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Abstract

Freshwater snails of the genus Biomphalaria serve as intermediate hosts for the

digenetic trematode Schistosoma mansoni, the etiological agent for the most wide-

spread form of intestinal schistosomiasis. As neuropeptide signaling in host snails can

be altered by trematode infection, a neural transcriptomics approach was undertaken

to identify peptide precursors in Biomphalaria glabrata, the major intermediate host

for S. mansoni in the Western Hemisphere. Three transcripts that encode peptides

belonging to the FMRF-NH2-related peptide (FaRP) family were identified in

B. glabrata. One transcript encoded a precursor polypeptide (Bgl-FaRP1; 292 amino

acids) that included eight copies of the tetrapeptide FMRF-NH2 and single copies of

FIRF-NH2, FLRF-NH2, and pQFYRI-NH2. The second transcript encoded a precursor

(Bgl-FaRP2; 347 amino acids) that comprised 14 copies of the heptapeptide

GDPFLRF-NH2 and 1 copy of SKPYMRF-NH2. The precursor encoded by the third

transcript (Bgl-FaRP3; 287 amino acids) recapitulated Bgl-FaRP2 but lacked the full

SKPYMRF-NH2 peptide. The three precursors shared a common signal peptide,

suggesting a genomic organization described previously in gastropods. Immunohisto-

chemical studies were performed on the nervous systems of B. glabrata and

B. alexandrina, a major intermediate host for S. mansoni in Egypt. FMRF-NH2-like

immunoreactive (FMRF-NH2-li) neurons were located in regions of the central ner-

vous system associated with reproduction, feeding, and cardiorespiration. Antisera

raised against non-FMRF-NH2 peptides present in the tetrapeptide and heptapeptide

precursors labeled independent subsets of the FMRF-NH2-li neurons. This study sup-

ports the participation of FMRF-NH2-related neuropeptides in the regulation of vital

physiological and behavioral systems that are altered by parasitism in Biomphalaria.
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1 | INTRODUCTION

Schistosomiasis is a debilitating parasitic disease that impacts over

200 million people worldwide (World Health Organization [WHO]

Global Health Observatory Data 2020). Globally, the most widespread

form of human intestinal schistosomiasis is caused by the digenetic

trematode Schistosoma mansoni. The complex life cycle of S. mansoni

includes an obligatory intermediate snail host of the genus

Biomphalaria (Class: Gastropoda; Family: Planorbidae; Maldonado &

Perkins, 1967; Rollinson & Chappell, 2002; Toledo & Fried, 2011).

Schistosome parasites can promote their own survival, reproduc-

tion, and growth by altering neuropeptide signaling in their intermedi-

ate hosts (de Jong-Brink, 1995; de Jong-Brink et al., 2001; Hoek

et al., 2005). One such neuropeptide, FMRF-NH2, initially identified in

the clam Macrocallista nimbosa (Price & Greenberg, 1977, 1989), has

been intensively studied in gastropods (Cottrell, 1993; Santama &

Benjamin, 2000; Zatylny-Gaudin & Favrel, 2014). FMRF-NH2-related

peptides (FaRPs) modulate neural activity and synaptic transmission

within gastropod central nervous systems (Baux et al., 1992; Brezina

et al., 1987; Cottrell et al., 1992; Mackey et al., 1987; Man-Song-Hing

et al., 1989). Peripheral functions include regulation of muscle

contraction (Austin et al., 1983; Cottrell et al., 1983; Lehman &

Greenberg, 1987) and cardioregulation (Alevizos et al., 1989; Buckett,

Peters, & Benjamin, 1990; Buckett, Peters, Dockray, et al., 1990;

Brezden et al., 1991). Central neurons that express FaRPs participate

in the control of reproductive behaviors (Acker et al., 2019; Brussaard

et al., 1988; van Golen et al., 1995) and feeding (Alania et al., 2004;

Lloyd et al., 1987; Murphy, 1990; Vilim et al., 2010).

Due to the pleiotropic functions of the FaRPs in gastropods, this

neuropeptide family is considered a potential target for schistosome

larvae (de Jong-Brink, 1995; de Jong-Brink et al., 2001). In the host–

parasite interaction between the pulmonate snail Lymnaea stagnalis

and the avian schistosome Trichobilharzia ocellata, significant

increases in FMRF-NH2 gene expression were measured across the

postinfection chronology (Hoek et al., 1997). The early onset of this

increase (>300% at 5 h) was proposed to support a direct effect of

parasitism on the host brain. Later increases (6 and 8 weeks post-

infection) could contribute to the schistosome survival strategy dur-

ing the shedding stage of infection, when host energy resources are

redirected toward the large numbers of cercariae inhabiting the

snail. Increased levels of FMRF-NH2 were also detected in

Biomphalaria glabrata at 12 days postinfection with S. mansoni

(Wang et al., 2017).

The pivotal role of FaRPs in the regulation of physiological and

behavioral systems in gastropods, coupled with findings that schisto-

some infection can alter host FMRF-NH2 gene expression, stimulated

the present characterization of FaRP encoding transcripts and precur-

sor organization in B. glabrata. Antisera generated against the

deduced peptide products were also used to localize expression of

this neuropeptide family in the central nervous system circuits con-

trolling physiological and behavioral functions that are impacted by

parasitism.

2 | MATERIALS AND METHODS

2.1 | Specimens

Experiments on B. glabrata were performed at the University of Puerto

Rico. The investigation was conducted on laboratory-bred snails that

were maintained in aquaria at room temperature and fed lettuce ad lib.

All protocols were approved by the Institutional Animal Care and Use

Committee (IACUC) of the University of Puerto Rico Medical Sciences

Campus (Protocol #3220110). Experiments on B. alexandrina were

conducted at the National Institute of Parasitic Diseases, Chinese Cen-

ter for Disease Control and Prevention, Shanghai, People's Republic of

China on specimens collected from watercourses in Giza, Egypt. Snails

of both species ranged from 8 to 15 mm in shell diameter.

2.2 | Transcriptomics

RNA was extracted from 12 pooled B. glabrata central nervous sys-

tems. Synthesis of cDNA was performed and RNAseq reads (Illumina

HiSeq 2500) were generated by the Research Technology Support

Facility of Michigan State University. Reads were assembled and

annotated using the Eel Pond mRNAseq Protocol (https://

khmerprotocols.readthedocs.org/en/v0.8.4/mrnaseq/). The assembly

protocol involved clipping of Illumina adaptors by Trimmomatic

(Bolger et al., 2014) and quality trimming of sequencing reads by

FASTX-Toolkit (http://hannonlab.cshl.edu/fastx_toolkit). Additional

k-mer-based trimming of erroneous sequences and digital normaliza-

tion to minimize redundant sequences were done using Khmer soft-

ware (Crusoe et al., 2015; Grabherr et al., 2011). Assembly was

performed by Trinity software in two batches to avoid chimeric

assemblies with a minimum contig length of 200 bp. De novo tran-

scripts were aggregated into transcript families and functionally anno-

tated by reciprocal sequence alignment against the refseq database of

mouse proteins using BLAST (Altschul et al., 1990). The final assem-

blies produced by the Eel Pond protocol were pooled and CD-HIT

(Li & Godzik, 2006) was used to deduplicate sequences with 95%

similarity or more. As a quality control, Benchmarking Universal

Single-Copy Orthologs (BUSCO v5.0.0) was used for quantitative

assessment of the transcriptome completeness with automatic selec-

tion of the reference lineage using the auto-lineage-euk option

(Seppey et al., 2019). Nucleotide sequences annotated as

“FMRFamide neuropeptides” were translated using the ExPASy trans-

late tool (Swiss Institute of Bioinformatics [SIB], Basel, Switzerland;

http://www.expasy.ch/tools/dna.html). Signal peptide prediction was

implemented with SignalP 4.1 (Center for Biological Sequence

Analysis, Technical University of Denmark, Lyngby, Denmark; http://

www.cbs.dtu.dk/services/SignalP/; Petersen et al., 2011). Precursor

cleavage sites and posttranslational modifications were predicted

using the ProP 1.0 server (http://www.cbs.dtu.dk/services/ProP/) and

comparison with precursors characterized in other gastropods

(Kellett et al., 1994; Lutz et al., 1992; Saunders et al., 1991, 1992).
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2.3 | Whole-mount immunohistochemistry

Standard whole-mount immunohistochemical protocols were

followed (see Beach et al., 2019; Rosa-Casillas et al., 2021; Vaasjo

et al., 2018). Dissections were performed in normal saline (in mmol

L�1: NaCl 51.3, KCl 1.7, MgCl2 1.5, CaCl2 4.1, HEPES 5, pH 7.8.), and

pinned in a Sylgard plate. Ganglia were incubated in protease (0.5%;

Type VI, Sigma; 10–15 min), washed thoroughly with normal saline,

and then fixed in cold 4% paraformaldehyde prepared in 80 mM phos-

phate buffer (PB: 24 mM KH2PO4, 56 mM Na2HPO4, pH 7.4) con-

taining 24% sucrose. Following fixation, tissues were washed

5 � 20 min in PTA (0.1 M PB containing 2% Triton X-100 and 0.1%

sodium azide) at room temperature. Following preincubation with nor-

mal goat (NGS) or donkey serum (NDS, 0.8%), tissues were immersed

(2–4 days, room temperature) in one or more of the following primary

antibodies: (1) FMRF-NH2 rabbit polyclonal antiserum (1:1000 dilu-

tion; Immunostar Catalog Number 20091; RRID AB_572232; raised

against FMRF-NH2 coupled to bovine thyroglobulin), (2) Bgl-FaRP1

specific goat polyclonal antiserum (1: 4000 dilution; Capralogics Inc.,

Hardwick MA; raised against C-SDQPDVDDYIRA coupled to BSA),

(3) Bgl-FaRP2 and Bgl-FaRP3 (Bgl-FaRP2/3) specific sheep polyclonal

antiserum (1:1000 dilution; Capralogics Inc.; raised against

C-FKPPTDTEDNSIDLDDEDIS coupled to BSA).

