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AMGSEFLamide, a member of a broadly conserved peptide
family, modulates multiple neural networks in Homarus
americanus
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Elizabeth A. Stemmler2, J. Joe Hull3 and Andrew E. Christie4

ABSTRACT
Recent genomic/transcriptomic studies have identified a novel
peptide family whose members share the carboxyl terminal
sequence –GSEFLamide. However, the presence/identity of the
predicted isoforms of this peptide group have yet to be confirmed
biochemically, and no physiological function has yet been ascribed to
any member of this peptide family. To determine the extent to
which GSEFLamides are conserved within the Arthropoda, we
searched publicly accessible databases for genomic/transcriptomic
evidence of their presence. GSEFLamides appear to be highly
conserved within the Arthropoda, with the possible exception of
the Insecta, in which sequence evidence was limited to the more
basal orders. One crustacean in which GSEFLamides have been
predicted using transcriptomics is the lobster, Homarus americanus.
Expression of the previously published transcriptome-derived
sequences was confirmed by reverse transcription (RT)-PCR of
brain and eyestalk ganglia cDNAs; mass spectral analyses confirmed
the presence of all six of the predicted GSEFLamide isoforms –

IGSEFLamide, MGSEFLamide, AMGSEFLamide, VMGSEFLamide,
ALGSEFLamide and AVGSEFLamide – in H. americanus
brain extracts. AMGSEFLamide, of which there are multiple copies
in the cloned transcripts, was the most abundant isoform detected in
the brain. Because the GSEFLamides are present in the lobster
nervous system, we hypothesized that they might function as
neuromodulators, as is common for neuropeptides. We thus asked
whether AMGSEFLamide modulates the rhythmic outputs of the
cardiac ganglion and the stomatogastric ganglion. Physiological
recordings showed that AMGSEFLamide potently modulates the
motor patterns produced by both ganglia, suggesting that the
GSEFLamides may serve as important and conserved modulators
of rhythmic motor activity in arthropods.

KEY WORDS: Stomatogastric, Cardiac ganglion, Neuropeptide,
Neurohormone

INTRODUCTION
Flexibility in the neuronal outputs that control a wide range
of movements, including rhythmic movement patterns (e.g.
locomotion), is often imparted by the physiological effects of
circulating neurohormones and/or locally released neuromodulators,
the largest class of which is peptides (e.g. Dickinson et al., 2016;
Nusbaum and Blitz, 2012; Nusbaum et al., 2017; Taghert and
Nitabach, 2012). Recent advances in genomics/transcriptomics have
enabled the identification of many new peptides in a variety of
animals, including crustaceans (e.g. Christie, 2014a,b,c,d,e,f, 2015b,
2016a,b, 2017; Christie and Chi, 2015c; Christie and Pascual, 2016;
Christie et al., 2008, 2010a, 2011, 2013, 2015, 2017b, 2018a,b;
Dircksen et al., 2011; Gard et al., 2009; Ma et al., 2009, 2010;
Nguyen et al., 2016; Suwansa-Ard et al., 2015; Toullec et al., 2013,
2017; Veenstra, 2015; Ventura et al., 2014; Yan et al., 2012); these
peptides include additional members of previously known families,
as well as new peptide groups (e.g. Christie, 2014f; Dircksen et al.,
2011; Veenstra et al., 2012).

Among the peptide families recently identified in the Arthropoda
are the GSEFLamides, a group characterized by the carboxyl (C)-
terminal motif –GSEFLamide (e.g. Christie, 2014f; Veenstra et al.,
2012). Previous genomic/transcriptomic analyses have identified
GSEFLamides in at least one species of each arthropod subphylum
(Bao et al., 2015; Christie, 2014a,c,f, 2015a,b,c; Christie and Chi,
2015a,b,c; Christie and Pascual, 2016; Christie et al., 2015, 2017a,
b, 2018a,b; Nguyen et al., 2016; Toullec et al., 2017; Veenstra et al.,
2012), suggesting that they are highly conserved in this taxon.
However, published studies characterizing GSEFLamides are
limited; consequently, the extent to which this family is conserved
is not clear. Moreover, no biochemical or mass spectrometric
confirmation of members of this peptide family has been published;
at this point, the identity/presence of GSEFLamides is based on in
silico predictions from genomic/transcriptomic data.

The present study is a multi-faceted examination of the
GSEFLamide family, with a primary focus on the American
lobster, Homarus americanus, a model species for investigating the
modulation of rhythmic motor behaviours (e.g. Christie, 2011;
Christie et al., 2010b; Dickinson et al., 2016; Nusbaum and Blitz,
2012; Nusbaum et al., 2017; Stein, 2009). Several transcriptomes
(Christie et al., 2015, 2018c,d; Northcutt et al., 2016), including one
specific for the eyestalk ganglia (Christie et al., 2017b), which is the
locus of the neuroendocrine X-organ–sinus-gland (XO–SG) complex
(e.g. Christie, 2011), are available for H. americanus. To date,
GSEFLamides have been identified from both the lobster eyestalk
ganglia assembly (Christie et al., 2017b) and a transcriptome
generated frommultiple nervous system regions (Christie et al., 2015).

Here, we used publicly accessible databases to determine the
extent to which GSEFLamides are conserved within the Arthropoda.Received 9 October 2018; Accepted 15 November 2018
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Additionally, we validated GSEFLamide sequences predicted from
H. americanus transcriptomic data using reverse transcription
(RT)-PCR. We then confirmed the identity/presence of the
predicted lobster GSEFLamides using mass spectrometry. Finally,
we asked whether the most abundant H. americanus GSEFLamide,
AMGSEFLamide, modulates lobster pattern-generating networks.

MATERIALS AND METHODS
Animals
Lobsters, Homarus americanus Milne-Edwards 1837, were
purchased from local (Brunswick, Maine, USA) seafood
distributors. Animals used were adults of ∼500 g, and included
bothmales and females. Lobsters were housed in recirculating natural
seawater aquaria at 10–12°C and were fed chopped squid weekly.

In silico genome/transcriptome mining
Publicly accessible nucleotide sequence datasets were searched
using a well-established workflow (e.g. Christie, 2014a,c,f, 2015a,
b,c; Christie and Chi, 2015a,b,c; Christie et al., 2015, 2017a,b,
2018a,b) for evidence of GSEFLamide-encoding genes/transcripts
in all extant arthropod subphyla, i.e. Chelicerata, Crustacea,
Hexapoda and Myriapoda. In brief, the database option of the
online tblastn program (National Center for Biotechnology
Information, Bethesda, MD; http://blast.ncbi.nlm.nih.gov/Blast.
cgi) was set to ‘nucleotide collection’, ‘whole-genome shotgun
contigs’, ‘transcriptome shotgun assembly’ or ‘expressed sequence
tags’ and restricted to data from one of a number of selected
arthropod taxa (Table S1); a GSEFLamide precursor predicted from
the H. americanus eyestalk ganglia, i.e. prepro-GSEFLamide
variant 1 (Christie et al., 2017b), was used as the query sequence
for these searches. To confirm that the identified nucleotide
sequences encode putative GSEFLamide precursors, the hits
returned by each BLAST search were translated using the
Translate tool of ExPASy (http://web.expasy.org/translate/). They
were then assessed for the signature motif that defines the
GSEFLamide family, namely ‘XGSEFLG’ (where X represents
one or more variable residues), bounded on both its amino (N)- and
C-terminus by putative dibasic residues (unless it is the C-terminal-
most portion of the deduced protein) that are likely to serve as
prohormone convertase cleavage loci, e.g. KRAMGSEFLGKR, a
sequence contained within the H. americanus precursor used as the
query sequence. This analysis was a broad survey, designed to
assess the likely presence/absence of GSEFLamides in the major
taxa of the Arthropoda, rather than an all-encompassing search
directed at identifying either all species within a given taxon for
which there is evidence for GSEFLamides or all isoforms of the
peptide family that likely exist within the phylum.

