a low homology to those of humans and rats but a

was ltered, and the new M199 medium was added to the brairpi_gher homqlogy tq those of other teleosksgure .lB) compared
cells and mixed thoroughly. A 1 mL cell suspension was applie‘H'th the amino acid sequences of other species. However, two

to the 24-well tissue culture plate and cultured for 3 days a{natu.re pgptldels arihhllghly c?nservei‘d compare(li (;NI:E :)t?her
27 C. The static incubation and cell collection were performsd aSPecies Rigure 1B). YIOgENetic analyses reveaie at the

described above. After incubation, real-time PCR was pevéar spotted sea bass NPFF precursor remains largely conserved in
for the detection oforexin (orx) (MK825880),neuropeptide Y other vertebrates and grouped closely with those of otheostte

(npy) (KJ850326.1)leptin (lep (MK825878),somatostatin(s9 E)E'?;:(?UAI'OA)' The amphioxus PQRFa precursor was used as an
(MK825879), andck In contrast to mammaldeptinwas found : . .
in the brains of several teleost, including green sun §hH)( ;’he CZ)RZFstfnp ;1 (Flgu:je 22)é4np4;20-1 (S'grzrg SA)’.
grouper 62), gold sh (53), and medakad4). Before evaluating anld np re- (t.'glfre TB% encoN:FF ’ h an . amlr:|o 7
the e ect of the conserved NPFF peptide on the genes mentionet%CI S resbpec |vety. ¢ ree di :ecep :)rs' Compr_lf'aH?AM
above, we measured their expression in the cultured cellz (da ransmembrane structures according to analysis using
Server 2.0 (http://www.cbs.dtu.dk/servicessTMHMM/). The
not shown). . .
predicted transmembrane results were showrrigure S1 The

S . spotted sea bass Np r2-1 and Np r2-2 amino acid sequences are
Quantitative Real-Time PCR (qRT-PCR) highly similar (73%) to each other, and Np r1 is highly similar

The levels of all tested genes were measured using qRT-P Np r2-1 (59%) and Np r2-2 (58%). The transmembrane

assays. The StepOne Plus Real-Time PCR system (Appligdmains of spotted sea bass Np rSigures 2B 3C) are highly
Biosystems, USA) was used to conduct qRT-PCR, and the,nserved in comparison to those of other mammals and teseost

1crT :
2 method was used to analyse the expression levels ghq aming acid sequences of Np rs were highly homologous

genes. Every primer used in qRT-PCR is listed@iable 1, and the  55_9704) 1o those of other species, especially the Nile tilapia

optimal cDNA concentration was determined by comparing the, spotted gar sh. Phylogenetic analysis showed that Np rs

Ct valuesn(A)f the sta.ndard CL#'\rAves. qRT-PCR was Performed usinge clustered into two separate clades, the NPFFR1 and NPFFR2
TB Green Il Premix Ex Taq ™ GC (Perfect Real Time) (Tafh?ra, amino acid clades. Three NPFF receptors are most closelgdelat
Japan) with a reaction mixture containing b of TB Green to those other teleosts, especially Nile tilapia, with hightbmap
Premix (2 ), 2 mL of template, 6.81L of sterilized distilled values Figure 4B). Amphioxus PQRFa-R1 and R2 were used as

water, 0.4mL of ROX and 0.4rL of each forward and reverse an out group.
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Lietal. NPFF Regulates Sea Bass Feeding