Following repeated PTA washes (�5, at least 20 min each, room

temperature), tissues were incubated in secondary antibodies conju-

gated to a fluorescent marker (Alexa 488 goat anti-rabbit IgG [H + L]

conjugate; Alexa 488 donkey anti-rabbit IgG [H + L] conjugate; Alexa

546 donkey anti-rabbit IgG [H + L] conjugate; Alexa 488 donkey anti-

goat IgG [H + L] conjugate; Alexa 546 donkey anti-sheep IgG [H + L]

conjugate; Molecular Probes, Eugene OR) at dilutions ranging from

1:500 to 1: 4000.

Quality of the staining was assessed using a Nikon Eclipse

fluorescence microscope prior to imaging. Confocal imaging was per-

formed on a Nikon A1R Confocal Laser Microscope using the NIS Ele-

ments AR (Version. 4.5, Nikon Instruments) or a Zeiss Laser Scanning

Confocal Microscope (Pascal LSCM) using the Zeiss LSM 5 Image

Browser (Version 3.1.0.11). Stacks, z-series, overlays, and calibrations

were obtained using the Fiji software (v. 2.00, NIH public domain).

Graphs and schematics were edited or created using the Prism Soft-

ware or EazyDraw 8 software v. 8.3.0 (Dekorra Optics LCC, Poynette,

WI). Images were edited using the Fiji software, as well as the GNU

Image Manipulation Program (GIMP) software v. 2.8.16 (Free Soft-

ware Foundation, Inc.), and EazyDraw 8 software for addition of labels

and organization of panels.

2.3.1 | Antibody characterization

The pattern of staining produced by the commercial FMRF-NH2 anti-

body was in general agreement with previous observations in numer-

ous gastropods (e.g., Acker et al., 2019; Boer et al., 1980; Cardot &

Fellman, 1983; Cooke & Gelperin, 1988; Elekes & Ude, 1994; Lehman

& Price, 1987; Lloyd et al., 1987; Schot & Boer, 1982). The FMRF-

NH2 antibody reacts with both tetrapeptide and extended FaRPs,

requiring only a C-terminal aromatic amino acid, a penultimate argi-

nine residue, and a total length of at least four residues (Greenberg

et al., 1988). The non-FaRP antibodies only labeled subsets of the

FMRF-NH2-li neurons, in a pattern that resembled observations in L.

stagnalis and Helix aspersa (MacDonald et al., 1994; Santama

et al., 1993, 1996). Specificity of the Bgl-FaRP1 antibody was also

supported by in situ hybridization experiments using a probe against

the corresponding message (Figures 10(d), 11(e), and 12(d)). Negative

control experiments conducted with all antibodies included (1) omis-

sion of each primary antibody, and (2) omission of each secondary

antibody. Signals were also eliminated when the Bgl-FaRP1 and Bgl-

FaRP2 antibodies were preabsorbed with the peptides that were used

for their production (3 � 10�4 M, overnight). Attempts to use the Bgl-

FaRP1 and Bgl-FaRP2/3 antibodies for simultaneous detection of neu-

rons that express distinct precursors were unsuccessful. This limita-

tion probably reflected the close relationship between the Caprinae

hosts (goat and sheep) in which the antibodies were generated.

2.4 | Nerve backfills

The biotin–avidin protocol followed methods described previously

(Delgado et al., 2012; Vallejo et al. 2014). Briefly, the central nervous

system was dissected in normal saline and the nerve of interest was

pinned out near a small well that was formed from petroleum jelly

(Vaseline) on the surface of a Sylgard-lined petri dish. The nerve

being examined was then cut and drawn into the well. Care was

taken to avoid contact between the end of the nerve and the Vase-

line. The tip of the nerve was cut one more time and then the snail

saline inside the well was withdrawn and replaced with a saturated

aqueous solution (1.4 mg/50 μl) of biocytin (Sigma Chemical,

St. Louis, MO). The walls of the well were then built up with succes-

sive layers of Vaseline, effectively isolating the biocytin pool from the

saline surrounding the ganglion. The preparation was covered and

incubated overnight at 4�C. Following incubation, the well was

removed, and ganglia washed three to five times, repinned, incubated

in protease (0.5%, 10–12 min), and fixed in 4% paraformaldehyde for

1 h at room temperature. Fixed ganglia were transferred to microce-

ntrifuge tubes, washed five times (20 min each) with PTA solution

and incubated overnight (room temperature) in Alexa Avidin

546 (Vector Laboratories, Burlingame, CA) diluted 1:400 in PTA (24–

48 h, room temperature) or Streptavidin Pacific Blue (Molecular Pro-

bes) diluted by a factor of 1:500 in PTA (24–48 h at room tempera-

ture). The quality of the backfill was assessed daily using a Nikon

Eclipse fluorescence microscope prior to further immunohistochemi-

cal processing. Once the backfill was determined to be of sufficient

quality, preparations were processed with a standard immunohisto-

chemical procedure as described above. Some ganglia processed for

penial nerve backfills were treated with 40,6-diamidino-

2-phenylindole (DAPI) nuclear counterstaining to quantify the total

number of neurons located in the ventral lobe. Preparations were

incubated in VECTASHIELD Antifade Mounting Medium with DAPI

(1.5 μg/ml; Vector Laboratories, product H-1200) for at least 72 h

prior to imaging.
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2.5 | Whole-mount fluorescence in situ
hybridization

As Bgl-FaRP1 and Bgl-FaRP2/3 could not be detected simultaneously

(see previous text), whole-mount in situ hybridization for the

Bgl-FaRP1 precursor was used to substantiate immunohistochemical

observations. A 48-mer antisense oligonucleotide probe, correspo

nding to nucleotides 566–613 (encoding amino acids 92–107 of Bgl-

FaRP1; Figure 1(a), dashed line), was synthesized by Integrated DNA

Technologies (Coralville, IA). A sense probe corresponding to the same

F IGURE 1 The Biomphalaria glabrata FMRF-NH2-related peptide (FaRP) precursors. (a) Amino acid sequences of three FaRP precursors
predicted from a B. glabrata CNS transcriptome. Top: Bgl-FaRP1 was deduced from two partial transcripts, biomph.id56759.tr165475
(967 nucleotides) and biomph.id58929.tr190947 (986 nucleotides), with 212 nucleotides overlap. The ORF encoded the Bgl-FaRP1 precursor
(292 amino acids) from which the tetrapeptides FLRF-NH2 (green highlight, white text), FMRF-NH2 (dark blue highlight, white text), FIRF-NH2 (teal
highlight, white text), and the pentapeptide pQFYRI-NH2 (maroon highlight, white text) could be liberated. Potential cleavage sites are highlighted
olive (white text). The SignalP-5.0 algorithm predicted signal peptide cleavage following the alanine at position 23 (downward arrowhead;
likelihood = 0.9485). The initial 35 amino acids (red highlight, white text) were shared by all three precursors. The sequence used to generate a Bgl-
FaRP1-specific antibody (SDQPDVDDYIRA) is underlined and a dashed line is drawn over the sequence (IRAVLLERQSEEPTY) corresponding to the
oligonucleotide probe used for in situ hybridization. A furin proprotein convertase site, RKRR, is located at positions 108–111 (black highlight,
white text). Middle: The Bgl-FaRP2 (347 amino acids) precursor was deduced from a single full-length transcript (biomph.id35970.tr258599; 1772
nucleotides). The SignalP-5.0 algorithm predicted signal peptide cleavage following the alanine at position 23 (downward arrowhead;
likelihood = .0.9719). Fourteen copies of the heptapeptide GDPFLRF-NH2 (purple highlight, white text) and one copy of SKPYMRF-NH2 (tan
highlight, brown text) could be liberated from the Bgl-FaRP2 precursor. The sequence used to generate a Bgl-FaRP2/3-specific antibody
(FKPPTDTEDNSIDLDDEDIS) is underlined and the RKRR furin cleavage site (aa 225–228) is highlighted black (white text). The phenylalanine
residue in position 278 (italicized, red text) signifies the divergence between the Bgl-FaRP2 and Bgl-FaRP3 precursors. Bottom: The Bgl-FaRP3
precursor is deduced from a single full-length transcript (biomph.id35966.tr258599; 2060 nucleotides) with a 833 nucleotide overlap with
biomph.id35970.tr258599. The Leu278 residue, where the Bgl-FaRP3 precursor diverges from Bgl-FaRP2, is shown in italicized red text.
(b) Schematic representations of the three FaRP precursors. The shared sequence (red) includes the signal peptide (SP). Bgl-FaRP1 gives rise to
three distinct FaRP tetrapeptides and one pentapeptide (color codes shown below each schematic). The Bgl-FaRP2 and Bgl-FaRP3 precursors
contain FaRP heptapeptides. The heptapeptide SKPYMRF-NH2, which is present in Bgl-FaRP2, is truncated in Bgl-FaRP3. Vertical lines denote

potential basic and dibasic cleavage sites. (c) The proposed signal sequence of the B. glabrata precursors (21 residues) exhibited conservation with
the signal sequences of FMRF-NH2 precursors of L. stagnalis (15 identical, 4 similar residues) and the more distantly related opisthobranch Aplysia
californica (11 identical, 4 similar residues). Conservation remained high in the 13 residues following the signal peptide cleavage site (downward
arrowhead) that originate from the first exon. Two cysteine and two aspartate residues were identical to the FaRP precursors of L. stagnalis and A.
californica. (d) The SEEPTY peptide of the B. glabrata Bgl-FaRP1precursor exhibits a high degree of conservation with the corresponding peptides
of L. stagnalis and A. californica [Color figure can be viewed at wileyonlinelibrary.com]
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sequence was tested as a control. Oligonucleotides were tailed (30

end, digoxigenin-dUTP) following the instructions of the kit manufac-

turer (DIG Oligonucleotide Tailing Kit, second generation; Roche Life

Science U.S., Indianapolis, IN; Product Number 03353583910).