RT-PCR
Individual lobsters were anaesthetized by packing in ice for
∼30 min, after which the supraoesophageal ganglion (brain) and
eyestalk ganglia were isolated via manual microdissection in chilled
(8–10°C) physiological saline (composition in mmol l−1: 479.12
NaCl, 12.74 KCl, 13.67 CaCl2, 20.00 MgSO4, 3.91 Na2SO4, 11.45
Trizma base and 4.82 maleic acid; pH 7.45). Total RNAs were
purified from individual brains or eyestalk ganglia pairs (n=3
independent samples from each tissue) as described previously
(Christie et al., 2017b, 2018c) using TRIzol reagent (Life
Technologies Corp., Carlsbad, CA, USA) and a Direct-zol RNA
MiniPrep spin column system (Zymo Research, Irvine, CA, USA)
with on-column DNase I treatment according to the manufacturer-
supplied protocol. Before storage at −80°C, RNA quality and

quantity were assessed using an Agilent 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA, USA). cDNAs were synthesized
from ∼500 ng of total RNAwith random pentadecamers (IDT, San
Diego, CA, USA) and a SuperScript III First-Strand Synthesis
System (Life Technologies Corp.). The full-length H. americanus
(Homam)-prepro-GSEFLamide transcript was amplified from the
respective cDNA sets using SapphireAmp Fast PCR Master Mix
(Takara Bio USA, Inc., Mountain View, CA, USA) in a 20 μl
reaction volume with 0.5 μl of cDNA and oligonucleotide primers
designed using the first in-frame initiation codon in GenBank
accession number GFDA01138849 (5′-ATGGTGAGGGGTTGG-
CCA-3′; an N-terminal partial sequence) and the stop codon in
accession number GFDA01064392 (5′-TCAACCAAGGAACTC-
CGAACC-3′; a C-terminal partial sequence). To confirm the
integrity of the cDNA templates, a 500-bp fragment of the H. am-
ericanus glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
housekeeping gene was likewise amplified with oligonucleotide
primers (sense: 5′-TCGGTCGTCTTGTCCTTC-3′; antisense: 5′-
CAGTGACGGCATGAACAG-3′) designed to a previously depos-
ited sequence (GenBank accession number FE043664).
Thermocycler conditions consisted of: 95°C for 2 min, followed
by 40 cycles of 95°C for 20 s, 56°C for 20 s, and 72°C for 90 s, with
a final extension at 72°C for 5 min. The resulting products were
visualized on a 1.5% agarose gel stained with SYBR Safe (Life
Technologies Corp.). Aliquots from each reaction were then cloned
into pCR2.1TOPO TA (Life Technologies Corp.) and sequenced at
the Arizona State University DNA Core laboratory (Tempe, AZ,
USA). Consensus sequences for the three cloned transcripts have
been deposited in GenBank under accession numbers MH615811,
MH615812 and MH615813.

Mass spectrometry
Sample preparation
Individual brains were placed in 58 μl of LCMS water (Fisherbrand;
Life Technologies Corp.) in a 1.5 ml low retention tube. The sample
was heated at 100°C for 5 min to deactivate proteolytic enzymes
(Stemmler et al., 2013) and was cooled to room temperature or stored
at −20°C. For tissue extraction, methanol (CH3OH; LCMS-grade;
Fisherbrand; 128 μl) and glacial acetic acid (CH3CO2H; reagent
grade; >99%; Sigma-Aldrich, St Louis,MO,USA; 14 μl) were added
to the tube. The tissue was homogenized using a motor-driven tissue
grinder equipped with a polypropylene pestle (Sigma-Aldrich).
Following homogenization, the tissue was sonicated for 5 min and
centrifuged at 14,000 g for 5 min. The supernatant was removed from
the tissue and the remaining tissue pellet was re-suspended in 50 μl of
extraction solvent (29% water; 64% methanol; 7% glacial acetic
acid), sonicated for 5 min, and centrifuged at 14,000 g for 5 min; the
supernatant was again removed. The supernatants were combined
and filtered through either 10 or 30 kDa molecular mass cut-off
(MWCO) filters (Amicon Ultra-0.5 ml; Millipore, Burlington, MA,
USA) that had been prewashedwith two 200 μl volumes of extraction
solvent. The MWCO filters were centrifuged at 14,000 g for 20 min.
The flow-through (∼350 μl) was collected for further processing or
analysis. In preparation for liquid chromatography/mass
spectrometry (LC/MS) analysis, the flow-through from the filters
was either desalted and concentrated using Pierce™ C18 Spin
Columns (Life Technologies Corp.) or subjected to liquid–liquid
extraction. The liquid–liquid extraction was conducted by adding
chloroform (NMR-grade 13CDCl3; Cambridge Isotope Laboratories,
Tewksbury, MA, USA; 200 μl) and water (LCMS-grade;
Fisherbrand; Life Technologies Corp.; 150 μl) to the flow-through
solution, shaking for 1 min, allowing the solutions to separate for
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1 min, and then removing and discarding the bottom organic layer.
Additional chloroform (200 μl) was then added and the extraction
was repeated. The top aqueous layer was then analyzed by LC/MS.

Chip-based nanoLC-QTOF tandem mass spectrometry (MS/MS)
analysis
Mass spectrometric analysis was performed using a 6530
quadrupole time-of-flight (Q-TOF) mass analyzer (Agilent
Technologies). Mass spectra (MS and MS/MS) were collected in
positive ion mode; the ionization voltage ranged from 1850 to
1975 V and the ion source temperature was held at 350°C. Spectra
were internally calibrated using dibutyl phthalate (C16H22O4) and
hexakis(1H, 1H, 4H-hexafluorobutyloxy)phosphazine (HP-1221;
C24H18O6N3P3F36) continuously infused and detected as [M+H]+.
Collision-induced dissociation (CID)-MS/MS experiments were
executed with precursor ions subjected to CID using nitrogen as the
target gas. The collision energy (CE), in electron-volts (eV), used to
dissociate a precursor ion of mass-to-charge ratio, m/z, was
calculated using the equation: CE=[(3.7×m/z)/100]+2.5.
Chromatographic separation and nano-electrospray ionization

(nanoESI) were performed using a 1260 Chip Cube system (Agilent
Technologies) using a ProtID-chip with a 40 nl enrichment column
and a 150 mm×75 µm analytical column (Agilent Technologies). The
enrichment and analytical columns were packed with 300 Å, 5 µm
particleswith Zorbax 300SB-C18 stationary phase. Themobile phases
were 0.1% formic acid/H2O (A) and 0.1% formic acid/2% water/
acetonitrile (B). Samples (1–8 µl) were loaded on the enrichment
column using 98:2 (A:B) at 4 µl min−1. Samples were analyzed with
the 150 mmanalytical column using a linear gradient of 98:2 (A:B) for
1 min to 65:35 (A:B) at 30 min, to 40:60 (A:B) at 33 min and 0:100
(A:B) at 40.0 min using a flow rate of 0.3 µl min−1.
LC/MS figures were generated by exporting Mass Hunter

(Agilent Technologies) chromatograms or mass spectra as
metafiles and importing these graphics into CorelDRAW X4
(Corel Corporation, Ottawa, Canada) for final figure production.

Electrophysiology
Experiments were conducted on three pattern-generating networks
in the lobster nervous system: the cardiac ganglion (CG), which

controls the rhythmic beating of the neurogenic heart (Cooke,
2002), and two networks that form part of the stomatogastric
nervous system (STNS) and are located in the stomatogastric
ganglion (STG). Specifically, we examined the effects of
AMGSEFLamide on the gastric mill and pyloric neuronal
circuits, which control the chewing movements of the gastric mill
teeth and the filtering movements of the pyloric filter, respectively
(e.g. Harris-Warrick et al., 1992; Selverston andMoulins, 1987). To
isolate the CG and STNS, the heart and foregut were removed from
cold-anesthetized lobsters and pinned out in cold (∼4°C) saline.

To isolate the CG, the heart was opened along the ventral axis,
and the main trunk of the ganglion, together with lengths of the
anterolateral and posterolateral nerves (Fig. 1A), was dissected from
the inner dorsal surface of the heart. To isolate the STNS, the foregut
was opened along the ventral side. The STNS (Fig. 1B), including
the paired commissural ganglia (CoGs), the single oesophageal
ganglion (OG) and the single STG, together with the connecting
nerves and motor nerves, was removed by microdissection. Both
neural tissues were pinned out in a Petri dish covered in Sylgard 184
(KR Anderson, Santa Clara, CA, USA). The connective sheath that
overlies the STG was removed to ensure access to the ganglion by
the peptide. Additionally, a section of the sheath surrounding the
stomatogastric nerve (stn) was removed. The desheathed region of
the stn was surrounded by a petroleum jelly well, allowing us to
block the passage of action potentials through the stn by replacing
the saline in the well with isotonic sucrose (750 mmol l−1); in most
cases, the stn was subsequently transected within the well to ensure
complete isolation of the STG from the rest of the nervous system.
Although blocking the stn is reversible, cutting it is not; thus,
AMGSEFLamide was applied to all preparations at multiple
concentrations before the stn was blocked.