A B
1 ATGGAGATACTGGACAACGTGGGAGTGGAAGGGATGGAGCTGGAGGGAT T 'TGTAA AGAT Hunan Npffrl o ONGTNTEATPATNLTFSSYYQHTSPVAAY
1 M EILUDNVGVEGMETLTETGSAAATIEA AV VNSSTLD Mouse Npffrl VPP NESDAETAPVASLTFSSYYQHSSPVAAM
gi GGCGGCGCAAACATCACCAACATTACCTTTTCCCCCTACTATCAGCACTCTCTGTATGTGGCTGCCAGCTACATCCTGGCCTACTTCTTC Zebrafish Npffrl —————MAGEPG-EMETSQELTTLDMNISLSNAYTNNSNATNHSSITY YPYYQHSLPVAAA
181 ATCTTCCTGCTGTGTATGGTGOGGAACATCCTGGTGTGTCTGATCGT TCGTA T CTTCATC Pufferfish Npffrl BGLELEGSTTTGTVN-———— ———ISTDAGAINITFYPYYQHSVYVAAY
61 L I VL.LENRRMPRTVTNLETI ot ) " SYLLN———"
271 CTCAACTTGGCTATTAGTGACCTACTGGTGGGCATCTTCTGCATCCCTACGACACTGGTAGACAACCTCATCACAGGTTGGCCCTTTTCC Tilapia Npffrl WDILDVVDEDGHAFEGSTIT-SVLLN TSLLGYSNVINITFFPYYQHSLYVAA:
99 L NLAISDLLYGIFCIPTTLVYDNLTITGUWPTFS Spotted sea bass Npffrl -MEILDNVGVEGMELEGSAAAIEAVVN--——- SSLDGGANITNITFSPYYQHSLYVAAYY
361 AACACTGTATGCAAGATGAGCGGCTTTGTGCAGGGAGTGTCTGTTTCTGCATCAGTCTTCACTCTGGTGGCCATTGCTGTTGARAGGTTC T L ik bk s ok skooiookiok dok doks ko
12 N TV C KM S GFV Q6GVS VS ASVFTLUVYVATIAVETRTF
451 CGCTGTATAGTGTACCCTCTA, TGACTGTATTTGTT TCGTGTTAATCTGGGTGCTAGCAGTGCTGATC ™2 ™3 T™ 4
151 R €I VY PLKPEKTLTVFVAKAATIUVLTIUWVILAVLTI P
541 ATGTGTCCTGCTGCTGTGGCCCTGACTGTGGAGGA, TCCTTTTCACTACATGGTGTACAAGGATGACTTCAACCACACATACCCCCTG R, Nt fird. HI¥! TLNL AR LY GLP P T LML T GHE DA TCAMOEL oA SAS T TLYALE 18y
188 M C P AAV ALTYVEETLPFHYMYYEKDDTFNHTYPL Mouse Npffrl RTVTNMFILNLAVSDLLVGIFCMPTTLVPNLITGWPFDNATCKMSGLVRGMSVSASVFTLVAIA LTIAV|
631 TACACCTGCTATGAAAACTTTGCCAACCCTCAGATGAGAAAGGTCT TTCTGTTTGCTCACATATACCTGGTGCCCCTCACC s
T A A S A e Zebrafish Npffrl RTVINLFILNLAVSDLLVGVFCIPTTLVPNLITGNPFINTVCKMSGL TLVAIA TIVM]
721 GTCATCACACTGATGTACGGAAGCATCGGAGTCAAACTGTGCTCCTCTGTGGTT 1C Pufferfish Npffrl RTVINLFILNLAVSDLLVGIFCIPTTLVINLITGWPFSKIVCKMSGF TLVAIA haTLL|
241 STy L C 5 8 V V ANRGTQLANTTYV Tilapia Npffrl RTVINLFILNLATSDLLVGIFCIPTTLVPNLITGWPFSNTVCKMSGFWAGVSVSASVFTLVAIA! ATT!
811 CAGGTTGGGGTTAGAAGGGGTGGTCAGCCAATGATA’ AAAAAGATCAAGGTGATAAAGATGCTCATCCTGGTAGCTTTGCTCTTC
271 Q VGV RRGGQPUMISQKEKTIEKVYIEKMNLILYALLSEF Spotted sea bass Npffrl RTVINLFILNLAISDLLVGIFCIPTTLVPNLITGNPRSNTVCKMSGFVRGVSVSASVETLVAIA haTvL|
901 ATGCTGTCCTGGCTGCCACTCTGGACCCTCATGATGATGACGGACTACGCGGGTTTGGACAGGGACCAGCTGGACCTTCTGACCAGCTAC ok s ok . . B Dok ok K ok
31 M L S W LPLWTLMMMTDYAGLDTRDAG QLDTLILTSY
991 GTCTTCCCTTTCGCCCACTGGCTGGCTTTCT TCAACCCGATCATCTACGGCTACTACAACGAGAACTTTAAGAGGGGC T™ 5
331 N S SN S SRS SN E N F K R G Human Npffrl WALALLINCPSAVIL TVF REEHHFMVD-—ARNRSYPLYSCWEAWPEKGMRRVY T T LFSHIYLAPLAL [VVMYARTARKLCQAPGPAPG
1081 T GTGTGCAAGTCCAGGCCCTTCTGCTTCCTCGTTCAGTGCCAGCTGT TGGCCAGAT!
3l F Q AV CKSRPFCFLVYQCOQLVWRGHARTVWGEREKEHR Mouse Npffrl [WALALLIMCPSAVTLTVFREEHHFMLD—ARNRSYPLYSCHEAWPEKGMRKVY TAYLFAHIYLAPLALIVVMYARTARKLCQAPGPARD
B T e Zebrafish Npffrl WVLAVVIMCPSAVTLTVERVEHHYMVRGEDYNHT YPLFSCFENWANPQMRKVYTTYLFARTYLIPLTLITLMYGRIGIKLYTTSVISGN
1261 AATGACAACAAGTTAGCCGACACAGCAGAGGTAAATAGGAATGCAAGGGTGOGCTGCGTGGTCETGCACTCAGAGAGAACTCTTTCAGAT Pufferfish Npffrl WVLAVAIMCPAALALTVEQIPNHY ITYNDDLNHTLPTYSCYENFANPRMTKVYTVWLEVHIYLVPLTVITIMYVSIGVKLCSSVLANRE
422 NDNKLADTAEVNRNARYVGCYVVYHSERTLS Tilapia Npffrl WVLAVAFMCPAAVALTVEKVPYHYMIYNNNFNHSLPLYTCYENFANPRMRKVY TVWLFAHTYLLPLTVISLMY ISTGVKLCSSVFANKE
1351 CGAGGGTTAGAAATGGCAGCTATACATAACAAAGGCAGTAATGGGGAAGAGTCAGATAGGGTTAGTTCACTGGCAGCGTCAGTATATCAG
451 R G L E M AATHENGEKG S ESDRVYSSLAASVYYQ Spotted sea bass Npffrl [[VLAVLIMCPAAVALTVEELPFHYMVYKDDFNHTYPLYTCYENFANPQMRKVY TAYLFAHTYLVPLTVITLUYGSIGVKLCSSVVANRG
1441 GCGTGGGATAACTGA Aok okl sdeRkDRDDRRE kil dirokiiiksk oo ok shkkoekk bk bkl R Dkk ok ko
481 A W D N *
T™ 6 ™7
Human Npffrl GEEA A—-DP VEMLVMVALFFTLSWLPLWALL]LIDYGQLSAPQLHLVTVYFPFAHWLAFFNSSANP]
Mouse Npffrl ABEA VHMLVMVALFFTLSWLPLWVLLY L IDYGELSELQLHLLSVY\FPLAHWLAFFHSSANP)
Zebrafish Npffrl DQHDGGQPHTSPQAPGGQQEGRPLISQRKIHV IKMLSIVALLFTISWLPLWTLM|.LTDYGGLNEDELELLSGYVFPFAHWL
Pufferfish Npffrl PPVA————DGTVEVRVRRGGQPMISRKKLMYIKMLILVALLFMLSWLPLWTLM}MADYAGLDSDQVDLLTS Y FPFAHWLAFANSSINP)
Tilapia Npffrl PHLA————NATVQVGSRRHGHPRVSRKK KV IKMLIVVALLFMLSWLPLWTLM{I TDYADLDGNQLDLLTSJLFPFAHWLAFSNSSVNP|
Spotted sea bass Npffrl TQLA-———NTTVQVGVRRGGQPMISQKKIHYIKMLILVALLEMLSWLPLWTLMYMTDYAGLDRDQLDLLTSYVEPEAHWLAFSNSSVNP)
ki krokk Dkkik Dikkolokk, kDo Rk K, Dok ok ok kloolkk kk ok
Human Npffrl TYGY QAAFRARLCPRPSGSH: KEAYSERPGGLLHRRVFVVVRPSDSGLPSESGPSSGAPRPGR——LPL
Mouse Npffrl 1Y6Y QAAFRAQLCWLPWAAH-————-—] KQAYSERPGRLLRRRVVVDVQPSDSGLPSESGPSSGVPGPNR———LPL
Zebrafish Npffrl TYGYYNENFKRGFQAVCRAHSCCFEG-MTARRGMRRK———— ARGETRDPAVNSNPLNFGARNRVYTDGDLKNSGTCLELEHR
Pufferfish Npffrl TYGYYNENFKRGFQAVCKSRPLCCLLQCHHCERMT HQM———DGTSARNHIDLR KDAEEVK——-
Tilapia Npffrl TYGYYNENFKRGFEAICKSRPFCCLVQSQLWSRIVGHRKKRRSVQAPCEGTVSRE-VVNHNHFVLGLRNRVHNDNKLNDTAEVN—-——
Spotted sea bass Npffrl [LIYGYYNENFKRGFQAVCKSRPFCFLVQCQL QAPCGGT VLGL LADTAEVN—
Folololok sdololok kK k11
Human Npffrl RNGRVAHHGLPRE~————GP———————— GC—SHLPLTIPAWDL
Mouse Npffrl RNGRVAHQDGPRE—————— GP— GC——NHMPLTIPAWNL
Zebrafish Npffrl RTGRLCNNSVCSNE TKGVINQKAF KSPT
Pufferfish Npffrl RHARAA——VRPQRENFDQTIEM-ATLHNKDHHSQDSNRVSSLEASVYKAWEK
Tilapia Npffrl RSARVECAVVHSGRALSDQELEM-TAVNKKSSNEEESEKVSSLAVSPYQVWDN
Spotted sea bass Npffrl RNARVGCVVVHSERTLSDRGLEM-AATHNKGSNGEESDRVSSLAASVYQAWDN
* % . Lk
FIGURE 2 | Sequence analysis of spotted sea basspffrl. (A) Nucleotide and deduced amino acid sequences ofhpffrl in spotted sea bass. The stop codon is
marked by an asterisk; shading represents transmembrane doains. (B) Comparison of the spotted sea bass Npffrl sequences with thee of other species. The
transmembrane domains are boxed.