Dissection of the central nervous system was conducted in nor-

mal saline. Ganglia were fixed with cold 4% paraformaldehyde for 1 h

followed by 5 � 15 min washes in PTA. Tissues were then incubated

in Proteinase K (Thermo Scientific) 5 μg/ml PTA for approximately

30 min or until the ganglia edges began to appear slightly translucent.

Ganglia were then washed 3 � 15 min in PTA. Postfixation (30 min

with 4% paraformaldehyde) was followed with 2 � 15 min washes in

a glycine solution (2 mg/ml PTA). Tissues were then transferred to

microcentrifuge tubes and prehybridized at 34�C with shaking for 1 h

in hybridization buffer (50% formamide, 5 mM EDTA, �5 saline-

sodium citrate [SSC], 1 � Denhardt's solution, 0.1% Tween-20,

0.5 mg/ml salmon sperm DNA). Following prehybridization, tissues

were hybridized with the tailed oligonucleotide (1 μg/ml hybridization

buffer) overnight at 34�C with shaking. Tissues were then washed

3 � 30 min in a 2 � SSC/0.01% sodium dodecyl sulfate solution at

34�C, followed by 2 � 10 min washes with PTA and block with NGS

or NDS (0.8% in PTA) for at least 3.5 h. Following blocking, samples

were incubated in a digoxigenin antibody, ABfinity rabbit oligoclonal

(Life Technologies, Carlsbad, CA; catalog number 9HCLC) at a dilution

of 1:500 overnight at room temperature. Excess antibody was

removed with 5 � 15 min PTA washes, followed by incubation with a

second antibody conjugated to a fluorescent marker (Alexa 488 goat

anti-rabbit IgG [H + L] or Alexa 488 donkey anti-rabbit IgG [H + L];

Molecular Probes). Hybridization was assessed with a Nikon Eclipse

fluorescence microscope prior to confocal imaging.

3 | RESULTS

3.1 | B. glabrata transcriptome

The assembled transcriptome had 180,829 transcripts with a total size

of �134.6 MB and an N50 of 1291 bp. The longest assembled tran-

script was �17.2 kb while the average length of all transcripts was

�744 bp. The whole transcriptome, not filtered for isoforms, was sub-

jected to translate BLAST and hidden Markov model searches against

OrthoDB's sets of BUSCO of eukaryotes. This analysis estimated the

predicted protein-coding gene set to be 96.5% complete (64.3% with

single-copy BUSCOs and 32.2% with duplicated BUSCOs) based on

eukaryota_odb10 BUSCO families. Automatic phylogenetic placement

among the eukaryotic datasets identified the mollusca dataset as the

best matching group and showed 85.0% completeness (67.0% with

single-copy BUSCOs and 18.0% with duplicated BUSCOs) based on

mollusca_odb10 BUSCO family.

3.2 | The B. glabrata FaRP transcripts

Annotation of a B. glabrata neural transcriptome identified three

cDNAs with significant homology to transcripts that encode FaRP

precursors in other gastropods (Figure 1). One cDNA, 1758 base pairs

in length (GenBank accession: MW387019.1), contained an open

reading frame (ORF; 876 nucleotides) that was preceded by a

292 nucleotide 50 untranslated sequence and followed by 590 nucleo-

tides of 30 untranslated sequence. A BLAST performed with NCBI

databases identified a genomic sequence (refjXM_013210814.1;

PREDICTED: B. glabrata FMRF-amide neuropeptides-like [LOC106

054785], mRNA) with 98% identity between nucleotides 393–1172

of this transcript. BLAST queries for nucleotides 1–392 and 1173–

1758 did not produce matching sequences. The sequence of the

292 amino acid B. glabrata FMRF-NH2-related peptide precursor

1 (termed Bgl-FaRP1; Figure 1(a,b)) was nearly identical to the FMRF-

NH2 precursor previously mined from B glabrata genomic and trans-

criptomic data (Adema et al., 2017; Wang et al., 2017). It differed at

only six residues, none of which occurred within the sequences of the

final predicted peptide products.

A second transcript, 1772 nucleotides in length (GenBank acces-

sion: MW825357), encoded a full-length precursor containing

sequences for FMRF-NH2-related heptapeptides. A portion of this

transcript (nucleotides 547–1772) also shared significant (97%) iden-

tity with the NCBI XM_013210814 genomic sequence, with no NCBI

sequences corresponding to nucleotides 1–546. The longest ORF

encoded a 347 amino acid preprohormone, designated B. glabrata

FaRP precursor 2 (Bgl-FaRP2; Figure 1(a,b)).

Nucleotides 155–546 of the Bgl-FaRP2 transcript, which includes

the initial 103 nucleotides of the deduced ORF, were identical to

nucleotides 1–392 of the Bgl-FaRP1 transcript. The shared 50

sequence of the two transcripts was indicative of alternative splicing,

as occurs in FaRP transcripts of the pulmonates L. stagnalis and H.

aspersa, and the vetigastropod Haliotis asinina (Cummins et al., 2011;

Lutz et al., 1992; Saunders et al., 1992).

A third transcript, 2060 nucleotides in length (GenBank accession:

MW387020.1), shared its initial 1272 nucleotides with the Bgl-FaRP2

transcript. It then diverged, reaching a termination codon after

28 nucleotides. The ORF of this transcript encoded a precursor, ter-

med Bgl-FaRP3, 287 amino acids in length (Figure 1(a,b)). It was pre-

ceded by 440 of 50 untranslated nucleotides and followed by

696 nucleotides of 30 untranslated sequence including three consen-

sus signals (two AAUAAA, one AUUAAA) for polyadenylation

(Proudfoot & Brownlee, 1976).

3.3 | The B. glabrata FaRP precursors

The SignalP-5.0 algorithm (Almagro Armenteros et al., 2019) yielded a

prediction for signal peptide cleavage following the alanine at position

23 of the FaRP precursors (Figure 1(a,b)). Signal peptide cleavage is

thus proposed to occur within the N-terminal region that is shared by

the three precursors. The sequence of the proposed leader sequence

(21 residues) exhibited conservation with the signal sequences of

FMRF-NH2 precursors of L. stagnalis (15 identical, 4 similar residues)

and the more distantly related opisthobranch Aplysia californica

(11 identical, 4 similar residues; Figure 1(c)). This conserved sequence

remained high through the shared initial portion of the prohormones,
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in which two cysteine and two aspartate residues were identical to

the FaRP precursors of L. stagnalis and A. californica (Figure 1(c)).

A canonical furin proprotein convertase site, RKRR (Hosaka et al.,

1991), was present at positions 108–111 of the Bgl-FaRP1 precursor

(Figure 1(a,b)). Furin cleavage may enable differential sorting and traf-

ficking of the peptide subsets located N-terminal and C-terminal from

this tetrapeptide sequence (see Fisher et al., 1988; Li et al., 1994; Sossin

et al., 1990; Sweet-Cordero et al., 1990). Three FaRPs were encoded

between the N-terminus of the precursor and the tetrabasic site, two

copies of FLRFG (aa 40–44 and 78–82) and one copy of QFYRIG

(aa 61–66). Cleavage and posttranslational processing of the

N-terminus portion of the precursor will thus result in two copies of

FLRF-NH2 and one copy of the pentapeptide pQFYRI-NH2. The seg-

ment of the Bgl-FaRP1 precursor between the furin cleavage site and

the carboxyl terminus consists of a repeating motif of FaRPs alternating

with acidic spacer regions of varying length. The C-terminal FaRPs, all

tetrapeptides, include eight copies of FMRF-NH2 and one FIRF-NH2.

In L. stagnalis, a 22 amino acid peptide, termed “SEEPLY” due to its

C-terminal sequence, was purified and shown to exist as a steady-state

final product of the tetrapeptide precursor (Santama et al., 1993). The

sequence located between Arg83 and the tetrapeptide furin signal of

the Bgl-FaRP1 (shaded gray in Figure 1(a,b); designated SEEPTY)

exhibited substantial conservation with the SEEPLY peptides of L. stag-

nalis and A. californica (Figure 1(d)). A portion of the SEEPTY peptide,

underlined in Figure 1(a), was used to generate a Bgl-FaRP1 specific

antibody (see Section 2).