Petroleum jelly wells were built around small portions of the
motor nerves in both preparations; bipolar stainless steel electrodes
were used for recordings, with one electrode in the well and
one nearby in the bath. Neuronal activity was amplified with a
1700 A-M Systems Differential AC amplifier (A-M Systems,
Sequim, WA, USA) and a Brownlee Precision amplifier (Brownlee
Instruments, San Jose, CA, USA). Activity was recorded onto a
computer using a CED Micro 1401 digitizer and Spike2 version 7
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Fig. 1. Schematic drawings of the Homarus americanus
cardiac ganglion (CG) and stomatogastric nervous
system (STNS). (A) CG; the cardiac motor pattern was
recorded distally on the anterolateral nerves, which contain
motor neuron axons. (B) STNS; activity of stomatogastric
networks was recorded onmotor nerves at the posterior end of
the ganglion. CoG, commissural ganglion; dgn, dorsal gastric
nerve; dlvn, dorsal lateral ventricular nerve; ivn, inferior
ventricular nerve; mvn, medial ventricular nerve; OG,
oesophageal ganglion; pdn, pyloric dilator nerve; son, superior
oesophageal ganglion; STG, stomatogastric ganglion; stn,
stomatogastric nerve; vlvn, ventral lateral ventricular nerve.
Drawings are not to scale.
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(Cambridge Electronic Design, Cambridge, UK), with a sampling
rate of 10 kHz.
Throughout the recordings, temperature was maintained at

10–12°C using an in-line Peltier temperature regulator (CL-100
bipolar temperature controller and SC-20 solution heater/cooler;
Warner Instruments, Hamden, CT, USA). Physiological saline was
superfused continuously across the ganglia at a flow rate of
∼5 ml min−1. AMGSEFLamide, custom synthesized by GenScript
Corporation (Piscataway, NJ, USA), was introduced to the bath
containing the ganglia via the perfusion system. The peptide was
dissolved in deionized water at 10−3 mol l–1, stored in small aliquots
at −20°C, and diluted in saline to the appropriate concentration just
before use.

Data analysis
Physiological data were analyzed using the functions built into
Spike2, as well as scripts available at http://stg.rutgers.edu/
Resources.html. Data were analyzed statistically and graphed
using Prism 7 (GraphPad Software, San Diego, CA, USA). To
normalize for variation in baseline parameters, some values are
presented as percent change from baseline. Only preparations that
returned to baseline values during the saline wash following peptide
application were considered in our data analysis.
For CG recordings, data were averaged over 50 bursts, with the

control values taken shortly before the peptide was added to the
bath, and the peptide values taken at the peak of the peptide effect,
5–10 min into peptide application. Because one data set (CG burst
frequency at 10−9 mol l–1) was not normally distributed (Shapiro–
Wilk normality test), the nonparametric Wilcoxon signed rank test
was used to determinewhether changes differed significantly from a
hypothetical value of zero. To determine whether there were
differences in effects of AMGSEFLamide when applied at different
concentrations, responses at peptide concentrations that exerted
significant effects (10−8, 10−7 and 10−6 mol l–1, all normally
distributed) were compared using an ANOVA followed by Tukey’s
post hoc test for multiple comparisons.
For STNS recordings, measurements were averaged over

ten bursts before and ten bursts at the peak of the peptide effect,
or 5–10 min into peptide application, when the peak response
generally took place. All parameters were normally distributed
(Shapiro–Wilk normality test); thus, one-sample t-tests (two-tailed)
were used to determine whether these changes differed
significantly from zero. No comparisons were made between
peptide concentrations because all changes were significant only at
10−6 mol l–1.
N-values for all experiments refer to individual animals. All error

values in the text and error bars in the figures for physiological data
represent standard deviations (s.d.).

RESULTS
GSEFLamides appear broadly conserved within the
Arthropoda, but may have been lost in all but the most basal
orders of the Insecta
Previous genomic/transcriptomic studies have identified genes/
transcripts encoding GSEFLamide precursors from at least one
species from each arthropod subphylum, i.e. the Chelicerata,
Myriapoda, Crustacea and Hexapoda. However, the full extent to
which this peptide group is conserved within arthropods remains
unclear. Thus, to broaden our understanding of GSEFLamide
conservation within the Arthropoda, we conducted BLAST
searches of multiple genomic/transcriptomic datasets for most
classes/orders within each subphylum, looking for evidence of

GSEFLamide-encoding genes/transcripts. Our BLAST searches
support the hypothesis, suggested by previous analyses, that
GSEFLamides are broadly conserved within the arthropods, with
one or more potential losses in the more advanced taxa of the
Hexapoda (Table S1). Specifically, evidence for the existence of
GSEFLamides was found in most Chelicerate and Crustacean
classes/orders for which large genomic/transcriptomic resources are
publicly accessible, including many for which no data supporting
the presence of the family previously existed, e.g. the Merostomata,
a chelicerate class that includes only one extant order, the Xiphosura
(horseshoe crabs), and the Thecostraca, a subclass of the crustacean
class Maxillopoda that includes the order Cirripedia (barnacles).
Although publicly accessible nucleotide sequences are limited,
there is also evidence for broad GSEFLamide conservation in
members of the Myriapoda, with in silico data now supporting the
presence of GSEFLamides in at least two of its four classes:
Symphyla [pseudocentipedes (Christie, 2015c)] and Chilopoda
[true centipedes (this study)]. In contrast, the evidence we found for
GSEFLamide-encoding genes/transcripts in hexapods was limited
to orders within the ametabolous class Entognatha, i.e. the
Collembola (springtails), Diplura (bristletails) and Protura
[coneheads (Christie and Chi, 2015a; this study)], and the most
basal orders within the Insecta, i.e. the ametabolous Zygentoma
(silverfish), and the hemimetabolous Odonata (dragonflies and
damselflies) and Ephemeroptera (mayflies). We found no evidence
for the existence of GSEFLamides in the more advanced orders of
hemimetabolous insects, e.g. the Blattodea (cockroaches and
termites) and Orthoptera (grasshoppers, locusts and crickets), or
in any holometabolous insect order, e.g. the Diptera (flies),
Hymenoptera (ants, bees and wasps) and Lepidoptera (butterflies
and moths), despite the sequence richness of the publicly deposited
datasets for many of these taxa. These data suggest the possibility of
a large-scale loss of the GSEFLamides early in the insect lineage.
However, one report of a GSEFLamide-like precursor from Lygus
hesperus (Christie et al., 2017a), a member of the order Hemiptera
(true bugs), raises the possibility of multiple losses, or potentially
gains, of the family in at least some higher insect orders (Fig. 2).

RT-PCR confirms the presence and identity of GSEFLamide-
encoding transcripts in the H. americanus eyestalk ganglia
and brain
Two previous studies have provided transcriptomic evidence for
GSEFLamides in neural tissues of the lobster, H. americanus
(Christie et al., 2015, 2017b). In silico analyses of an eyestalk-
ganglia-specific transcriptome identified two transcripts that
separately encode the N- and C-termini of putative GSEFLamide
preprohormones (Christie et al., 2017b). To generate a complete
open reading frame (ORF) for the lobster GSEFLamide
precursor(s), primers were designed based on the partial
eyestalk ganglia nucleotide sequences GFDA01138849 and
GFDA01064392, which correspond to the 5′ and 3′ terminal
fragments of the putative transcript(s), respectively. These primers
were used in RT-PCR to amplify products from multiple eyestalk
ganglia and brain cDNAs (n=3/tissue). While amplimers were
generated from each replicate, sizes varied, with multiple products
generated in a subset of each cDNA template (Fig. 3A), suggesting
potential variant amplification. Sanger sequencing revealed the
presence of three GSEFLamide precursors, the largest of which
encompasses a 1221 nucleotide (nt) ORF (accession number
MH615811); it contains 338 base pairs (bp) of new sequence that
bridges the gap between the two in silico identified fragments. The
other two variants, accession numbers MH615812 and MH615813,
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are differentiated by 60 nt (781–840) and 240 nt (781–1020)
deletions, respectively. Little variation was observed between
sequences derived from the eyestalk ganglia and brain, with no
evidence for tissue-specific variant expression. BLASTx analyses
of the 1221 nt ORF revealed 77, 76 and 53% nucleotide identity
with sequences from the crayfish Cherax quadricarinatus
(accession number AWK57519; Nguyen et al., 2016), the
hexapod Thermobia domestica (accession number ALG35950
GenBank direct submission) and the crab Scylla paramamosain
(accession number ALQ28590; Bao et al., 2015), respectively, each
annotated as encoding a GSEFLamide precursor.
Translation of the longest variant (MH615811) revealed a 406-

amino acid preprohormone, Homam-prepro-GSEFLamide-v1
(Fig. 3B), with a signal peptide predicted to span the first 23
residues. Proteolytic processing of dibasic cleavage sites in the
prohormone would yield 23 peptides with the –GSEFLamide motif,
including 17 copies of AMGSEFLamide, two copies of
MGSEFLamide, and one copy each of IGSEFLamide,
VMGSEFLamide, ALGSEFLamide and AVGSEFLamide. The
deletions observed in the other two variants would affect only the
number of AMGSEFLamide copies (Fig. 3B), with 15 predicted in
Homam-prepro-GSEFLamide-v2 (deduced from MH615812)
and nine in Homam-prepro-GSEFLamide-v3 (deduced from
MH615813).