Functional Characterization of the Spotted highest expression occurred in the telencephalon, hypothasam

Sea Bass NPFF/Npffrs System in Cultured medulla, gonad, and muscle. T mRNA expression in
Eukaryotic Cells the intestines was slightly higher than that in other perigder

We next tested whether the spotted sea bass conserved NPtﬁfshL.'esth Thmf rls MRNA tgxpressmn was drtnef['r? I);.d|str|.buted
peptide can functionally interact with receptors using CR ithin the central nervous tissues compared to that in periher

reporter assays. The conserved NPFF peptide signi cantl erV(_)(;JS tgslsie_stljd_gutrhe 6tB)I The he>|(press_|gg thhr2-1tlwa|s
increased the luciferase activity in cells transfecteti gitotted onsiderably hign In the telencepnalon, midbrain, hypo
sea bass Np riRigure 5A), Np r2-1 ( Figure 58, and Np r2- and medulla, notably in the telencephalon and midbrain, but no

2 (Figure 50 in the CRE promoter assay. In the Nprl in other tissues. The highest expression levelspafl , np r2-1,

transfection experiments, CRE promoter activity was incréaseand hpr2-2 were detected in the midbrain, telencephalon

3fold in the 106 M NPFF group. Moreover, both the and midbrain, respectively. In the stomach and intestine, the
10 7 and 10° M conserved NPFF.peptides irllcreased th expression levels afp rl1 and np r2-2 mRNA were relatively

luciferase activity of CRE to levels seven and eight timesehig iov:h:l:)tbthelr ‘chjtal elxzreszlon levels wlereel n(t)t Ior\:v acg;g din
than that of the control group in the Npr2-2 transfection 0 serve value and agarose gel electrophoresissresu

experiments, respectively. (data not shown).

Distribution of npff and npffr s mMRNA in npff MRNA Cellular Localization in the

Different Spotted Sea Bass Tissues Spotted Sea Bass Brain

Spotted sea basyp and nprs relative mRNA levels were To evaluate the function of spotted sea bass NPFF, based on
detected in various tissues via quantitative real-time RGIRT-  the relativenp mMRNA expression, the cellular localization
PCR). As shown ifrigure 6A, np  mMRNA was widely expressed of np mRNA was further detected in the spotted sea bass
in the CNS and peripheral nervous system (PNS), and thbrain (telencephalon, midbrain, hypothalamus) via situ
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Lietal. NPFF Regulates Sea Bass Feeding