The Bgl-FaRP2 and Bgl-FaRP3 precursors also contain a furin sig-

nal (RRKR; aa 225–228) that could produce an initial trans-Golgi

cleavage. The segment of the precursor between the signal peptide

and the tetrabasic sequence comprises 14 copies of the heptapeptide

GDPFLRF-NH2. In L. stagnalis, cleavage at the carboxyl arginine of the

ultimate heptapeptide does not occur, resulting in a long “acidic pep-

tide” product that includes this FaRP sequence and extends to the

furin tetrapeptide (Santama et al., 1996; see below). Immunohisto-

chemical observations using an antibody against a region of the Bgl-

FaRP2/3 acidic peptide (underlined in Figure 1(a)) were consistent

with similar processing in B. glabrata. A single copy of SKPYMRF-NH2

was present in the C-terminal region of Bgl-FaRP2 following the furin

signal. Additional monobasic and dibasic residues present within the

C-terminal could result in additional RF-NH2 peptides (GPVYMRF-

NH2, SDKGPVYMRF-NH2; Figure 1(a), purple text). However, poten-

tial peptide products in the corresponding region of the Lymnaea

heptapeptide precursor were not detected by mass spectrometry

(Kellett et al., 1994; Worster et al., 1998).

The Bgl-FaRP3 precursor diverged from Bgl-FaRP2 following

Arg277 (Figure 1(a)). The Bgl-FaRP3 precursor extended 10 additional

amino acids beginning with Leu-Gly-His. The SKPYMRFGR of Bgl-

FaRP2 is thus modified to a sequence, SKPYMRLGH, that lacks con-

sensus residues for cleavage or amidation (Figure 1(a)). In L. stagnalis,

a splice site is located within the codon for the Arg6 of SKPYMRF-

NH2 of the heptapeptide FaRP precursor, but there is no evidence for

the occurrence of alternative splicing at this site (Kellett et al., 1994;

see Section 4).

3.4 | Localization of FMRF-NH2-like
immunoreactivity in the central nervous system

Whole-mount immunohistochemical experiments labeled neurons in

the central nervous systems of both B. glabrata and B. alexandrina

(Figure 2). Cell distributions and sizes were indistinguishable between

the species. Neurons were located in all central ganglia, with cell

bodies located on the dorsal and ventral surfaces of the CNS. The

distribution of FMRF-NH2-li cells was consistent with the involve-

ment of this peptide family in the regulation of diverse physiological

and behavioral functions related to reproduction, feeding,

and cardiorespiration.

3.4.1 | Reproduction

In sinistral pulmonates, central neurons with projections to the penial

nerve include: (1) the ventral lobe (V l.) in the left cerebral hemi-

ganglion (Figures 2 and 3(a–f)), (2) the anterior lobe of the left cerebral

ganglion, (3) a cluster of approximately 15–20 neurons in the PdIb

cluster of the left pedal ganglion (Figure 3(g–i); see Delgado

et al., 2012), (4) dispersed neurons in the left pleural ganglion

(Figure 6), and (5) two clusters of cells in the left parietal ganglion

(Figure 6).

As reported previously by Acker et al. (2019), FMRF-NH2-li cells

were located in the ventral lobe of the left cerebral hemiganglion, a

lateralized cluster of neurons associated with innervation of male

reproductive structures (Li & Chase, 1995; van Golen et al., 1995;

Koene et al., 2000). FMRF-NH2-li cells (90.6 ± 22.4, n = 3) in the

ventral lobe of B. glabrata ranged in diameter from 5 to 25 μm

(Figure 2(a,b)). FMRF-NH2-li fibers coursed through the cerebral gang-

lia, with prominent projections in the cerebral commissure (C c.;

Figure 2(a,c)). FMRF-NH2-li fiber tracts were also present in the

cerebral-buccal connectives, the cerebral-pedal connectives, and the

cerebral-pleural connectives.

The abundance of FMRF-NH2-li neurons in the ventral lobe

prompted double-labeling (penis nerve retrograde biocytin

tracing � FMRF-NH2-like immunoreactivity) experiments to localize

central FaRP expressing neurons that project toward the male

reproductive structures. Relatively few (11.6 ± 2.0, n = 3) of the

FMRF-NH2-li neurons were also labeled with backfills of the penis

nerve (Figure 3(f)). In the pedal ganglia, FMRF-NH2-li cells were

observed in the region of the PdIb cluster (Figure 3(h)), but close

examination showed that none of the biocytin-labeled neurons

exhibited FMRF-NH2-like immunoreactivity (Figure 3(i)).

The potential involvement of FaRPs in the regulation of male

mating behavior was further examined using antibodies that could dis-

tinguish between the FaRP precursors. A goat antiserum was pro-

duced against a region of the Bgl-FaRP1 SEEPTY peptide (SDQPDVD

DYIRA; underlined in Figure 1(a); Materials and Methods). All ventral

lobe neurons labeled with this antibody also exhibited FMRF-NH2-like

immunoreactivity, supporting its specificity as a marker for Bgl-FaRP1

localization (Figure 4(a–c)). Experiments in which penis nerve
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retrograde labeling were combined with immunohistochemistry for

FMRF-NH2-like immunoreactivity and the SEEPTY peptide supported

our previous finding that the majority of FaRP neurons in the ventral

lobe do not project to the penis nerve (Figure 4(d–f)). However, as

with the FMRF-NH2-li experiments, a subset of the backfilled ventral

lobe neurons was labeled by the Bgl-FaRP1antibody (Figure 4(d–f),

arrows). Together, these finding indicate that the majority of FMRF-

NH2-li ventral lobe neurons do not project to the penis nerve, but

those that do express the tetrapeptide precursor Bgl-FaRP1.

The presence of FMRF-NH2-li neurons in the ventral lobe that

were not labeled with penis nerve backfills was indicative of heteroge-

neity among the cells comprising this cluster. The DNA marker DAPI

was therefore used to estimate the number of cells comprising the

ventral lobe (Figure 5). DAPI labeled 218.3 ± 17.8 (n = 3) nuclei in the

lobe (Figure 5(b)), of which 93.6 ± 22.3 (n = 3) were in neurons

labeled by the biocytin backfills (Figure 5(a,c)). Together with the

double-labeling experiments described above (P n. backfill � FMRF-

NH2-li or SEEPTY-li), our observations suggest that more than half of

F IGURE 2 FMRF-NH2-like immunoreactivity in Biomphalaria snails. (a) FMRF-NH2-li in the cerebral ganglia of B. glabrata (ventral surface
shown). Most of the labeled cells were located in the ventral lobe (V l.; dashed square). Calibration bar = 100 μm. (b) Ventral lobe of B. glabrata
shown at higher magnification. The V l. is located at the origin of the penis nerve (P n.). Calibration bar = 30 μm. (c) FMRF-NH2-li in the paired
cerebral ganglia of B. alexandrina (ventral surface shown). Intensely staining cells were present at the base of the cerebral-buccal connective
(dotted square). Calibration bar = 200 μm. (d) Higher magnification of region enclosed by the dotted rectangle in panel (c). Calibration bar = 30 μm.
(e) Schematic summary of FMRF-NH2-related peptide (FaRP) localization in the CNS of Biomphalaria snails. Cells expressing the tetrapeptide
Bgl-FaRP1 precursor are shown in green and neurons expressing the heptapeptide Bgl-FaRP2/3 precursor are colored yellow [Color figure can be
viewed at wileyonlinelibrary.com]
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the ventral lobe neurons, including >80% of the FMRF-NH2-li neurons

in the cluster, do not project to the penial nerve (see Section 4).

Projections to the penial nerve from the left pleural and parietal

ganglia were also examined, as the innervation of male reproductive

structures by FaRP heptapeptides originates from pleural and parietal

neurons in L. stagnalis (El Filali et al., 2015; van Golen et al., 1995).

Backfills of the penis nerve labeled approximately 20 cells dispersed

throughout the left pleural ganglion (Figure 6(a,d)). In double-labeling

experiments, none of the left pleural ganglion cells labeled by

penis nerve backfills exhibited FMRF-NH2-like immunoreactivity

(Figure 6(a–f)). Penis nerve backfills also labeled two clusters of small

(10–20 μm) cells in the left parietal ganglion (Figure 6(g)). Again, no

instances of double labeling were detected when retrograde fills were

compared with FMRF-NH2 immunohistochemistry (Figure 6(h,i)).

F IGURE 3 FMRF-NH2-like immunoreactive penial nerve projections. (a) Biocytin backfill of the penial nerve (P n. BF) labeled cells in the
ventral lobe (V l.) of the left cerebral hemiganglion and a group of neurons in the PdIb cluster of the left pedal hemiganglion (Pe g.). In this
preparation, the pedal commissure was severed and the pedal hemiganglia were reflected to reveal their dorsal surface. (b) Whole-mount
immunohistochemistry on the same preparation labeled FMRF-NH2-li neurons in the ventral lobe and in the region of the PdIb cluster. L Pl g., left
pleural ganglion; Ce-Pd c., cerebral-pedal connective. (c) In an overlay of panels (a) and (b), double-labeled cells, (FMRF-NH2-li neurons that project
to the penis nerve) appear white. Double-labeled cells are observed in the ventral lobe, but not in the pedal ganglion. Calibration bar = 100 μm,
applies to panels (a)–(c). (d) Higher magnification of the ventral lobe (area enclosed by dashed rectangle in panel a). (e) FMRF-NH2-li neurons in
the ventral lobe. (f ) Overlay of panels (d) and (e). The majority of backfilled cells (magenta) were not labeled with FMRF-NH2

immunohistochemistry (green) and the majority of the FMRF-NH2-li neurons were not labeled by the backfill. However, some backfilled neurons
also exhibited FMRF-NH2-like immunoreactivity (white, four indicated by arrows). Calibration bar = 30 μm, applies to panels (d)–(f ). (g) Higher
magnification of the PdIb region of the left pedal ganglion (area enclosed by dotted rectangle in panel (a). (h) FMRF-NH2-li neurons (green) in the
region of the PdIb cluster. (i) Overlay of panels (g) and (h). None of the FMRF-NH2-li cells (four shown with arrows) were labeled by the penis
nerve backfill. Calibration bar = 30 μm, applies to panels (g)–(i) [Color figure can be viewed at wileyonlinelibrary.com]
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3.4.2 | Feeding

Consummatory feeding behaviors of gastropods are largely controlled

by circuits of the buccal and cerebral ganglia (Elliott &

Susswein, 2002; Kupfermann, 1974; Murphy, 2001). FMRF-NH2-li

cells were present on the ventral surface of the buccal ganglia

(Figure 7(a–i); Figure 8(a–c), (g–i)). A symmetrical group of four to five

moderately sized (15–30 μm) FMRF-NH2-li cells spanned the medial

region of each hemiganglion (Figure 7(a)). In double-labeling experi-

ments, the largest and most lateral member of each FMRF-NH2-li

cluster was also labeled by antibodies specific for the Bgl-FaRP1

tetrapeptide precursor (Figure 7(a–i)). No buccal neurons were

detected by the Bgl-FaRP2/3 heptapeptide precursor antibodies (not

shown).