Mass spectrometric confirmation of predicted GSEFLamide
isoforms in the lobster brain
Peptides in the brains of individual lobsters (n=9) were extracted and
analyzed using a chip-based nanoLC-QTOF-MS/MS instrument. A
representative chromatogram for the extract from one animal is
shown in Fig. 4A. We used exact mass measurements to search for
signals reflecting the six GSEFLamides. The peptides, with no basic
amino acid residues in their sequences, produced singly-protonated
[M+H]+ ions; we used the signals at the predicted m/z values to
locate the individual GSEFLamides in the chromatogram (shown as
a summed extracted ion chromatogram in Fig. 4B). The [M+H]+ ion
(m/z 753.36) from AMGSEFLamide yielded the most intense
signal (Fig. 4B); four other GSEFLamides (MGSEFLamide,

AVGSEFLamide, VMGSEFLamide and ALGSEFLamide) were
detected with lower signal strength. The identification of these
peptides was supported by exact mass measurements (Table 1) and
by MS/MS spectra to confirm the amino acid sequence (Fig. 4C for
AMGSEFLamide and Figs S1-S5). The peptide IGSEFLamide,
which eluted between MGSEFLamide and AVGSEFLamide,
yielded a weaker signal and was confirmed only by exact mass
measurements.

AMGSEFLamide modulates the motor output of
the H. americanus cardiac ganglion
Because GSEFLamide transcripts are present in the eyestalk
ganglia, as well as in other neuronal tissues in the lobster, we
asked whether AMGSEFLamide, the most abundant GSEFLamide,
might function as a neuromodulator. One neuronal tissue that is
often subject to neuromodulation is the CG, which is located on the
inner dorsal wall of the single-chambered heart of the lobster. The
rhythmic contractions of the H. americanus heart are driven by
bursts of action potentials generated in the nine neurons that
comprise the CG (e.g. Cooke, 2002). All of the CG neurons fire at
approximately the same time due to tight coupling, both electrical
and chemical, among these neurons. The output of the CG is thus a
single-phase pattern (e.g. Cooke, 2002). Bursts of action potentials
in the motor neurons travel down the paired anterolateral and
posterolateral nerves to the myocardium, where each burst induces a
single cardiac contraction, the amplitude of which is a complex
function of the burst cycle frequency and duty cycle (i.e. burst
duration/cycle period; Williams et al., 2013). It is thus possible to
characterize the pattern by quantifying cycle frequency, burst
duration and duty cycle in any of the motor nerves.

We recorded from the anterolateral nerves in control saline and
during superfusion with AMGSEFLamide at concentrations
ranging from 10−10 to 10−6 mol l–1. AMGSEFLamide clearly
modulated the rhythmic output of the CG (Fig. 5A): burst frequency
decreased, while burst duration and duty cycle increased. The
threshold for AMGSEFLamide effects was between 10−9 and
10−8 mol l–1, with significant changes in cycle frequency and duty
cycle at concentrations of 10−8 mol l–1 and higher (Fig. 5B,C).

Pterygota

Neoptera

Paleoptera

Arthropoda

Chelicerata

Myriapoda

Crustacea

Hexapoda
Insecta

Entognatha

Exopterygota

Phylum Sub-phylum Class Sub-class Infraclass Superorder

Centipedes/millipedes

Spiders/horseshoe crabs

Lobster/shrimp/barnacles

Apterous/ametabolous 
insects

True insects Apterygota
Silverfish/firebrat

Winged insects

Folding-wing insect

Non-folding-wing insect
Insects

Flies/beetles/butterflies

Grasshoppers/cockroach/true bug

Endopterygota

GSEFLamide 
Present
Limited to basal groups
Not identified

Fig. 2. Evolutionary lineage tree showing that the GSEFLamides are broadly, but perhaps not ubiquitously, conserved within the Arthropoda. Taxa
for which there is genomic/transcriptomic evidence of GSEFLamide genes/transcripts are boxed in dark grey. For the hexapod infraclass Neoptera and
superorder Exopterygota, evidence of GSEFLamides is limited to a single identification of a GSEFLamide precursor from the true bug Lygus hesperus
(Christie et al., 2017a). No evidence was found for the existence of GSEFLamides in any member of the Endopterygota, suggesting a putative loss of this
peptide family in holometabolous insects. Data from: Bao et al., 2015; Christie, 2014a,c,f, 2015a,b,c; Christie and Chi, 2015a,b,c; Christie and Pascual, 2016;
Christie et al., 2015, 2017a,b, 2018a,b; Nguyen et al., 2016; Toullec et al., 2017; Veenstra et al., 2012; this study.
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Significant changes in burst duration were seen at an even lower
concentration, i.e. 10−9 mol l–1, although the magnitude of these
changes was relatively small (8.3±7.9%) (Fig. 5D). At higher
peptide concentrations, the magnitude of the effect increased for
both burst duration and duty cycle. In contrast, cycle frequency did
not change significantly across peptide concentrations.

AMGSEFLamide modulates both the gastric mill and pyloric
motor patterns produced by the lobster stomatogastric
ganglion
Two rhythmic motor programs are generated in the STG, the gastric
mill pattern, a two-phase pattern that controls the protraction and
retraction of the three teeth that make up the gastric mill, where food
is shredded, and the pyloric pattern, a three-phase pattern that
governs the movements of the pyloric filter (e.g. Harris-Warrick
et al., 1992; Selverston and Moulins, 1987). Because both patterns

are targets of the constitutive release of modulators from the CoGs
and OG when the single input nerve to the STG (i.e. the stn) from
these ganglia is intact, we examined the effects of AMGSEFLamide
in the two networks both when the stn was intact and when action
potentials travelling through the stn were eliminated.

When the stn was intact, a regular three-phase pyloric pattern
was always recorded. Superfusion with AMGSEFLamide at
concentrations ranging from 10−8 to 10−6 mol l–1 had only a
minor effect on the pyloric pattern under these conditions. To
quantify these changes, we analyzed the pyloric cycle frequency
and the duration of bursts in the pyloric dilator (PD) neurons, which
are members of the pacemaker group that drives the pattern. At
10−6 mol l–1, AMGSEFLamide induced a small increase in pyloric
cycle frequency (∼10%; Fig. 6A). No significant change in PD burst
duration was recorded at any of the concentrations used here
(Fig. 6B).

A

B

GAPDH

GSEFLamide

Brain Eyestalk

1 12 3 2 3

Fig. 3. Reverse transcription (RT)-PCR confirms the presence of multiple prepro-GSEFLamide splice variants in both the brain and eyestalk ganglia.
(A) RT-PCR-based amplification of GSEFLamide precursors from brain and eyestalk ganglia cDNAs. Gene-specific primers designed to the 5′ and 3′ ends
of the non-overlapping transcriptomic sequences GFDA01138849 and GFDA01064392 generated amplimers from all three biological replicates for each tissue.
All amplimers were sub-cloned and sequence-verified. The varied amplimer sizes correspond to splice variants, with two variants (arrowheads) resolvable
in a subset of tissue cDNAs. To control for cDNA quality, a 500 bp fragment of H. americanus GAPDH was amplified. Image corresponds to PCR products
electrophoresed on 1.5% agarose gels stained with SYBR Safe. (B) Alignment of the three GSEFLamide precursors deduced from cloned sequences.
Signal peptides are shown in grey; mono/dibasic cleavage loci are shown in black. GSEFLamide isoforms are shown in red; linker/precursor-related peptides
are shown in blue. Copies of AMGSEFLamide are highlighted in yellow. In the line below each sequence grouping, an asterisk (*) indicates identical amino
acid residues. Homam-prepro-GSEFLamide-v1, deduced from accession number MH615811; Homam-prepro-GSEFLamide-v2, deduced from accession
number MH615812; Homam-prepro-GSEFLamide-v3, deduced from accession number MH615813.
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When the stn is blocked or cut, eliminating all modulatory inputs
from the CoGs and OG, the pyloric pattern in H. americanus is
severely disrupted; under these conditions, only the PD neurons
continue to fire regular bursts of action potentials (Mizrahi et al.,
2001). Additionally, in our experiments, the lateral posterior gastric
(LPG) neuron fired a small number (1–3) of action potentials during
each PD burst in most preparations (five of seven); the LPG neuron
never fired with gastric-like timing when the stn was cut or blocked.
This activity in the LPG neuron was likely driven by weak electrical
coupling between the PD and LPG neurons in this species. Under
these conditions, modulatory effects of AMGSEFLamide were

evident. Regardless of whether or not the LPG neurons were firing
before application of AMGSEFLamide, they were strongly
activated in all preparations (n=7; Fig. 7A). In the presence of
10−6 mol l–1 AMGSEFLamide, the duration of LPG bursts
increased significantly (paired t-test; P=0.0116), from less than
1 s to a mean of 2.47±1.25 s (Fig. 7B). Interestingly, firing in the
LPG neurons, which started after that in the PD neurons in control
saline, usually began to precede the onset of PD neuron bursting
during superfusion with 10−6 mol l–1 AMGSEFLamide (Fig. 7A).
Moreover, in two of seven preparations, LPG bursts became long
enough that each LPG burst was accompanied by two PD neuron
bursts in the presence of the peptide.