T™ 1
A C Human Npffr2 'TWNVNDTKHI TYVNYYLHQPQVAAFTISYFLIFFLCMMGNTVVCF IVHRNKHMHTVTN
Cow Npffr2 ENW-——HYIWN-NATTHDLYSDINITYVNYYLHQPQVAAF T ISYFLIFFLCMVGNTVVCFIVHRNKHMHTVTN
1 ATCTAAT CATT TCCCTTCCAATTTCTCAAGATT Mouse Npffr2 11 NITYVNYYLHQPQVAAWFISSYLLIFVLCMVGNTVVCFIVERNRHMHTVTN
1 MDQNLTIPNTTFEGLTIPSNEFSRLGAQENTPVYTH.RQ Z?bxaf’ish Npffr2 MAVTLLDLNSTGSPPLYSPLENGQNISVN-RSTFRPNYYTNITYVDFYLHEPFVSAJFIVSYLLIF IVCMMGNGVVCFIVERSKNMRTVTN
91 AAGATCAGCTACGTGGATTTCTACCTTCA CTeTT CTGTTAATCT 16 Tilapia Npffr2 ——————MNEGLENNLTQLN-——DNWTFYNSSLESVIPRSNITYVGFYLHQPSTAAJF IVSYLLIFLVCMVGNGVVCFIV|RSKNMRTVIN
3 NI TYVDFGTYLEHEKTPSTVAAY FTVSYLLTIFLYLCHM Pufferfish Npffr2 MRIAPSMVLHLSPIQSRTMNLTVNGTLVGNPSTQQNITYVDFYLHKPPVAAWFTISYLLIFLVCMVGNGVVCFIVRSKNMRTVIN
181 TGGTGTGTTTCA' TTAT TCAGT Spotted sea bass Npffr2-1 -MDQNLIPNTTFEGLIPSNFSR——-LQENPVTHQNITYVDFYLHKPSVAAWFTVSYLLIFLVCMVGNGVVCFIVLRSKNMRTVTN
61 ¥V6e6NGVVCEIVYLRSIKNMMRTVTNLETILNLATIS Spotted sea bass Npffr2-2 MNEGLGNNLTQLY-~~DNWTFYNSSVEPVIPRNNITYVGFYLHQPSTAAJFIVSYLL IFLVCMVGNGVVCFIVLRSKNMRTVTN
271 TGGCATCTTTTGCA’ \TCATA: 'TGGCCATTTGGTAGCGTAGTGTGTAAGCTA R R I b L T A ]
99 DLLV GIFCMPTTLVDNTITITGWPTFSGSVVCKIL ™2 ™3
T‘:: "‘;""Z'“‘;""‘;"‘:’“’;"“;“'; eToAes S“"‘I"‘F SreTasTes 1‘*“‘:“3”3”;"‘;“";”“C"‘“;“'"l“c“;‘ Human Npffr2 CFTLNLATSDLLVGIFCHP TTLLPNI IAGWPFGNTMCKISGLQCTSVARSVFTLVATAVp——————— —RFQCVVYPFKPKLTIK
51T TCATTGTCATCATA TGGGGTC Cow Npffr2 FILNLAISDLLVGIFCMPITLLPNII, KI: TLVAL VIYPFKPKLTIK
Bl FKQEKLTIATS K DS oA e e s ey Mouse Npffr2 [FFILNLATSDLLVGTFCMPTTLLENI TAGWPFGSSHCKISGLYQGTSVAASVFTLVATAVp-———-—-=m-] RFRCVVYPFKPKLTVK
541 TAGT ACAACA, TTGG Zebrafish Npffr2 JLFTLNLATSDLLVGIFCMPTTLVPNI ITGWPFGSLVCKL TLVAL VYPFKQKLTIS
188 M L @ VT KEQTVRTIVLSGRNNNTLTPFYWCRENHVW Tilapia Npffr2 JLFILNLAVSDLLVGIFCMPTTLLINI ITGWPFGSL TLVAL FRCIVYPFKQKLTIS
631 CCCA AA, TCGCCAACATTTACCTCGC' TATTGTCATCATGTACGCC Pufferfish Npffr2 LFILNLAISDLLVGIFCMPTTLVPNIT K] TLVAIAVPRFYAFTHVFHPFCARFRCIVYPFKQKLTIA
211 P N Q@ E M R K DENETTTIVIL TR CATN CLEVIL TA TR LTS UL LV LM Y A Spotted sea bass Npffr2-1 [LFILNLATSDLLVGIFCMPTTLVPNIITGWPFGSVV( M TLVAL TVYPFKQKLTIA
721 CGCATTGECTTCACCCTCTCCAAG: ATTCCTTCOA ACAACAAATCE Spotted sea bass Npffr2-2 NI TTGWPFGSLVCKMSGMYQGISVSASVFTLVATAVp————————————1 RFRCIVYPFKQKLTIS
240 R 1 6 FTLSKTTTIPSMRGSGV G6GSEET® GIGNNEKS [ ——
811 T TAACG! TCATCTTGTCCT 8 3 5 i 1k :
271 S TEGRHETISKKEKAR I LIV ALILTR LS ™4 ™S
901 cT TGATGC TCGCGTCATTAAC TCCCTTA Human Npffr2 TAFTIMTTWVLATTINSPSAVHLHVREEKYYRVRLNSQNKTSPVYWCREDWPNQEMRK[TYTTVLFANT YLAPLSL IVINYGR] GISLFRA
zg: DEENENENSRENIEM L S D Y A S LTEHNGQYRYINTY (S Cow Npffr2 TARYTIMITWVLATATMSPSAVML TSPYYWCI [YTTVLEANIYLAPLSLIVIMYGRJGISLFKR
T66CCTTTT TCATCTACGGGTTCT .
o S RS RN, £ x F R R ¢ P o A A Mouse Npffr2 TAFYTIVITWGLATATMTPSATHLHVREEKYYRVRLSSHNKTSTVYWCREDWPRHEMRRJLYTTVLFATIYLAPLSLIVIMYAR JGASLFKT
1081 TTCAAGT Zebrafish Npffr2 TSTLITTIIWVLAISIMCPSGVMLQVKEHRVS TLLSDGNTTQPFYWCRENWPNQEMRKJIYTTVLFANTYLAPLTLIVIMYARGITLFKT
31 FKFQLCSADIERQKTYSHRIRGNAVLPYVGQP Tilapia Npffr2 TAT|.IIVITWVLATS IMCPSGVMLQVFKEQTIRVLLGYDNKTIPFYWCRENWPNQDMRKJIYTTVLFANT YLAPLSLIVIMYARGITLFKT
LT GLT0CTCICAGEABATCORUOTCR0CAGTOGEATCAR BGTTAGTGGUGAA TGACTEGT Pufferfish Npffr2 NSHLTIVITWVLAVFIMCPSGVMLQVFKEQMVRIT YWC YTTVLFTNIYLAPLSLIVIMYARGFTLSKS
39 A AL SRSGSAVGSALYGNGEKTCSTCQEGS®GCLTR »
1951, KCRNCTEATERGAN TG Spotted sea bass Npffr2-1  TSHLIIVITWVLAVSIMCPSGVML 'VRIVLGRNNNTLPFYW YTTVLFANIYLAPLSLIVIMYARJGFTLSKT
B OBE S Y NBOT LELEGLEEY G D# Spotted sea bass Npffr2-2  TATLLIVIIWLAVSINCPSGVMQVFKEQSIRVLLGYDNKTNPFYWCRENWPNQEMRKILYTTVLEANIYVI APLSLIVIMYARKGITLFKT
Ton okowdok ok Rk ok, dokik Dk oLk, elololkoiok T Dok Diokiololok T ololiolok jekdololok, ook 1k 1
B ™, ™7
Humen Npffr2 AVPHTGRKN-———————— QEQVHVVSRKKQHTTRMLLIVALLF ILSWLPLWILMJLSDYADLSPNELQI INI Yf YPFAHVLAFGNS
1 CALTEANGONCHICGGANCAAGT o T = Cow Npffr2 KVPHTGKQN REQVHVVSKKKQHI TKMLLTVALLFILSWLPLWTLMJLSDYVDLSANELQVINI Y§ YPFAHWLAFCNS
I MNEGLGNNLTOLYDNVYTFYNSSVYEPVIPRN Mouse Npffr2 AAHCTGKQR—~=====~—- PVQUHVS-KKKQHV TKMLLTVALLF TLSWLPLWTLMJLSDY TDLSPNKLRI INI V| YPFAHWLAFCNS
91 AACATCACCTATGTTGGATTTTACCTGCA TCATCGTGTCCTACCTGCTGATCTTCCTGGTGTGCATG Zebrafish Npffr2 SHPAPVSQVGTSGSGSGSGKQCRYESRQLVSRKKKRVIKMLLVVALLFILSWLPLVALMYLSDYASLSERQHRVINT Y YPLAHWLAFCNS|
?;1 e S I LB AP S AL —— [AF LY, N Tilapia Npffr2 AVPTGGKPG————-——————- HENRHTVSKKKQHY IKMLLIVALLFILSWLPLWTLMYLSDYARL TEQQYRT INI Y[ YPFAHVLAFFNS|
TTCA TACCAACTTGTTCA ; p
o DR . R s x v u R TV 1y AT Pufferfish Npffr2 TAPFARGSGNASQEGYSNHK-STGEGRHTTSRKKTHY IVMLYVVALLF ILSWLPLWTLMJLSDYASLTEHQHRVINI Y} YPFAHWLAFFNS
211 TGGGATTTTCTGTATGCCTACAACACTACTTGACAACATAATTACAGGATGGCCTTT AGATG Spotted sea bass Npffr2-1  TIPSMRGSGVGSEEGIGNNK-SSTEGRHTISKKKARVITMLLVVALLFILSWLPLWTLMILSDYASLTEHQYRVINT Y YPLARWLAFFNS
99 DLLVY GIFCMPTTLLDNTITITGWPTFGSTLVCEKHM Spotted sea bass Npffr2-2  AVPTGGKPG———-———-—————-] -HDSRHTVSKKKQH L DYASLTEQQYRT INIVILYPFAHWLAFENS|
361 AGCGGCATGGTTCAAGGGATCTCCGTGTCGGCATCCGTCT TTGCTGTTGACAGATTCAGATGCATTGTCTATCCA PR #5.0 -
121SCMVQCISVSASVFTLVAIAVDRFRCIV‘{P .
451 TTCAAGCAAA T CCTTGATAATCGTCATTATCTGGGT TCATG’ Human Npffr2 et QLC KAKSHVLINTSN— QLVQESTFQNPHGE! LYRKSA
:} LR b ‘CiAT I o L/ Cow Npffr2 VNPT ALO! YTLRAKNTVVINTSH-—————-LSAQESTVKNPHEET -~~~ VLCRISA
TCGGGTGTTGTTCCGCT TITATTGE
lSlMLQVTKEQS!RVLLL-YDNKTNPFYWLRENW Monks| NpEEr2 g b RAKRNIVINT, Al - SOGRSA
631 TCTGTTTGCAAATATCTACCTTGCTCCTCTTTCCCTCATTGTGATCATGTATGCC Zebratish Npffr2 VNPT QLCSGHSGNRRTYSHRLAGNAVLPANLPLTKQTALETGAPRPGAGLIQGLVSVSNGKGLGERSQSSG
21 PN QB MR K 1 YT TV L P AN T Y LAPLS LIV A Tilapia Npffr2 VNPT CTADGQRRKTYSHRLQGNSVLPANN-———AQTCLEPTSLNSLEK-———
721 CGGATTGGCATTACACTTT Pufferfish Npffr2 INPT CSSNSERKLAYSLRI] Q
ML RIGLILEXTAVELGSEFCRDSENTYS KEEES Spotted sea bass Npffr2-1 [SVNPL CSADIERQKTYSHRTRGNAVLPVQP———AALSRSGSAVGSALVG———NGK——CSCQEGG
811 AGGGTGATTAAAATGCTTCTAATAGTTGCTCTGCTTTTCATCCTT' \TGT" ATGCC
ok AR RN . s o v A Spotted sea bass Npffr2-2  [SUNPIIJ CTADGQRRKTYSHRLQGNSVL AQTSLEPISLNSLDK NTSRRLN
901 ICAGAATCATCA! TTACATTTACCCCTT \GCCTTCT TTAACCCC kbbb, k¥, ok BRI : . .
300 S L TEQQYRTITINTIYILYPEFAHR¥W¥LAEFENSSVNEP Human Npffr2 ————EKPQQELVMEELKETTNSSEI-
991 ATCATCTATGGTTTCTTCAATGAGAATT TCAAGT Cow Npffr2 — EKPLQELMMEELGETTSSNEM————
331I]YGFFNENFRRGFQAVFKFSLCTADGQRR
BLAMACATICTC00 o i Youse Nptr2 DNPTQESLIEEMGEATNSTVA
3 KT Y SHRLGQGNSVLPANNAQTSLEPTISLNS.L Zebrafish Npffr2 ~KENMKEQDLIMEDLEKVMYDL——
1171 GATAAGAACACTTCCAGGCGTCTCAACE CAGGACTTGGTC! 6G666T Tilapia Npffr2 ———HVTEQDLVMEDLEKASCSSGGVTAVST
391 DKNTSRRLNEHYTEG® QDLVMETDTLTETE KA ASTCSSGCGC Pufferfish Npffrz =~ ———1 FRKEQGLILEELEKVSSI——————
z?‘ G:GA?GEAG:GI?A?T Spotted sea bass Npffr2-1 ~ CLTRRSDVNEQDLIMEDLEKVSQI——
Spotted sea bass Npffr2-1 ~—— HVTEQDLVMEDLEKASCSSGGVTAVST
L
FIGURE 3 | Sequence analysis of spotted sea basspffr2-1 and npffr2-2. (A,B) Nucleotide and deduced amino acid sequences ohpffr2-1 and npffr2-2 in spotted
sea bass. The stop codon is marked by an asterisk; the transmmbrane domains are represented by shading(C) Comparison of the spotted sea bass Npffr2-1 and
Npffr2-2 sequences with those of different vertebrates. Té conserved transmembrane domains of all species are boxed.