Integration between the buccal and cerebral ganglia of gastropods

is achieved by cerebral-buccal interneurons (CBIs) and buccal-cerebral

interneurons (BCIs.; Gillette et al., 1978; McCrohan & Croll, 1997;

Rosen et al., 1991). As CBIs tend to be concentrated in the anterolateral

quadrant of the cerebral ganglia, where several FMRF-NH2-li neurons

were located (Figure 2(c,d)), double-labeling experiments were con-

ducted combining retrograde labeling of the cerebral-buccal connec-

tives (C-b c.) with FMRF-NH2-like immunoreactivity (Figure 8). Double

labeling was observed in one ipsilateral cell near the origin of the C-b

c. (Figure 8(d–f)), indicating the presence of FaRPs in a CBI.

Some backfills of the cerebral-buccal connectives toward the

cerebral ganglia were performed with the buccal ganglia connected

via the contralateral C-b c. (Figure 8). The majority of buccal neurons

labeled by a biocytin backfill of the right C-b c. were located in the

right buccal hemiganglion (Figure 8(a,g)), suggesting that axons of

these cells project through the entire cerebral-buccal loop to return to

their ganglion of origin. FMRF-NH2-li labeling was observed in two

such neurons in the right buccal hemiganglion (Figure 8(g–i)).

F IGURE 4 The FMRF-NH2-like immunoreactive neurons in the ventral lobe are labeled by an antibody specific for the Bgl-FaRP1

tetrapeptide precursor. (a) FMRF-NH2-li neurons in the ventral lobe of B. glabrata viewed with an Alexa 546 conjugate (magenta pseudo-color).
(b) The same preparation was processed with a goat antibody against the SEEPTY peptide of the Bgl-FaRP1 (see Figure 1) and visualized with an
Alexa 488 second antibody (green). (c) Overlay of panels (a) and (b) showed that all of the FMRF-NH2-li neurons in the ventral lobe were also
labeled with the SEEPTY antibody (white). Calibration bar = 50 μm applies to panels (a)–(c). (d) Ventral lobe neurons labeled by penis nerve backfill
with biocytin and visualized with streptavidin Pacific blue conjugate (magenta pseudo-color). Same preparation as panel (a). (e) SEEPTY-like
immunoreactivity visualized with an Alexa 488 conjugate second antibody (green). (f) Overlay of panels (d) and (e) shows double labeling in
dispersed V l. cells (arrows), as observed with the FMRF-NH2 antibody (Figure 3(d–f)). Calibration bar = 50 μm, applies to panels (d)–(f) [Color
figure can be viewed at wileyonlinelibrary.com]
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In L. stagnalis and Helisoma trivolvis, the buccal feeding circuit is

inhibited by a FMRF-NH2-li neuron that projects from the pleural

ganglia (Alania et al., 2004; Murphy, 1990). A prominent FMRF-NH2-li

cell was located in each pleural ganglion of Biomphalaria spp. (Figure 9

(a)). Double-labeling experiments localized the Bgl-FaRP1 tetrapeptide

precursor to this cell (Figure 9(b,c)). However, projections from the

pleural ganglia were not detected with retrograde labeling of the

cerebral-buccal connective (e.g., Figure 8, see Section 4).

3.4.3 | Cardiorespiratory system

In pulmonates, central control of cardiac and respiratory function orig-

inates from the parietal and visceral ganglia (Chase, 2002; Syed &

Winlow, 1991). Four to six FMRF-NH2-li neurons were labeled in the

right parietal ganglion, including one giant cell (80–100 μm) near

the ventral surface (Figure 9(d)). The right parietal FMRF-NH2-li neu-

rons were labeled with the Bgl-FaRP1 specific antibody (Figure 9(e,f)).

Staining with both antibodies was weaker than in other ganglia,

suggesting a lower level of FaRP expression. This finding agreed with

observations in the dextral snail L. stagnalis, where low levels of FaRP

immunoreactivity were observed in the giant LP1 neuron in the left

parietal ganglion (Bright et al., 1993; Santama et al., 1993). The giant

FMRF-NH2-li neuron in the right parietal ganglion of Biomphalaria

spp., a sinistral snail, was thus designated RPa1 (Figure 9(d–f )).

On the dorsal surface of the left parietal ganglion, prominent

FMRF-NH2-li labeling was observed in an anteromedial cluster of

large neurons (Figure 10(a,e); see also Figure 6(g–i)). The strongest

immunoreactivity occurred in the largest and most anterior neuron,

with a decreasing gradient of intensity in the cells extending in the

posterior direction. All of the FMRF-NH2-li cells in this cluster were

labeled with the Bgl-FaRP1 specific antibody (Figure 10(b,f)). The

anterior to posterior gradient in labeling intensity was also observed

with mRNA labeling by a probe specific for the Bgl-FaRP1 transcript

(Figure 10(d,h)). The location and staining pattern of this cluster corre-

sponds to the B group (Bgp) of neurons in the right parietal ganglion

of L. stagnalis (Benjamin & Winlow, 1981; Bright et al., 1993).

The B group extended around to the ventral side of the left parietal

ganglion, where strong FMRF-NH2-li labeling was present in a second

large anterior cell (Figure 11(a,d)). In situ hybridization with the Bgl-FaRP1

F IGURE 5 The majority of ventral lobe neurons do not project to the penis nerve. (a) DAPI nuclear staining enabled an estimation of the
number of cells comprising the ventral lobe (V l.) of B. glabrata. (b) Neurons labeled by backfill of the penis nerve of B. glabrata. Same preparation
as (a). (c) Overlay of panels (a) and (b) demonstrates the presence of nuclei throughout the V l. that do not correspond to neurons labeled by the
backfill. Calibration bar = 100 μm, applies to panels (a)–(c). (d) Higher magnification of V l. region enclosed by dashed rectangle in panel (a).
Asterisks mark nuclei of cells that were not labeled by the backfill. (e) Backfilled neurons in region enclosed by rectangle in (b). (f) Overlay of panels
(d) and (e). Calibration bar = 10 μm, applies to panels (d)–(f ) [Color figure can be viewed at wileyonlinelibrary.com]
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probe also produced intense labeling of the large ventral Bgp cell

(Figure 11(e)). No cells in the ventral Bgp were labeled by the antibody

specific for the Bgl-FaRP2/3 precursor (Figure 11(b,c)). The Bgl-

FaRP2/3 antibody did label a cluster of FMRF-NH2-li neurons in the pos-

terior region of the ventral left parietal ganglion (Figure 11(b,c,f)),

supporting its utility for identifying neurons that express the

heptapeptide precursors. The posterior FMRF-NH2-li cluster was

assigned to the A group (Agp) of parietal neurons following the nomen-

clature established in L. stagnalis (Figure 11(a–c); see Benjamin &

Winlow, 1981).

In the visceral ganglion, an anterior cluster of FMRF-NH2-li

neurons was located near the right parietal-visceral connective

F IGURE 6 Projections to the penial nerve from the left pleural and parietal ganglia. (a) Backfill of the penial nerve (P n.) of B. alexandrina
labeled neurons (magenta) in the ventral lobe (V l.) of the cerebral ganglion, dispersed cells throughout the pleural ganglion (Pl g.), and two clusters
of neurons in the left parietal ganglion (Pa g.). Arrowhead: The PdIb cluster of neurons, which lies on the dorsal surface of the pedal ganglion
(Figure 3(a,g)), is weakly visible from this ventral perspective. Ce c., cerebral commissure; Pe g., pedal ganglia; V g., visceral ganglion. (b) The
backfilled preparation in (a) was processed for FMRF-NH2-like immunoreactivity (green). Calibration bar = 200 μm, applies to panels (a)–(c). (c) In
an overlay of panels (a) and (b), no FMRF-NH2-li projections to the P n. were detected from either the pleural or parietal ganglion. (d) Enlargement
of the left pleural ganglion; region enclosed by dashed rectangle in (a). (e) FMRF-NH2-like immunoreactivity in the pleural ganglion; region
enclosed by dashed rectangle in (b). Calibration bar = 100 μm, applies to panels (d)–(f ). (f ) In an overlay of panels (d) and (e), no double-labeled

neurons were observed. (g) Enlargement of the left parietal ganglion; region enclosed by dotted rectangle in (a). (h) FMRF-NH2-like
immunoreactivity in the left parietal ganglion; region enclosed by dotted rectangle in (b). Calibration bar = 100 μm, applies to panels (g)–(i). (i) In an
overlay of panels (g) and (h), no double-labeled neurons were detected in the parietal ganglion [Color figure can be viewed at
wileyonlinelibrary.com]
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(Figure 12(a)). Most of the dorsal cells comprising this cluster,

designated the E group (Egp), were also labeled by the Bgl-FaRP1 anti-

body (Figure 12(a–c)). The two most anterior Egp neurons were larger

than the other members of the cluster (Figure 12(a–c), asterisks).