In addition to the effects of the peptide on the LPG firing pattern,
pyloric cycle frequency increased significantly in the presence of
AMGSEFLamide when input via the stn was eliminated (Fig. 6A).
In most lobsters (six of seven), superfusion with AMGSEFLamide
at 10−6 mol l–1 also activated the pyloric (PY) neurons (Fig. 7C).
In a subset of these lobsters (two of six), the full triphasic pyloric
core pattern, with coordinated bursting in the PD, PY and lateral
pyloric (LP) neurons, was restored when the STG was superfused
with 10−6 mol l–1 AMGSEFLamide (Fig. 7D).

In contrast to the pyloric pattern, in which the effects of
AMGSEFLamide were evident primarily when inputs from the
anterior ganglia were absent, AMGSEFLamide modulated the gastric
mill pattern only when the stn was intact; when the stn was blocked/
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Fig. 4. Mass spectrometric identification of
GSEFLamide isoforms from the brain.
(A) Total ionization chromatogram for
H. americanus supraoesophageal ganglion
(brain) extract, showing signals from the many
peptides detected in brain tissue extracts.
(B) Summed extracted ion chromatograms for
the [M+H]+ peaks from IGSEFLamide
(m/z 664.3665), MGSEFLamide
(m/z 682.3229), AVGSEFLamide (m/z
721.3880), AMGSEFLamide (m/z 753.3600),
VMGSEFLamide (m/z 781.3914) and
ALGSEFLamide (m/z 735.4036), showing
signals specific to GSEFLamide peptides;
the strongest signal originated from
AMGSEFLamide; ‘X’ indicates that the signal
does not originate from a GSEFLamide peptide;
signals from IGSEFLamide were too weak to
contribute to the chromatogram. (C) Tandem
mass spectrometry (MS/MS) spectrum for the
m/z 753.36 [M+H]+ ion from AMGSEFLamide
at a collision energy of 30.4 eV. The assigned
sequence was supported by a complete series
of N-terminus-containing b-type product ions,
many of which lost CO to produce a-type ions.
C-terminus-containing y-type ions provided
additional sequence support, as did the
detection of internal product ions, including MG,
GS, EF and SEF, and immonium ions, including
peaks for L and M. Ions that have lost NH3 are
shown with a filled circle; ions that have lost H2O
are shown with an open circle; ions that have
lost CH3SH from a methionine residue are
shown with a filled diamond. Monoisotopic
masses are displayed. Blue text indicates b- and
a-type product ions; red text indicates y-type
product ions.

Table 1. Mass measurements for GSEFLamide peptides from Homarus
americanus supraoesophageal ganglion (brain) extract

Sequence
Measured
mass (Da)a

Predicted
mass (Da)a

Error
(ppm)b

Detection
summaryc

IGSEFLamide 664.3674 664.3665 1.4 1/9
MGSEFLamide 682.3213 682.3229 −2.4 5/9
AMGSEFLamide 753.3595 753.3600 −0.7 9/9
ALGSEFLamide 735.4017 735.4036 −2.6 7/9
AVGSEFLamide 721.3858 721.3879 −2.9 6/9
VMGSEFLamide 781.3914 781.3913 0.1 4/9
aMonoisotopic mass for [M+H]+; bError (ppm)=[(Mmeasured–Mpredicted)×106]/
Mpredicted; cnumber of individual brains in which peptide was detected/total
number of brains analyzed.
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cut, no gastric activitywas activated.Although the LPGneuron,which
generally fired with the gastric mill pattern when the stn was intact,
was activated under these conditions, it fired only in pyloric time.
When the stn was intact, but an ongoing gastric mill pattern was

absent, AMGSEFLamide superfusion activated the gastric pattern
(10−6 mol l–1; Fig. 8A); ongoing gastric mill patterns were enhanced
by AMGSEFLamide application (10−6 mol l–1; Fig. 8B). The
resulting pattern included coordinated bursting in the lateral gastric
(LG) and gastric mill (GM) neurons in antiphasewith bursting in the
dorsal gastric (DG) and LPG neurons (Fig. 8). To characterize the

effects of AMGSEFLamide on the gastric mill pattern and to
determine the extent to which it was dependent on peptide
concentration, we quantified the effects of the peptide on the
cycle period of the gastric mill pattern and on burst duration in the
LG neuron, which was consistently activated by AMGSEFLamide
(Fig. 9A,B). Effects on both parameters had thresholds near
10−6 mol l–1; no significant changes were recorded when the peptide
was superfused at 10−7 mol l–1, but the changes in both parameters
(Fig. 9A,B) were significantly greater than zero in the presence of
10−6 mol l–1 AMGSEFLamide.
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Fig. 5. AMGSEFLamide modulates CG output. (A) Recordings of activity in the anterolateral nerve in control saline and during bath application of 10−7 mol l–1

AMGSEFLamide. AMGSEFLamide elicited an increase in burst duration and a decrease in cycle frequency. (B–D) Graphs depicting changes in CG cycle
frequency (B), duty cycle of motor neuron bursts (C) and duration of motor neuron bursts (D) in response to bath application of AMGSEFLamide at
concentrations ranging from 10−10 to 10−6 mol l–1. (B) Threshold concentration for changes in cycle frequency was ∼10−8 mol l–1; at concentrations of
10−8 mol l–1 and higher, the percent change in burst frequency decreased significantly (Wilcoxon signed rank test against a theoretical median of 0,
two-tailed: 10−10 mol l–1, P=0.9102; 10−9 mol l–1, P=0.1309; 10−8 mol l–1, P=0.0273; 10−7 mol l–1, P=0.0005; 10−6 mol l–1, P=0.0005). However, changes in
cycle frequency were not concentration dependent; all concentrations above threshold elicited similar effects (ANOVA, P=0.2345). (C) Threshold concentration
for changes in duty cycle was ∼10−8 mol l–1, with 10−8 mol l–1 and higher concentrations eliciting significant changes in duty cycle (Wilcoxon signed rank test;
theoretical median of 0, two-tailed: 10−10 mol l–1, P=0.7344; 10−9 mol l–1, P=0.1934; 10−8 mol l–1, P=0.0137; 10−7 mol l–1, P=0.0005; 10−6 mol l–1, P=0.0002).
The response to AMGSEFLamide increased with increasing concentrations (ANOVA, P=0.0279), with a significant difference between responses to 10−8

and 10−6 mol l–1 (Tukey’s multiple-comparison test, P=0.0211). (D) Threshold for changes in burst duration elicited by AMGSEFLamide was ∼10−9 mol l–1;
concentrations of 10−9mol l–1 and higher elicited significant changes in burst duration (Wilcoxon signed rank test; theoretical median of 0, two-tailed: 10−10mol l–1,
P=0.9102; 10−9 mol l–1, P=0.0098; 10−8 mol l–1, P=0.0098; 10−7 mol l–1, P=0.0002; 10−6 mol l–1, P=0.0002). Changes in burst duration were concentration
dependent (ANOVA, P<0.0001), with burst duration increasing as peptide concentration increased. Responses to 10−9 mol l–1 AMGSEFLamide differed
significantly from those to 10−7 and 10−6 mol l–1 peptide; responses to 10−8 mol l–1 also differed from those to 10−6 mol l–1 peptide (Tukey’s multiple-comparison
test; 10−9 mol l–1 versus 10−7 mol l–1, P=0.0003; 10−9 mol l–1 versus 10−6 mol l–1, P<0.0001; 10−8 mol l–1 versus 10−6 mol l–1, P=0.0080). An asterisk (*)
indicates averages significantly different from zero. Square brackets indicate significant differences between responses to peptide concentrations. For all
parameters (B–D): 10−10 mol l–1, n=9; 10−9 mol l–1, n=10; 10−8 mol l–1, n=10; 10−7 mol l–1, n=13; 10−6 mol l–1, n=13.
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DISCUSSION
Conservation of the GSEFLamide family in the Arthropoda
Recent advances in both the technology used for high-throughput
nucleotide sequencing and in the computational algorithms used
to assemble the resulting data have led to a rapid expansion in the
genomic/transcriptomic datasets that are publicly accessible for
many organisms, including arthropods. These publicly accessible
genomes/transcriptomes have been used extensively to expand our
knowledge of peptidergic signalling systems in arthropods, including
the identification of several previously undescribed peptide families,
e.g. the GSEFLamides (Veenstra et al., 2012). Prior genomic/
transcriptomic analyses suggested that the GSEFLamides are broadly
conserved within the Arthropoda, with evidence for their existence
being found in one or more species from each subphylum,