hybridization (ISH). Abbreviations for the telencephalon,diusus lobi inferioris (NDLI) and the nucleus ventromedial
hypothalamus, and midbrain region denominations are lisied thalami (NVM) in the midbrain.np mRNA-containing cells
Table 2 The schematic illustration ifigure 7Awas to show the were concentrated in the OTec, NAT and NLT but scattered in
positions of the slides whenep mMRNA was detected within the NDLI, which was related to the structures of the midbrain
the brain. As shown inFigure 7B, no signals were found in and hypothalamus containing high-density cells.
the telencephalon, midbrain or hypothalamus using a sense
probe. The results of ISH were generally consistent witheéhos L . .
of the quantitative analysis. In briechp mMRNA was widely NPFF in vitro Action on Genes Associated
distributed in the telencephalon, midbrain and hypothalamusWith Feeding in Spotted Sea Bass
of adult spotted sea bass. The hybridization signals obdervén vitro Functional Analysis of the Conserved NPFF
in the telencephalon were higher than those in other sectiongeptide on the Expression of orx, npy, lep, ss and cck
Cells expressedip at the highest levels in the ventralis in Spotted Sea Bass Brain Cells
telencephali pars supracommissuralis and pars ventralis (Vs arnit further evaluate the e ect of conserved NPFF peptide on
W) (Figure 70). The cells of the dorsalis telencephali lateralispotted sea bass feeding regulation, static incubation aihbr
ventralis (DIv), pars lateralis dorsal (DId), pars dorsdlid), pars  cells, intestine and stomach was performed.
medialis (Dm), and pars dorsalis (Vd) exhibited high mMRNA As shown inFigure 8 the expression obrx was obviously
expressionKigure 70). increased after incubation for 1 h and 3R € 0.05), and both