When the visceral ganglion was labeled with a specific probe for the

Bgl-FaRP1 transcript, the two large anterior cells exhibited high

expression levels (Figure 12(d), asterisks).

The strongest labeling by the Bgl-FaRP2/3 heptapeptide antibody

in the visceral ganglion occurred in a posterolateral cluster of cells that

corresponds to the F group (Fgp) described in L. stagnalis

(Figure 12(e–h); Benjamin & Winlow, 1981; Bright et al., 1993;

Santama et al., 1993). The Bgl-FaRP2/3 antibody also produced wea-

ker labeling of six to eight medium sized (40–60 μm) cells in the

E group (Figure 12(j,k)). In L. stagnalis, signaling by the FMRF-NH2-

related heptapeptides originates from the Egp visceral white interneu-

ron (VWI), a key element of the cardiorespiratory central pattern

generator network (Buckett, Peters, & Benjamin, 1990; Buckett,

Peters, Dockray, et al., 1990; Skingsley et al., 1993; see Section 4).

In Biomphalaria spp., the extrinsic parietal nerve courses in the

posterior direction and merges with the anal nerve (Lever et al., 1965;

Vallejo et al., 2014). The fused nerves enter the body wall, innervating

the anus and pneumostome, among other organs (Lever et al., 1965).

Retrograde tracing of the anal nerve labeled a cluster of cells in the

Fgp (Figure 12(i)). Subsequent immunohistochemistry with the

Bgl-FaRP2/3 antibody labeled three or four of the Fgp neurons that

project to the anal nerve (Figure 12(j–l)). Notably, not all backfilled

neurons in the Fgp were FMRF-NH2-li and not all FMRF-NH2-li neu-

rons were backfilled. Together, these observations indicate that FaRPs

derived from both tetrapeptide and heptapeptide precursors partici-

pate in control of the cardiorespiratory system of Biomphalaria spp.

(see Section 4).

4 | DISCUSSION

This study supports the participation of FaRPs in diverse physiological

and behavioral systems of Biomphalaria species. The precursor organi-

zation and the localization of this neuropeptide system share many

features with other gastropods, especially the thoroughly character-

ized FaRP family of L. stagnalis (reviewed by Benjamin & Burke, 1994;

F IGURE 7 FMRF-NH2-like immunoreactive neurons on the ventral surface of the buccal ganglia. (a) FMRF-NH2-like immunoreactive neurons
(green) on the ventral surface of the paired buccal ganglia of B. glabrata. (b) The same preparation as (a) was processed with the SEEPTY antibody
specific for the Bgl-FaRP1 precursor. One neuron (magenta) was labeled in the right (arrow) and left (arrowhead) buccal ganglia. (c) Overlay of
panels (a) and (b) shows that the neuron labeled with the Bgl-FaRP1 antibody corresponds to the most lateral FMRF-NH2-li cell in each
hemiganglion (white, arrow, arrowhead). Calibration bar = 100 μm, applies to (a)–(c). (d) Higher magnification of FMRF-NH2-li neurons in the right
buccal hemiganglion (R Bu g.). (e) Same field as (d) showing single cell labeled by the Bgl-FaRP1 antibody. (f) Overlay of panels (d) and (e) confirms
double-labeling of the most lateral FMRF-NH2-li neuron. Calibration bar = 30 μm, applies to panels (d)–(f ). (g) Higher magnification of FMRF-
NH2-li neurons in the left buccal hemiganglion (L Bu g.). (h) Same field as (g) showing single cell labeled by the Bgl-FaRP1 antibody. (i) Overlay of
panels (g) and (h) confirms double-labeling of the most lateral FMRF-NH2-li neuron in the left buccal hemiganglion. Calibration bar = 30 μm,
applies to panels (g)–(i) [Color figure can be viewed at wileyonlinelibrary.com]
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Santama & Benjamin, 2000). Our findings suggest, however, that the

Biomphalaria FMRF-NH2 neuropeptide system exhibits some dis-

tinguishing properties that could impact its role in the regulation of

neural circuits and behavior.

4.1 | The Biomphalaria FaRP transcripts and
precursors

Alternative splicing is broadly used to generate distinct FaRP tran-

scripts in gastropods (Cummins et al., 2011; Lutz et al., 1992;

Santama & Benjamin, 2000; Saunders et al., 1991). In Biomphalaria, as

in the pulmonates L. stagnalis and H. aspersa, a common 50 exon that

includes the signal sequence (termed Exon I in Lymnaea) is alterna-

tively spliced to a tetrapeptide-encoding (Exon II) or a heptapeptide-

encoding exon (Exon III). Unlike the other species, however, our

results suggest an additional locus of alternative splicing that can gen-

erate two distinct heptapeptide precursors. In L. stagnalis, the hepta-

peptide precursor is encoded by four exons (I, III, IV, and V) with the

splice junction between the last two exons located within the

sequence encoding SKPYMRF-NH2 (Kellett et al., 1994). Our B.

glabrata transcriptome disclosed two heptapeptide transcripts, one

that completed the sequence for SKPYMRF�NH2 (Bgl-FaRP2) and

one that did not (Bgl-FaRP3). If the splicing patterns of the genomic

F IGURE 8 FMRF-NH2-li projection neurons in the feeding system of Biomphalaria glabrata. (a) A biocytin backfill of the left cerebral-buccal
connective (L C-b c.) toward the cerebral ganglion labeled several cerebral-buccal interneurons (CBIs) in the anterolateral quadrant of the ganglion
(dotted rectangle, dorsal surface shown). The C-b c. backfill also labeled several smaller buccal-cerebral interneurons (BCIs) in the left buccal
ganglion (dashed rectangle). (b) Same preparation as (a) processed for FMRF-NH2-like immunoreactivity (green). (c) Overlay of panels (a) and (b).
CBIs and BCIs that express FMRF-NH2-like immunoreactivity appear white. Calibration bar = 100 μm, applies to panels (a)–(c). (d) Enlargement of
region enclosed by dotted rectangle in panel (a). (e) Enlargement of region enclosed by dotted rectangle in panel (b). One FMRF-NH2-li CBI near
the origin of the C-b c. was labeled (compare arrows in panels (d) and (e). (f) Overlay of panels (d) and (e) confirms co-labeling of one FMRF-NH2-li
neuron by the C-b c. backfill (arrow). Calibration bar = 30 μm, applies to panels (d)–(f). (g) Enlargement of region enclosed by dashed rectangle in
panel (a). (h) Region enclosed by dashed rectangle in panel (b). Two FMRF-NH2-li BCIs in the anterior region of left buccal ganglion (arrows) were
labeled (compare arrows in panels (g) and (h)). (i) Overlay of panels (g) and (h) confirms co-labeling of two FMRF-NH2-li neurons by the backfill of
the left C-b c. (arrows). Calibration bar = 20 μm, applies to panels (g–i) [Color figure can be viewed at wileyonlinelibrary.com]
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loci encoding the FaRP precursors of Lymnaea and Biomphalaria are

otherwise conserved, our findings suggest that the B. glabrata gene

consists of at least six exons and five introns.

All gastropod FaRP precursors described to date possess tetra-

basic consensus cleavage signals for furin-like enzymes (Ahn

et al., 2017; Cummins et al., 2011; Senatore et al., 2015; Taussig &

Scheller, 1986). Such cleavage in the trans Golgi could enable differen-

tial sorting of the N-terminal and C-terminal peptides into distinct

secretory vesicles, as observed in the hormone precursors that control

ovulation in gastropods (Li et al., 1994; Sossin et al., 1990; Sweet-

Cordero et al., 1990). The peptides located between the signal peptide

and the tetrapeptide cleavage site of Bgl-FaRP1 (two copies of FLRF-

NH2 and one pQFYRI-NH2) were identical to those found in the

tetrapeptide precursor of L. stagnalis (Linacre et al., 1990). The num-

ber of copies of FMRF-NH2 following the tetrabasic site, however, is

highly variable among the gastropods with 8 present in B. glabrata,

9 in L. stagnalis (Linacre et al., 1990), 16 in the slug Derocerus

reticulatum (Ahn et al., 2017), and 28 in A. californica (Taussig &

Scheller, 1986).

Precursors for extended FaRPs have been identified in some, but

not all, gastropod groups (see Cummins et al., 2011; Vilim

et al., 2010). In the Bgl-FaRP2 and Bgl-FaRP3 precursors, the hepta-

peptide GDPFLRF-NH2 was present in 14 copies between the signal

peptide and the tetrapeptide cleavage site (Figure 1(a,b)). In other gas-

tropods, the heptapeptide complement is more heterogeneous. The

heptapeptide precursor of L. stagnalis includes seven copies of

GDPFLRF-NH2 and six copies of SDPFLRF-NH2 (Saunders

et al., 1991) and the corresponding precursor of D. reticulatum con-

tains a total of nine copies of six distinct heptapeptides (Ahn

et al., 2017). In early biochemical studies, GDPFLRF-NH2 was the only

heptapeptide purified from the nervous system of H. trivolvis (Bulloch

et al., 1988). Considered together with the present observations,

homogeneity of the heptapeptide complement may be a unique prop-

erty of the planorbid snail group.