i.e. Chelicerata (Christie, 2015a; Christie and Chi, 2015b; Veenstra
et al., 2012), Myriapoda (Christie, 2015c), Crustacea (Bao et al., 2015;
Christie, 2014a,c,f, 2015b; Christie and Chi, 2015c; Christie
and Pascual, 2016; Christie et al., 2015, 2017b, 2018a,b; Nguyen
et al., 2016; Toullec et al., 2017) and Hexapoda (Christie and Chi,
2015a; Christie et al., 2017a). However, the number of studies that have
reported putative GSEFLamide-encoding genes/transcripts is limited,
especially for the Myriapoda and Hexapoda; thus, precisely how
conserved this peptide family is within the phylum/subphyla remains
unresolved. Here, we conducted a survey of publicly accessible
genomic/transcriptomic datasets to broaden our understanding of
GSEFLamide conservation in the Arthropoda. These analyses
confirmed the hypothesis that this peptide family is broadly
conserved within the phylum; they also suggest the existence of
one or more losses of GSEFLamides in the more advanced
taxa of the Hexapoda (Fig. 2), i.e. a potential loss at the split between
the pterygotan (winged insects) infraclasses Paleoptera and Neoptera,
and/or a loss (or possibly a gain) at the split between the superorders
Exopterygota (hemimetabolous species) and Endopterygota
(holometabolous species). Specifically, we found genomic/
transcriptomic evidence for GSEFLamides in multiple species from
multiple orders within the Paleoptera, e.g. the Ephemeroptera
(mayflies) and Odonata (dragonflies and damselflies), while evidence
for the peptide group in theNeoptera andmore derived taxa is limited to
a single prior report of a GSEFLamide-like peptide-encoding sequence
from the plant bug L. hesperus (Christie et al., 2017a). As more
sequence data are deposited for the Arthropoda, losses and/or gains of
GSEFLamides can be further quantified, and further inferences can be
drawn concerning possible functional roles of the peptide family in
members of this phylum.

GSEFLamide isoform diversity appears highly conserved
within decapods
Based on the precursor proteins deduced from the full-length clones
described earlier, six isoforms of GSEFLamide are predicted to exist in
theH.americanusnervous system, i.e. IGSEFLamide,MGSEFLamide,
AMGSEFLamide, ALGSEFLamide, VMGSEFLamide and
AVGSEFLamide; mass spectrometry confirmed the existence of
all six peptides in extracts of the lobster brain. Comparisons of the
complement of H. americanus GSEFLamides with those predicted
for other decapod species, which span both suborders of the
Decapoda, i.e. the Dendrobranchiata (Litopenaeus vannamei)
and the Pleocyemata, including members of four infraorders,
i.e. Astacidea (Astacus astacus, Procambarus clarkii and
C. quadricarinatus), Caridea (Palaemon varians), Achelata
(Jasus edwardsii) and Brachyura (Carcinus maenas, Eriocheir
sinensis and Cancer borealis), suggest that a high level of isoform
conservation likely exists within the decapods. Specifically,
MGSEFLamide and AMGSEFLamide (both encoded as multiple
copies in most species) are likely ubiquitously conserved within the
order, with IGSEFLamide (present as a single copy) conserved in
all but the penaeid and caridean shrimp, where a single copy of
LGSEFLamide is substituted. The other lobster isoforms show
varying levels of conservation among the species thus far examined.
The high level of sequence conservation within the Decapoda for at
least some GSEFLamide isoforms suggests that they may serve
conserved functional roles in members of this order.

Physiological effects of AMGSEFLamide on the neural
circuits of the cardiac and stomatogastric ganglia
Although GSEFLamide transcripts are present in both the brain and
the eyestalk ganglia of the lobster, and all six native peptide
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Fig. 6. AMGSEFLamide modulated the pyloric motor network.
(A) AMGSEFLamide elicited an increase in pyloric cycle frequency (percent
change from frequency in control saline). When inputs from anterior ganglia
were present, i.e. the stn was intact, threshold was ∼10−7–10−6 mol l–1. When
the stn was blocked or cut (10−6 mol l–1, stn cut), 10−6 mol l–1 AMGSEFLamide
elicited a significant increase in pyloric cycle frequency. An asterisk (*)
indicates means significantly different from zero; single-sample t-test
(two-tailed) against a hypothetical value of 0; 10−8 mol l–1: n=10, P=0.3668;
10−7 mol l–1: n=7, P=0.0684; 10−6 mol l–1: n=8, P=0.020; 10−6 mol l–1, stn cut:
n=6, P=0.0333. (B) AMGSEFLamide did not alter the duration of pyloric dilator
(PD) bursts [single-sample t-test (two-tailed) against a hypothetical value of
0: 10−8 mol l–1: n=7, P=0.3101; 10−7 mol l–1: n=7, P=0.6870; 10−6 mol l–1:
n=8, P=0.0683].
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isoforms have been identified in brain tissue, the presence or
absence of these peptides in the CG and the STG has not yet been
determined. Similarly, it remains to be determined whether any of
these peptides are present in the pericardial organ, a major
neuroendocrine organ that is known to release modulators into
the heart (e.g. Christie, 2011). Nonetheless, the presence of
GSEFLamide transcripts in the eyestalk ganglia suggests the
possibility that these peptides may be released as circulating
neurohormones from the XO–SG complex, a neuroendocrine
system located in the eyestalk (e.g. Christie, 2011). The
widespread phylogenetic conservation of the GSEFLamides,
together with the identification of the nervous system as the site
of synthesis of these peptides in a number of species (e.g. Bao et al.,
2015; Christie et al., 2015; Christie and Pascual, 2016; Christie
et al., 2017b), suggests that they may be neuroactive. Because of
their locations, both the CG and the STG are fully exposed to
virtually all hormones present in the hemolymph; the CG lies within
the lumen of the heart, and the STG lies within one of the five major
anterior arteries, i.e. the ophthalmic artery. AMGSEFLamide is

present in the highest copy number on the deduced lobster
GSEFLamide precursors (Fig. 3B) and is likely to be the most
prevalent isoform in the lobster nervous system and/or hemolymph.
Mass spectrometric evidence suggests that this is the case at least in
the brain, where it was the most commonly detected GSEFLamide
isoform. Thus, we chose to focus on this isoform of GSEFLamide.

Our data suggest that AMGSEFLamide modulates the cardiac
neural circuit at concentrations as low as 10−8–10−9 mol l–1.
Moreover, a number of the effects of this peptide were concentration
dependent, with increasing effects as peptide concentration
increased. For the CG, these changes could have profound
implications for the functioning of the heart as a whole. Although
the experiments reported here were conducted in isolated CGs,
the amplitude of contractions is at least in part a function of the
bursting pattern generated by the CG. The relationship between
motor output and contraction amplitude can be characterized by the
neuromuscular transform (Brezina et al., 2000; Brezina and Weiss,
2000; Williams et al., 2013). In the absence of peripheral
modulation, the amplitudes of contractions in an isolated lobster
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heart are a function of the cycle frequency and duty cycle of bursts
of action potentials in the CGmotor neurons (Williams et al., 2013).
Thus, we can predict to some extent the functional implications of
the central modulatory effects of AMGSEFLamide, bearing in mind
that the peptide could also have peripheral effects. While the cycle
frequency, which averaged about 0.36 Hz in control saline, was
decreased by an average of ∼13–22%, the differences across
concentrations were not significant. Based on previously measured
neuromuscular transforms, the effects of this change in frequency
alone would likely elicit only modest changes in contraction
amplitude, ranging from about a 10% increase to a 4% decrease; the

amplitude of these changes would be dependent on the duty cycle
(Williams et al., 2013). In the experiments presented here, the
baseline duty cycle varied considerably, ranging from 0.07 to 0.24,
suggesting that baseline contraction amplitudes might also vary
considerably. However, since the increase in duty cycle resulting
from AMGSEFLamide superfusion was concentration dependent,
the increases in duty cycle recorded here would result in changes in
contraction amplitude as a function of peptide concentration. Such
changes would be most pronounced if the peptide were released
locally as well as hormonally. It would thus be of particular interest
to determine whether the GSEFLamides are present within the CG.
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Fig. 8. AMGSEFLamide activated the gastric mill pattern
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preparations with no ongoing pattern and with ongoing
gastric mill patterns. (A) When the gastric mill pattern was
not active in control saline, superfusion with 10−6 mol l–1