In Figure 7C a noticeable number afp  mRNA-expressing exhibited the highest levels in the 1M group (Figure 8A).
cells were detected in the optic tectum (OTec), nucleus @nter 10 ® M conserved NPFF peptide could signi cantly heightesy
tuberis (NAT) and lateral tuberis (NLT), followed by the neas  mRNA expression (R 0.05) at 3 h post incubatiorF{gure 8B)
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FIGURE 4 | Phylogenetic analysis of thgA) Npff and (B) Npffrs sequences of z g ¢
spotted sea bass. The phylogenetic tree was constructed by NEGA 6 ° "
software using the neighbor-joining (NJ) method with 1000 dotstrap : 6
replicates. The number shown at each branch indicates the batstrap value %
(%). Npff and its receptors are marked usingN). The accession numbers of all E ST b
NPFF amino acid sequences used for phylogenetic analysis @Human ) “r
(AAI04235.1), Mouse (AAD39829.1), Rat (NP_072108.1), Pig 2 3r
(XP_003126243.1), Cow (AAD39827.1), Chicken (XP_0151558.1), E 2r a
Zebra sh (BAF34891.1), Medaka (XP_004068716.1), Nile titia or - ] . .
(XP_003451891.1), Large yellow croaker (XP_010754783,1furopean sea 0
bass (CBN80856.1), Rainbow trout (XP_021426188.1), Commuocarp control 10°M 10" M 1M
(XP_018967873.1), Spotted green puffer sh (BAF34885.1),drafugu
(NP_001092116.1), Macaca (XP_005571091.1), Olive baboon FIGURE 5 | Functional interaction between the conserved NPFF peptidand
(XP_021778155.1) and Amphioxus (AB863739); those of the NFFR1 amino Npffrs. Induction of CRE-driven luciferase activities by NFF in 293T cells
acid sequences are Human (NP_071429.1), Mouse (NP_00117@2.1), Cow transfected with Npffr1(A), Npffr2-1 (B), and Npffr2-2 (C). The results are
(XP_027386149.1), Zebra sh (NP_001082858.1), Tilapia (XP19220720.1), presented as the mean value S.E.M. from three independent experiments,
Ocellate puffer sh (NP_001092117.1), Spotted gar (XP_01521730.1), each conducted in triplicate, and are expressed as the ratiof the increase in
Coelacanth (XP_005991458.1), Silurana (XP_004915843,19igeon luciferase activity relative to that of the control.
(XP_021139217.1), Budgerigars (KQK76167.1); and those dhe NPFFR2
amino acid sequences were Human (NP_444264.1), Mouse (NP73455.2),
g(asbgz(fs';—z‘;ng)sz-l?' ((3;;” 8;22282328118351)); 565’82452‘32 . Spotied group at all tested timed={gure 8B). These results indicated that
a .1), Tilapia (XP_ .1 an a .1), Spotte s
gar (XP_ 015194438.1), Puffer sh (NP_001092119.1), Xenopu all tested genes were sensitive to the treatment of the coeder
(XP_002940397.1), Lizard (XP_008110384.1), Zebra nch (XR02187367.2), NPFF peptide.
Budgerigar (XP_005150597.1), Pigeon (XP_005504341.1)mphioxus
PQRFa-R1 (AB863740) and Amphioxus PQRFa-R2 (AB863741). In vitro Effects of the Spotted Sea Bass Conserved

NPFF Peptide on gas, ghrl, mtl, and cck mRNA

Expression in the Intestine

and lower the levels diep and ssmRNA (P < 0.05) in both The gas ghrl, and mtl mRNA expression Kigures 9A-Q
tested doses at 6 lrigures 8C D), respectively. The expression levels were obviously dose- or time-dependently increaded af
of cckmRNA was sini cantly decrease@& 0.01)inthe 106M  conserved NPFF peptide incubation. Brie y, as time progressed
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FIGURE 6 | Relative expression levels of th€A) npff, (B) npffrl, npffr2-1 and npffr2-2 genes in different tissues of spotted sea bass. In this studyhe brain regions
were divided into the telencephalon, hypothalamus, ceredim, midbrain, medulla, and pituitary. The expression lels of the four genes were quanti ed by qRT-PCR
and normalized by18S rRNA. All data are presented as the mean S.E.M. (D 3).
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TABLE 2 | Abbreviations for the telencephalon, hypothalamus, and rdbrain

region denominations in spotted sea bass.