In L. stagnalis, two long non-FaRP peptides are expressed as

steady-state final products of the FaRP precursors (Santama

et al., 1993, 1996). These peptides, termed “SEEPLY” in the

tetrapeptide precursor and “acidic peptide” in the heptapeptide pre-

cursor, are both flanked at their carboxyl terminus by the furin-like

cleavage site of their respective precursors (Santama &

Benjamin, 2000). In this study, the antibodies utilized to localize the

Bgl-FaRP1 and Bgl-FaRP2/3 were generated against sequences within

F IGURE 9 FMRF-NH2-li neurons in the right pleural and parietal ganglia of Biomphalaria glabrata. (a) A single FMRF-NH2-li neuron (arrow)
was located on the ventral surface of the right pleural ganglion of B. glabrata. (b) The same cell was labeled by an antibody specific for the Bgl-
FaRP1 precursor. (c) Overlay of panels (a) and (b) demonstrates colocalization of FMRF-NH2-like immunoreactivity and labeling by the Bgl-FaRP1
antibody. Calibration bar = 50 μm, applies to panels (a–c). (d) FMRF-NH2-li neurons in the right parietal ganglion included a giant cell, designated
RPa1. FMRF-NH2-like immunoreactivity in the right parietal ganglion was weaker than in other ganglia (compare panels (d) and (a)). (e) The Bgl-
FaRP1 antibody labeled all FMRF-NH2-li cells in the right parietal ganglion. Bgl-FaRP1 labeling in the parietal ganglion was also less intense than in
other ganglia (compare panels (b) and (e)). (f) Overlay of panels (d) and (e) demonstrates colocalization of FMRF-NH2-like immunoreactivity and
Bgl-FaRP1 in all but two small cells in the right parietal ganglion. Calibration bar = 50 μm, applies to panels (d–f) [Color figure can be viewed at
wileyonlinelibrary.com]
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the “SEEPTY” peptide (Bgl-FaRP1) and “acidic peptide” (Bgl-FaRP2/3)

that would result from similar posttranslational processing of the B.

glabrata precursors. In both cases, labeling by the non-FaRP anti-

bodies was observed in a subset of the neurons that exhibited FMRF-

NH2-like immunoreactivity, suggesting that processing of the

Biomphalaria precursors resembles that of Lymnaea. It was not possi-

ble to test the SEEPTY (goat) and acidic peptide (sheep) antibodies in

double-labeling experiments, probably due to the evolutionary prox-

imity of the two Caprinae hosts (see Section 2). Together, however,

our double-labeling experiments using the FMRF-NH2 antibody and

each of the non-FaRP antibodies supports the mutually exclusive and -

non-overlapping expression of the tetrapeptide precursor (Bgl-FaRP1)

and the heptapeptide precursors (Bgl-FaRP2/3) as shown in L. stagnalis

(Bright et al., 1993; Santama et al., 1995, 1996; Saunders et al., 1992)

and H. aspersa (Cottrell et al., 1992; MacDonald et al., 1994). Whether

such differential expression occurs between the two heptapeptide

precursors, Bgl-FaRP2 and Bgl-FaRP3, could be explored with in situ

hybridization using transcript-specific probes (Santama et al., 1995).

4.2 | Male reproductive system

In gastropods, male mating behavior is controlled by a distributed cen-

tral network located ipsilateral to the reproductive organs (de Boer

et al., 1996; Li & Chase, 1995; Van Duivenboden & Ter Maat, 1988).

Numerous neuropeptides, including the FaRPs, have been localized to

neurons that project to the male reproductive complex (de Lange, de

Boer, et al., 1998; de Lange, Joosse, & van Minnen, 1998; Croll & Van

Minnen, 1992; Smit et al., 2003; Acker et al., 2019; reviewed by

Koene, 2010). The FMRF-NH2 tetrapeptides and heptapeptides mod-

ulate contraction of the penis retractor muscle of L. stagnalis (van

Golen et al., 1995), and addition of FMRF-NH2 to the surrounding

water causes penile eversion in B. glabrata (Fong et al., 2005;

Muschamp & Fong, 2001).

Our finding that neurons in the ventral lobe express the

tetrapeptide precursor agreed with prior observations in L. stagnalis

(Bright et al., 1993; Santama et al., 1993; van Golen et al., 1995). The

apparent abundance (>80%) of FMRF-NH2-li ventral lobe neurons

that do not project directly to the penial nerve suggests additional

roles for the tetrapeptides in the control and integration of mating

behaviors (see de Lange, Joosse, & van Minnen, 1998; Li &

Chase, 1995). Alternatively, this observation and others in which

double-labeling were not observed (following text) could reflect

incomplete labeling by the biocytin backfill method.

FMRF-NH2-li projections to the penial nerve were not

detected from the pedal, pleural, or parietal ganglia (Figures 3 and

6). In L. stagnalis, innervation of the male reproductive system by

the FaRP heptapeptides originates from neurons in the pleural

F IGURE 10 FMRF-NH2-like immunoreactivity on the dorsal surface of the left parietal ganglion. (a) An anteromedial cluster of FMRF-NH2-li
cells, designated the B group (Bgp), was located on the dorsal surface of the B. glabrata left parietal ganglion. (b) Double labeling showed that the
Bgp neurons expressed the Bgl-FaRP1 precursor. (c) Overlay of panels (a) and (b) confirmed that the FMRF-NH2-li cells in the Bgp express the Bgl-
FaRP1 precursor. Calibration bar = 100 μm, applies to panels (a–c). (d) In situ hybridization detected the Bgl-FaRP1 transcript in the Bgp cells.
Calibration bar = 50 μm. (e) Enlargement of the Bgp (area enclosed by dashed rectangle in (a) showed that the most anterior Bgp neuron (arrow)
was the largest and most intensely labeled cell in the group. (f) The Bgl-FaRP1 antibody also produced an anterior-to-posterior gradient in labeling
intensity (arrow). (g) Overlay of panels (e) and (f) confirmed that the more posterior cells exhibited less intense labeling. Calibration bar = 30 μm,
applies to panels (e)–(g). (h) In situ hybridization verified the anterior-to-posterior gradient of Bgl-FaRP1 expression in the Bgp. Calibration
bar = 30 μm [Color figure can be viewed at wileyonlinelibrary.com]
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ganglia and the B group of the parietal ganglia (de Lange, Joosse, &

van Minnen, 1998; El Filali et al., 2015; van Golen et al., 1995).

Whether the male mating system of Biomphalaria is innervated by

central neurons that express the Bgl-FaRP2/3 heptapeptides

remains uncertain, as FMRF-NH2-li projections to the penial nerve

from the pleural or parietal ganglia were not observed (Figure 6).

Moreover, Bgl-FaRP2/3 immunoreactive neurons were not

detected in the left pleural ganglion or the parietal B group

(Figures 10 and 11).

4.3 | Feeding system

Early studies showed that micromolar concentrations of FMRF-NH2

suppressed the feeding motor central pattern generators of H.

trivolvis, A. californica, and L. stagnalis (Kyriakides & McCrohan, 1989;

Murphy et al., 1985; Sossin et al., 1987). In the feeding system of

Aplysia, FMRF-NH2 also modulates transmitter release at the neuro-

muscular junctions of intrinsic buccal muscles (Church et al., 1993;

Fox & Lloyd, 2001; Keating & Lloyd, 1999).

A single Bgl-FaRP1-li neuron was labeled on the ventral surface of

each buccal hemiganglion, as observed previously in L. stagnalis

(Santama et al., 1993; Voronezhskaya & Elekes, 2003). While a few

buccal FMRF-NH2-li cells were labeled by neither the Bgl-FaRP1 or

the Bgl-FaRP2/3 antibodies (Figure 7), the preponderant agreement

between FMRF-NH2-like and precursor-specific labeling (Figures 4

and 9–12) supports the utility of FMRF-NH2 antibodies for localizing

bona fide FMRF-NH2 neurons in gastropods (e.g., Acker et al., 2019;

Boer et al., 1980; Cardot & Fellman, 1983; Cooke & Gelperin, 1988;

Elekes & Ude, 1994; Lloyd et al., 1987; Schot & Boer, 1982). Some

caution is required, however, as a large and diverse family of RF-NH2

peptides (FMRF-NH2-like peptides; FLPs) is expressed in mollusks

(see Dockray, 2004; Espinoza et al., 2001; Walker et al., 2009;

Zatylny-Gaudin & Favrel, 2014). The presence of LFRF-NH2 peptides

F IGURE 11 FMRF-NH2-like immunoreactivity on the ventral surface of the left parietal ganglion. (a) The anteromedial Bgp cluster of FMRF-
NH2-li cells, (see Figure 10a,e) extended around to the ventral surface of the B. glabrata left parietal ganglion. The most anterior ventral Bgp
neuron (arrowhead) was larger (60–80 μm in length) and more intensely labeled than other members of the cluster. (b) The Bgl-FaRP2/3 precursor-
specific antibody did not label FMRF-NH2-li neurons in the Bgp. The Bgl-FaRP2/3 antibody did label a group of cells at the posterior pole of the
ganglion (magenta). (c) Overlay of panels (a) and (b) confirmed that four FMRF-NH2-li cells in the posterior cluster express the Bgl-FaRP2/3
precursor. Calibration bar = 100 μm, applies to panels (a)–(c). (d) Enlargement of region enclosed by dashed rectangle in (a). The FMRF-NH2

antibody produced an anterior-to-posterior gradient in labeling intensity. Calibration bar = 50 μm. (e) Labeling of Bgl-FaRP1 mRNA also exhibited
an anterior-to-posterior gradient in intensity in Bgp neurons. Calibration bar = 50 μm. (f) Enlarged image of the posterior Bgl-FaRP2/3 cluster. The
neurons in this group give rise to axons (arrowheads) that project in the anterior direction, toward the left pleural-parietal connective. Calibration
bar = 50 μm [Color figure can be viewed at wileyonlinelibrary.com]
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in gastropod feeding networks could contribute to the occurrence of

FMRF-NH2-li buccal neurons that were not labeled by the SEEPTY or

acidic peptide antibodies (Hoek et al., 2005; Vilim et al., 2010).