AMGSEFLamide activated a complete gastric pattern, with
coordinated bursting in DG and LPG neurons alternating
with bursts in LG and GM neurons. (B) In preparations in
which the gastric mill pattern was active in control saline, the
pattern was enhanced in 10−6 mol l–1 AMGSEFLamide. Burst
durations in LG, DG, GM and LPG neurons increased, and
spike frequency increased in LG and GM neurons. DG, dorsal
gastric neuron; dgn, dorsal gastric nerve; dlvn, dorsal lateral
ventricular nerve; GM, gastric mill neuron; LG, lateral gastric
neuron; LPG, lateral posterior gastric neuron; mvn, medial
ventricular nerve; VD, ventricular dilator neuron.
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A number of neuromodulators have also been shown to alter the
amplitude of cardiac contractions, and thus overall cardiac function,
by effects exerted at the periphery (Dickinson et al., 2015a; Fort
et al., 2007a,b; Stevens et al., 2009; Wilkens et al., 2005). For
example, the peptide proctolin, in addition to central effects, exerts
effects both on the cardiac muscle itself and at the neuromuscular
junction (Wilkens et al., 2005). The peptides myosuppressin and
two native FLRFamide-related peptides (GYSDRNYLRFamide
and SGRNFLRFamide) have been shown to modulate both the
output of the CG and the periphery in the lobster, although whether
the peripheral effects are at the neuromuscular junction or within the
muscle has not yet been determined (Dickinson et al., 2015a;
Stevens et al., 2009). In the crab Callinectes sapidus, crustacean
cardioactive peptide (CCAP) and a native FMRFamide-related
peptide likewise exert both central and peripheral effects (Fort et al.,
2007a,b). Because the GSEFLamides are likely to be present as
circulating hormones, they would reach peripheral cardiac sites,

where they, like the peptides mentioned above, could exert effects if
appropriate receptors are present.

Like the neural circuit in the CG, the pyloric network in the STG
is constitutively active in intact animals (e.g. Clemens et al., 1998a,
b; Harris-Warrick et al., 1992; Rezer and Moulins, 1983; Selverston
and Moulins, 1987; Yarger and Stein, 2015); it is also virtually
always active in the isolated STNS when the stn, which carries
inputs from the more anterior ganglia (CoGs and OG) to the STG, is
intact (e.g. Harris-Warrick et al., 1992; Selverston and Moulins,
1987). In contrast, the gastric mill pattern is only active periodically.
Such differences may play a role in determining the effects of
modulators on the two patterns, since many modulators have state-
dependent effects (Brezina et al., 2003; Nagy and Dickinson, 1983;
Nusbaum andMarder, 1989; Sakurai and Katz, 2003). Nonetheless,
both patterns are the targets of numerous neuromodulators in a range
of decapod crustaceans, although the number of modulators whose
effects on the gastric mill pattern in H. americanus have been
examined is relatively small (e.g. Dickinson et al., 2015b;
Kwiatkowski et al., 2013; Rehm et al., 2008).

When the stn was intact and the pyloric pattern was active, the
effects of AMGSEFLamide were minimal. The peptide, even at
concentrations of 10−6 mol l–1, which would be expected from local
release, did not elicit major alterations of the core pyloric pattern,
although cycle frequency did increase slightly (∼10%). When the
stn was blocked, bursts of action potentials were recorded only in the
PD neurons. Additionally, a few (2–4) action potentials in the LPG
neuron were fired during PD bursts. These action potentials in the
LPG neuron appear to be triggered by weak electrical coupling
between the PD and LPG neurons; such coupling is prominent in the
crab C. borealis (Shruti et al., 2014; Weimann et al., 1991), but is
less known in the lobster. Under these conditions, the activity of the
LPG neuron was markedly increased and, in many instances, the
onset of the LPG burst preceded that of the PD burst. Without
intracellular recordings, it is not possible to determine the
mechanism that underlies this change in timing; it could reflect an
increase in the bursting ability of the LPG neuron, such that it is able
to trigger bursts independently, or it could reflect changes in the
coupling or in the amplitude of the subthreshold depolarizations in
one or both neurons. At the same time, AMGSEFLamide induced
firing in the PY and occasionally the LP neurons, such that a more
complete pyloric pattern could be induced even in the absence of
other modulatory inputs.

The gastric mill pattern was weakly active in most of the STNSs
that we recorded from (five of seven). In those in which the pattern
was not active, AMGSEFLamide induced activity in the network; in
those in which the pattern was ongoing, the peptide enhanced the
activity of the network, leading to longer bursts and a slower gastric
frequency. However, it did not induce a gastric mill pattern in the
isolated STG, indicating that other modulators are required to put
the network into a state in which it is responsive to
AMGSEFLamide. What those modulators are and how they act is
not known. Very few modulators are able to activate the gastric
pattern in an isolated STG. In the lobster, the neuropeptide red
pigment concentrating hormone (RPCH) activated bursting with
timing appropriate for the gastric mill pattern in the DG neuron
(Rehm et al., 2008), although whether the rest of the gastric mill
pattern is activated by RPCH in this condition is not known. Even in
the crab STNS, which has been studied extensively, only pyrokinins
have been shown to activate the gastric mill pattern in an isolated
STG (Rodriguez et al., 2013; Saideman et al., 2007a,b).

Although GSEFLamide concentrations in lobster hemolymph
have not been measured, hemolymph concentrations of other
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Fig. 9. AMGSEFLamide activated the gastric mill pattern with a
threshold of ∼10−6 mol l–1 when the stn was intact. (A) Bath application
of AMGSEFLamide at 10−6 mol l–1, but not at 10−7 or 10−8 mol l–1, significantly
increased the gastric mill cycle period [single-sample t-test (two-tailed) against
hypothetical value of 0: 10−8 mol l–1: n=6, P=0.6646; 10−7 mol l–1: n=6,
P=0.6312; 10−6 mol l–1: n=6, P=0.00946]. (B) Bath application of
AMGSEFLamide at 10−6 mol l–1, but not at 10−7 or 10−8 mol l–1, significantly
increased the duration of bursts in the LG neuron [single-sample t-test
(two-tailed) against a hypothetical value of 0: 10−8 mol l–1: n=4, P=0.1469;
10−7 mol l–1: n=4, P=0.3913; 10−6 mol l–1: n=4, P=0.0175]. An asterisk (*)
indicates means significantly different from zero.
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peptides have been measured in both insects and crustaceans, with
values ranging from sub-nanomolar to sub-micromolar. For
example, hemolymph concentrations of an FMRFamide-related
peptide are∼5×10−9–8×10−9 mol l–1 in the locust (Robb and Evans,
1990) and 10−9–2×10−8 mol l–1 in the blood-sucking bug Rhodnius
prolixus (Elia et al., 1993), while concentrations as high as 3×10−8–
4×10−8 mol l–1 have been reported for ecdysis-triggering hormone
and vitellogenin-inhibiting hormone in insects and shrimp (Fastner
et al., 2007; Kang et al., 2014; Z̆itn̆an et al., 1999). The
concentrations at which AMGSEFLamide exerted effects on the
CG in the experiments reported here are within these ranges,
suggesting that GSEFLamides could function as both hormonal and
locally released modulators. In contrast, the thresholds for effects of
AMGSEFLamide on the pyloric and gastric mill patterns were
between 10−7 and 10−6 mol l–1, suggesting that they would be
able to exert effects on the networks located in the STG only if
the peptide is locally released. At present, we do not know the
distribution of any of the GSEFLamides; this information is
critical to understanding whether or not AMGSEFLamide is
physiologically important in the STG. However, because both the
CG and the STG are very small tissues, the total concentration of
peptides in these ganglia, if they are present, would also be very low.
This, coupled with the fact that these peptides do not contain basic
amino acids, which enhance ionization and facilitate mass
spectrometric detection, suggests that they would be difficult to
detect using mass spectrometry as was done to validate the
structures of these peptides in the H. americanus brain.
Immunohistochemistry would be a more promising approach, but
must await the development of an antibody directed against
the GSEFLamides.
In the present study, we focused on one of the six isoforms of