Abbreviation Full name

Dc Area dorsalis telencephali pars centralis
Dd Area dorsalis telencephali pars dorsalis
Did Dorso-lateral zone of dorsal telencephalon
DIv Latero-lateral zone of dorsal telencephalon
Dm Area dorsalis telencephali pars medialis
NAPV Nucleus anterioris periuentricularis

NAT Nucleus anterior tuberis

NDLI Nucleus diffusus lobi inferioris

NG Nucleus glomerulosus

NLT Nucleus lateral tuberis

Npo Nucleus preopticus

NPPV Nucleus ventral periventricular pretectal
NVM Nucleus ventromedialis thalami

OTec Optic tectum

T Longitudinal tori

vd Area ventralis telencephali pars dorsalis
Vs Area ventralis telencephali pars supracommissuralis
Vv Area ventralis telencephali pars ventralis

The ghrl mRNA expression level$(< 0.05) were signi cantly
increased at the longest tested incubation tinfég(re 108

at both of the tested concentrations relative to those inirthe
control groups. Similarlycckwas also obviously expressed at a
lower level than that in the control group after 6 h of inculwat
with 10 7 M and 10 8 M conserved NPFF peptidé(< 0.05)
(Figure 10D). There were no signi cant di erences in the rest of
the experiments.

DISCUSSION

Increasing evidence has shown that the NPFF peptide can
inhibit the appetites of rodents and agnathans by acting on
the hypothalamic nucleus3¢, 35, 55, 56). Nevertheless, studies
on NPFF have merely involved molecular cloning and tissue
expression in a few basal vertebrate§ ¢8). The main purpose
of this study was to initially to determine the role of the NIPF
peptide in spotted sea bass feeding regulation.

The np gene and threap r s genes from spotted sea bass
were cloned and characterized. The full-length sequencg of
is 384 bp, encoding a predicted protein of 127 amino acids
with only one putative mature NPFF peptide. The similarity
of the NPFF precursor amino acid sequence between spotted
sea bass and humans was only 45%, but higher homologies

two tested doses conserved NPFF peptides signi cantly isecta (73-89%) were observed in comparison to several other bony

the gas, ghrland mtl

in cck (P < 0.01)

dosesFigure 9D).

In vitro Effects of the Spotted Sea Bass Conserved

MRNA

NPFF Peptide on gas, ghrl, mtl, and cck mRNA
Expression in the Stomach
Incubation of conserved NPFF peptide signi cantly enhandes t

expression levels @fasand mtl (Figures 10A,G (P < 0.05) in

levels P < 0.01). but had no
signi cant variation at 1h. In contrast, signi cant decrses

sh, such as European seabass, medaka, Nile tilapia, and large
yellow croaker. This nding is consistent with the results of

NRNA levels were observed at 3hhe phylogenetic analysis. However, the putative mature peptide
and there were no signicant dierences between the two,

sequences were highly conserved in vertebrates, implying a
conserved function during evolution. On the other hand, the
obtained NPFF receptor sequences were all GPCRs sharing
conserved seven transmembrane domains. Previous studies ha
identi ed and characterized the twtNPFFR in humans and

rats (L3); however, onep rl gene and twap r2 genes were
found in the spotted sea bass, which may be the result of a
teleost-speci ¢ genome duplication evefitA-59). Phylogenetic

stomach fragments at 3 h, but this e ect disappeared thereafteanalysis showed that Nprs are clustered into two separate
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FIGURE 7 | Localization ofnpff mMRNA-expressing cells in the spotted sea bass brain(A) Schematic illustrations indicating the positions of the cmnal drawings and
brain slides selected for(B) and (C). (B) Sense probe results ofin situ hybridization within the telencephalon, hypothalamus anchidbrain regions of spotted sea bass.
Scale barsD 200 mm. (C) Antisense riboprobes results at the same positions as thosehown in (B). The brain region nomenclature is marked in the micrographro
the left side, and the black dots represent the position ofipff. On the right side, the distribution ofnpff mMRNA-expressing cells in different regions of the brain is
represented by blue dots. Scale barsD 50 nm.

clades (NPFFR1 and NPFFR2). Based on the above evidenceSince the C-terminal plays an important role for the
the four sequences we obtained were the spotted seanpass binding and activation of their receptors6(), conserved
andnprs. peptide of NPFF were synthesized. To test the binding
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FIGURE 8 | Effect of conserved NPFF peptide incubation on spotted sea #&ss orx (A), npy (B), lep (C), ss (D), and cck (E) mRNA expression in brain cells. Fold
changes in the mRNA expression levels were studied in batcim¢ubations in which three groups of brain cells were incubad for 1, 3, and 6 h in different
concentrations (10 6and10 7 M) of NPFF relative to the mRNA expression in the normal incabion group without NPFF peptide treatment. The results are
presented as the mean SEM ( D 3). Signi cant differences P < 0.05) are noted by different letters in each concentration@mpared to the control. gRT-PCR was
used to quantify the mRNA expression levels and normalizedgainst 18S rRNA.

activity of the conserved NPFF peptide to the three receptorsgports have claried that NPFFR1 (GPR147) and NPFFR2
a cell line luciferase assay was performed, revealing th@BPR74) can be both bind by the GnlH and NPFF in
the synthetic spotted sea bass conserved NPFF peptideman, although NPFF preferentially activates NPFFRD, (
was capable of activating Nprs to trigger downstreamwhich is also consistent with our results. Thus, spotted sea
postreceptor events. It is worth noting that the binding agili bass NPFF can exert physiological functions via Nprs in
of NPFF to Npr2-2 was twice that of Nprl. Previous dierenttissues.
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FIGURE 9 | Effect of conserved NPFF peptide incubation on spotted sea#ss gas (A), ghrl (B), mtl (C), and cck (D) mRNA expression in the intestine. The results are
presented as the mean SEM ( D 3) and normalized by18S rRNA. Signi cant differences P < 0.05) are noted by different letters over each concentratio
compared to the control.