In gastropods, buccal motor circuits are regulated by a small num-

ber of CBIs that are mainly located near the origin of each cerebral-

buccal connective (Delaney & Gelperin, 1990; Gillette et al., 1978;

F IGURE 12 FMRF-NH2-like immunoreactivity in the visceral ganglion of Biomphalaria glabrata. (a) FMRF-NH2-li cells in the visceral ganglion
were located in the anterolateral E group (Egp) or the posterolateral F group (Fgp). The two most anterior cells in the Egp (asterisks) were larger
than the other neurons in the cluster. FMRF-NH2-li fibers were observed in the intestinal nerve (I n.). (b) Egp cells were strongly labeled with the
antibody specific for the Bgl-FaRP1 precursor. Weak immunoreactivity, comparable to that observed in the right parietal ganglion (Pa g.) was also
present in the region of the Fgp. (c) Overlay of panels (a) and (b) confirmed Bgl-FaRP1 labeling of the Egp cells. Calibration bar = 50 μm, applies to
panels (a)–(c). (d) In situ hybridization with the Bgl-FaRP1 probe labeled the Egp cells. The hybridization signal in the two largest anterior cells
(asterisks) was stronger than in the rest of the Egp. Calibration bar = 50 μm. (e) FMRF-NH2-li neurons in the Fgp of another B. glabrata specimen.
(f) FMRF-NH2-li neurons in the Fgp were labeled by the Bgl-FaRP2/3 antibody. (g) An overlay of panels (e) and (f) showed that four to five FMRF-

NH2-li neurons in the Fgp were labeled by the FaRP2/3 antibody. Calibration bar = 50 μm, applies to panels (e)–(g). (h) Enlargement of Fgp
confirmed that five FMRF-NH2-li neurons in the Fgp were marked with the FaRP2/3 antibody. One FMRF-NH2-li neurons that was not labeled is
marked by an asterisk. Calibration bar = 20 μm. (i) Retrograde labeling of the anal nerve filled neurons in the region of the Fgp (arrowhead). (j) The
FaRP2/3 antibody labeled neurons in the Fgp and the Egp. (k) Overlay of panels (i) and (j) showed that most, but not all of the neurons in the Fgp
that were stained by the anal nerve backfill were also FaRP2/3 immunoreactive. Calibration bar = 50 μm, applies to panels (i)–(k). (l) Enlargement
of the Fgp shows that FaRP2/3 immunoreactive neurons project to the anal nerve (white, asterisks). Other cells in the Fgp were backfilled but not
immunoreactive (magenta) or immunoreactive but not backfilled (green). Calibration bar = 20 μm [Color figure can be viewed at
wileyonlinelibrary.com]
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Rosen et al., 1991). Peptidergic signaling by CBIs can achieve coordi-

nated circuit-level modulation of the buccal CPG network

(McCrohan & Croll, 1997; Sweedler et al., 2002; Xin et al., 1999). In L.

stagnalis and H. trivolvis, the buccal feeding circuit is also regulated by

a FMRF-NH2-li neuron that projects from the pleural ganglia (Alania

et al., 2004; Murphy, 1990). Our observations indicate that one ipsi-

lateral CBI in Biomphalaria spp. expresses FMRF-NH2 (Figure 8(d–f)).

To date, projections from pleural neurons have not been observed in

retrograde labeling of the Biomphalaria C-b c., but the presence of

such projections merits further inquiry.

In the buccal ganglia of Aplysia, FMRF-NH2 is present in both

motor neurons and sensory neurons (Church & Lloyd, 1991; Vilim

et al., 2010). It is a major constituent of the peptide complement

transported from the buccal to the cerebral ganglia, leading to the

proposal that it participates in signaling by buccal-cerebral inter-

ganglionic projections (Lloyd, 1989). Our observations indicate that

at least some of the FMRF-NH2-li buccal-cerebral projections in

Biomphalaria snails originate from BCIs that decussate in both gang-

lia in a circuitous route to their hemiganglion of origin (Figure 8(g–i)).

Retrograde labeling should enable a detailed analysis of ipsilateral

versus contralateral peptidergic projections between the cerebral

and buccal ganglia.

4.4 | Cardiorespiratory system

As observed in L. stagnalis, the Bgl-FaRP2/3 heptapeptide precursors

were limited to the visceral and parietal ganglia that control the car-

diac and respiratory systems (Santama et al., 1996). While neurons

expressing the Bgl-FaRP1 and Bgl-FaRP2/3 were intermingled within

the E and F groups of the visceral ganglion (Figure 12), the A group of

Bgl-FaRP2/3 expressing neurons in the left parietal ganglion was dis-

tinct from the B group (Figure 11). In comparison to L. stagnalis, lower

numbers of neurons expressing both precursors were detected in

the E, F, and B groups of the visceral and left parietal ganglia of

Biomphalaria, possibly reflecting species differences or a lower sensi-

tivity of the antibodies used in this study.

Early studies demonstrated an increased heart rate in

Biomphalaria snails that were infected by S. mansoni (Lee &

Cheng, 1970; Williams & Gilbertson, 1983a, 1983b). In view of the

known involvement of identified FaRP tetrapeptide- and

heptapeptide-containing neurons in the cardiac system of L. stagnalis,

such enhanced heart rates may reflect increased signaling by this pep-

tide family. Two neurons within the visceral ganglion E group of L.

stagnalis express the tetrapeptide precursor and act as cardiac motor

neurons (Buckett, Peters, & Benjamin, 1990; Buckett, Peters, Dockray,

et al., 1990; Schot et al., 1983). The two most anterior neurons in the

E group of Biomphalaria spp. were notably larger (Figure 12(a–d)) and

may correspond to the E heart excitor (Ehe) neurons of Lymnaea

(Buckett, Peters, & Benjamin, 1990; Buckett, Peters, Dockray,

et al., 1990).

A few neurons in the E cluster were labeled with the Bgl-

FaRP2/3-specific antibody (Figure 12(j)). One heptapeptide containing

cell in the Egp of L. stagnalis, termed the VWI, participates in the cen-

tral circuits that control both respiratory and cardiac activity (Buckett,

Peters, & Benjamin, 1990; Buckett, Peters, Dockray, et al., 1990; Syed

et al., 1990). While SDPFLRF-NH2 and GDPFLRF-NH2 mimic the

inhibitory actions that VWI exerts on its central follower neurons in

these circuits, SKPYMRF-NH2 can produce excitatory responses

(Kellett et al., 1994; Skingsley et al., 1993). In Biomphalaria, the poten-

tial to generate heptapeptide transcripts that encode both

GDPFLRF-NH2 and SKPYMRF-NH2 (Bgl-FaRP2) or only GDPFLRF-

NH2 (Bgl-FaRP3) could enable heptapeptide containing cells to gener-

ate purely inhibitory versus mixed inhibitory/excitatory postsynaptic

actions.

4.5 | Future directions: Host FaRPs and the
schistosome life cycle

Previous investigations have shown that parasitism by schistosomes

can alter FMRF-NH2 levels in the gastropod CNS. In L. stagnalis,

increased expression of the tetrapeptide message was measured as

early as 1.5 h postinfection by T. ocellata (Hoek et al., 1997).

Expression remained elevated throughout the 8-week chronology

of infection. In B. glabrata, FMRF-NH2 concentrations were

increased at 12 days postinfection with S. mansoni, when the levels

of most neuropeptides were reduced (Wang et al., 2017). It was

proposed that increased FMRF-NH2 levels could reflect enhanced

metabolic activity during the prepatent phase of infection (Wang

et al., 2017).

In the present study, a wide range of signaling intensities was

observed between and within individual ganglia and cell clusters. Such

spectra were observed for the Bgl-FaRP1 and Bgl-FaRP2/3 precursors

and appeared to agree with previous reports in other species (Bright

et al., 1993; Santama et al., 1993). Moving forward, the ability to

obtain reproducible and correlated histological measures of FaRP

gene expression and neuropeptide levels should present opportunities

to quantify the impact of infection on this neuropeptide family at the

level of specific cell clusters and individual identified neurons.

Finally, neuropeptide signaling systems provide opportunities for

identification of novel molecular targets for pesticide and parasiticide

drug development (Geary & Maule, 2010; Maule et al., 2002; McVeigh

et al., 2011). In contrast to the classical neurotransmitter systems that

are presently common targets for pest control, some neuropeptides

and their receptors are limited to specific invertebrate clades, reduc-

ing concerns of vertebrate toxicity (Mousley et al., 2005; Martin &

Robertson, 2010; McVeigh et al., 2012). The FMRF-NH2 family of

neuropeptides has been intensively studied as a target for drug devel-

opment, due to its pervasive role in the behavior and neuromuscular

physiology of major arthropod and helminth parasites and pests

(Mousley et al., 2004; McVeigh et al., 2005; McVeigh et al., 2009). If

increased FaRP expression in their gastropod intermediate hosts is

required for schistosome survival or proliferation, interventions that

prevent or reduce such responses could decrease infection of their

mammalian definitive hosts.
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