Tissue distribution analysis showed that spotted seajass the localization of cells expressimp mMRNA have thus far
mMRNA was widely expressed in all tested tissues, with the kighebeen determined in only adult zebra sh and embryas5)
expression observed in the telencephalon, hypothalamus, arPQRFexpressing neurons were found in the olfactory bulb
medulla in the CNS and in gonad and muscle in the peripheraind nucleus olfactoretinalis in the telencephalon but wérseat
tissues. However, in rats, the highest levehpf mRNA was in the hypothalamus, brain stem and spinal cord. However, in
found in the spinal cord, pituitary and hypothalamu§Z 63), our study, although the strongest signal was observed iitdomn
while the highest level in humans was observed in the medullareas of the telencephalon, such as the Vs and W, spotted
and spinal cord §4). Dierent expression patterns indicate sea bassp mMRNA was abundantly expressed in some areas
variation in brain function among species. The highest levelof the hypothalamus, including the NDLI which is related to
of np receptor mRNA in spotted sea bass were mainly in theeproduction regulation §6), and the NAT, NLT, and NVM,
CNS, including the telencephalon, hypothalamus, cerebellumvhich are related to feeding regulatiof4-69). The di erential
midbrain and medulla. These results were similar to thdocalization of these genes between mammals and teleosts
observations in mammals.@). In addition, in the present study, indicates di erential gene functions. According to our retsyl
the expression level op r1 was high in the intestine, and that of both np and its receptors were located in the hypothalamus,
np r2-2 was high in the stomach. Taking the binding assay resultsdicating a direct action of NPFF on hypothalamic neurons to
together, both GnlH and NPFF were able to act on the food iatak regulate food intake7().
via NPFFRs in di erent organ with preference variations. Several studies have examined the biological functions of

The cellular localization oNPFFin humans and rats was NPFF (PQRFa) in sh and basal vertebrates. In dwarf gourami
detected in many regions of the CNS. For example, huma(Colisa lalig, NPFF can inhibit the pacemaker activity ®N-
NPFF mRNA was localized in the brain and spinal cord GnRH neurons @7). Several studies have suggested that NPFF
(2). In rats (65, NPFF mRNA is highly expressed in the may play multiple roles in the reproductive cycle of grass pu ers
hypothalamic paraventricular nucleus (PVN), an autonomic(32). There is also evidence that PQRFamide peptides may act
nucleus critical for the secretion of neurohormones and theas neuroregulators of at least the lamprey GnRH-II system
regulation of sympathetic out ow. Unlike in humans and rats, in adult female lamprey 71). However, NPFF has not been
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FIGURE 10 | Effect of conserved NPFF peptide incubation on spotted sea &ss gas (A), ghrl (B), mtl (C), and cck (D) mMRNA expression in the stomach. The results
are presented as the mean SEM ( D 3). Signi cant differences P < 0.05) are noted by different letters in each concentration@mpared to the control.

reported to be involved in the regulation of sh feeding. For conserved NPFF peptide signi cantly increased the expression
this purpose, primary brain cell culturing and static inculmatti  levels oforx, npy, gas ghrl, and mtl mRNA in brain cells

in stomach and intestinal tissues were employed to assess taed gastrointestinal tissues, whlkp ss,and cckwere reduced
expression of feeding-related genes, includmy, npy, leg by peptide treatment at di erent concentrations and times.
ss gas ghrl, mtl and cck after the conserved NPFF peptidelt was proven thatnpy, orx and lep are potent orexigenic
stimulation. In rats, i.c.v of NPFF to the thalamic nucleed ko and obese factors in sh7{, 75, while cckand ssproduced

the apparent phenomenon of reduced food intak)( NPFF  primarily in the brain and gastrointestinal tract act as sitie
exerted dual actions in the parabrachial nucleus to modulatsignals to reduce food intake’€, 77), and gas ghrl and mtl
food intake in rats 86). In addition, lacking ofNPFFR2may play important roles in promoting gastrointestinal motilityned
lead to reduced adiposity and decreased food intake in botpastric acid secretiorvg 79). Accordingly, the spotted sea bass
male and female mice but especially in mal&g.(The heritable NPFF peptide may act in both central and peripheral tissues to
variability of NPFFR2is closely associated with an enhancedncrease food intake and play a negative role in lipid metabolism
obesity risk; therefore, NPFFR2 plays a key role in obesignd obesity regulation by binding to Nprs. Furthermore,
predisposition {2). In contrast to rodents, human NPFF was these data indicate that the NPFF peptide may display marked
found to inhibit catecholamine-induced lipolysis in humart fa di erences amongst species in its ability to regulate feeding
cells via NPFFR2 activatio (). The GnlH (RFRP-3), a paralog and lipolysis.

of NPFF, signi cantly stimulated food intake in chicldg 39). In summary, we cloned and identi ed thep and nprs
While, it simultaneously decreasd@omcand increased\Npy cDNAs from spotted sea bass and, for the rst time, functidyal
MRNA levels in female jerboas via NPFFR1 (GPR14T). ( characterized the NPFF/Npr system in a sh species in
When energy availability is limited, RFRP-3 can coordinat thterms of sequence analysis, expression patterns, ligangtoece
process of feeding and sexual behavior with ovarian steroidateractions,in situ hybridization andin vitro physiological

in Syrian hamsters Mesocricetus auratjsand other species e ects. Altogether, our data provide the rst functional eeidce
(73). Accordingly, NPFFR1 and NPFFR2 were able to mediatihat the NPFF peptide may play a stimulating role in feeding
the e ect of both GnlH and NPFF in feeding regulation and regulation in spotted sea bass. Our ndings will lead to a d&ett
energy metabolism. In the present study, the conserved NPRIhderstanding of the NPFF/NPFFR system in the regulation of
peptide exerted an e ect opposite of that observed in rats. Théeeding processes in vertebrates.
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