GSEFLamide that are encoded by the GSEFLamide transcript and
are present in the brain of the lobster. It will be of interest to
determine whether all of the isoforms exert similar effects on the
three networks examined here. Although it seems likely that any
differences in the responses to isoforms will be similar across
networks, differences in the responses to peptide isoforms across
networks within the lobster were recently reported for the pyrokinin
peptides (Dickinson et al., 2015b,c). Although the native lobster
pyrokinins were not known at the time of that study, the effects of
five crustacean pyrokinins were examined. All five exerted identical
effects on the gastric mill pattern; none had any effect on the pyloric
pattern. Surprisingly, one of the isoforms clearly activated the
cardiac pattern, as seen in whole heart contractions, while the others
had no effect on cardiac contractions. This suggested the possibility
that there are multiple receptors for the pyrokinins, with different
levels of specificity, or that they act on different second messenger
systems, again with different levels of specificity. Although similar
phenomena have not been widely reported, the existence of a family
of similar GSEFLamides is another opportunity to ask whether such
differences may be more widespread than previously thought.
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Table S1.  Genomic/transcriptomic evidence for the existence of GSEFLamides in the Arthropoda 
Subphylum Class (subclass) Order Example species (Accession No.) 
Crustacea Branchiopoda Anostraca None found 
  Notostraca Triops cancriformis (BAYF01005563); Triops newberryi (GEHY01007259) 
  Laevicaudata None found 
  Spinicaudata Eulimnadia texana (NKDA01000001) 
  Cyclestherida None found 
  Cladocera Daphnia magna (LRGB01003056); Daphnia pulex (FE418902; FE418903; ACJG01004393); Diaphanosoma 

celebensis (GGQP01072647) 
 Remipedia  None found 
 Cephalocarida  None found 
 Maxillopoda (Copepoda) Calanoida Calanus finmarchicus (GBFB01037216) 
  Cyclopoida Eucyclops serrulatus (GARW01034605; GARW01034606); Oithona nana (FTRT01000010); Paracyclopina nana 

(GCJT01011701) 
  Gelyelloida None found 
  Harpacticoida Tigriopus californicus (JW505134; JW524533); Tigriopus japonicas (GCHA01006330); Tisbe holothuriae 

(HAHV01208940) 
  Misophrioida None found 
  Monstrilloida None found 
  Mormonilloida None found 
  Platycopioida None found 
  Poecilostomatoida None found 
  Siphonostomatoida Caligus rogercresseyi (GAZX01021255; GAZX01021254; LBBU01194569); Lepeophtheirus salmonis 

(HACA01020923; LBBW01059486); Tracheliastes polycolpus (GGQW01002811) 
 Maxillopoda (Thecostraca) Cirripedia Pollicipes pollicipes (GGCH01051771) 
  Facetotecta None found 
  Ascothoracida None found 
 Maxillopoda (Branchiura)  None found 
 Maxillopoda (Pentastomida)  None found 
 Maxillopoda (Mystacocarida)  None found 
 Maxillopoda (Tantulocarida)  None found 
 Ostracoda  None found 
 Malacostraca (Eumalacostraca) Bathynellacea None found 
  Anaspidacea None found 
  Spelaeogriphacea None found 
  Thermosbaenacea None found 
  Lophogastrida None found 
  Mysida None found 
  Mictacea None found 
  Amphipoda Hyalella azteca (XM_018163644; GEHV01118052; GEHV01118053; JQDR02014982); Parhyale hawaiensis 

(LQNS02278091); Talitrus saltator (GDUJ01078702) 
  Isopoda Proasellus arthrodilus (HAEQ01103713); Proasellus cantabricus (HAER01069123); Proasellus granadensis 

(HAEY01024833); Proasellus margalefi (HAFD01019418); Proasellus parvulus (HAFG01006587); Proasellus 
rectus (HAFI01120250); Ligia exotica (BDMT011533477) 

  Euphausiacea Euphausia superba (GFCS01030727); Meganyctiphanes norvegica (GETT01032249) 
  Decapoda Astacus astacus (GEDF01032051; GEDF01032046); Cancer borealis (GEFB01024463); Carcinus maenas 

(GFXF01018114); Caridina multidentata (BDMR012243044); Cherax quadricarinatus (MH210976; 
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HACK01049432; HACK01072863); Eriocheir sinensis (LQIF01001265; GBZW01010051; GFBL01010056); 
Homarus americanus (GEBG01035690; GFDA01138849; GFDA01138850; GFDA01064392; MH615811; 
MH615812; MH615813); Jasus edwardsii (GGHM01077724); Litopenaeus vannamei (GFRP01041795; JP369300; 
JP405994); Marsupenaeus japonicus (CI999226); Palaemon varians (GFPG01041628; GFPG01046114); Penaeus 
monodon (NIUS011950493); Procambarus clarkii (GBEV01013249; GARH01032050; GARH01004165); 
Procambarus virginalis (MRZY010013654); Scylla paramamosain (KR078375) 

 Malacostraca (Hoplocarida)  None found 
 Malacostraca (Phyllocarida)  None found 
Hexapoda Entognatha Collembola Folsomia candida (XM_022110878; LNIX01000045); Holacanthella duospinosa (GFPE01084992); Orchesella 

cincta (LJIJ01000312); Pogonognathellus sp. (GATD02021554); Tetrodontophora bielanensis (GAXI02021309) 
  Diplura Catajapyx aquilonaris (JYFJ02003565) 
  Protura Acerentomon sp. (GAXE01002454; GAXE01002455; GAXE01016499) 
 Insecta Zygentoma Atelura formicaria (GAYJ02039606); Thermobia domestica (GASN02037847); Tricholepidion gertschi 

(GASO02020345) 
  Ephemeroptera Baetis rhodani (LVVX01380025); Ephemera danica (AYNC02025439); Isonychia bicolor (GAXA02018803) 
  Odonata Calopteryx splendens (LYUA01002566); Ladona fulva (APVN02016086); Megaloprepus caerulatus 

(GEXY01535986) 
  Hemiptera Lygus hesperus (GBHO01039466) 
  Orthoptera None found 
  Mantodea None found 
  Blattodea None found 
  Dermaptera None found 
  Phasmatodea None found 
  Phthiraptera None found 
  Plecoptera None found 
  Grylloblattodea None found 
  Thysanoptera None found 
  Diptera None found 
  Hymenoptera None found 
  Lepidoptera None found 
  Mecoptera None found 
  Megaloptera None found 
  Neuroptera None found 
  Raphidioptera None found 
  Siphonaptera None found 
  Strepsiptera None found 
  Trichoptera None found 
Chelicerata Arachnida Acari Hypochthonius rufulus (GEYP01047459; LBFL01003433); Ixodes ricinus (JXMZ02002780); Ixodes scapularis 

(XM_002414888; EW840598; PKSA01009712); Ornithodoros turicata (GDIE01026007); Platynothrus peltifer 
(GEYZ01012033); Rhipicephalus microplus (FG579568); Sarcoptes scabiei (BM522045); Steganacarus magnus 
(GEYQ01017742; LBFN01064525); Tetranychus urticae (XM_015935096; CAEY01000550) 

  Amblypygi None found 
  Araneae Latrodectus geometricus (GBJM01053139); Latrodectus hesperus (GBCS01014425; GFDB01000183; 

JJRX02014372); Loxosceles reclusa (JJRW010100076); Nephila clavipes (MWRG01026699); Parasteatoda 
tepidariorum (XR_001583087; AOMJ02232695); Pardosa pseudoannulata (GCKE01026805); Stegodyphus 
mimosarum (JT036531; AZAQ01120322) 

  Opiliones None found 
  Palpigradi None found 
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  Pseudoscorpiones Cordylochernes scorpioides (QEEW01039327) 
  Ricinulei None found 
  Schizomida None found 
  Scorpiones Centruroides sculpturatus (XM_023362779; AXZI02005370); Mesobuthus martensii (AYEL01074582); Tityus 

serrulatus (GBZU01013855) 
  Solifugae None found 
  Thelyphonida None found 
 Pycnogonida  None found 
 Merostomata  Limulus polyphemus (XR_002609941; AZTN01025391) 
Myriapoda Chilopoda  Strigamia maritime (AFFK01019071) 
 Diplopoda  None found 
 Pauropoda  None found 
 Symphyla  Symphylella vulgaris (GAKX01061676) 
Data from: Bao et al., 2015; Christie, 2014b, 2014d, 2014f, 2015a, 2015b, 2015c; Christie and Chi, 2015a, 2015b, 2015c; Christie and Pascual, 2016; Christie et al., 2015, 2017a, 2017b, 2018a, 2018b; 
Nguyen et al., 2016; Veenstra et al., 2012; this study. 
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Figure S1. Chromatographic and mass spectrometric data in support of the identification of 
MGSEFLamide (A) Total ionization chromatogram (TIC) for H. americanus supraoesophageal 
ganglion (brain) extract, summed extracted ion chromatograms (EICs) for the [M+H]+ peaks from 
IGSEFLa (m/z 664.3665), MGSEFLa, (m/z 682.3229), AVGSEFLa, (m/z 721.3880), AMGSEFLa, (m/z 
753.3600), VMGSEFLa, (m/z 781.3914), and ALGSEFLa, (m/z 735.4036) and EIC for only MGSEFLa, 
(m/z 682.3229); “X” indicates that the signal does not originate from a GSEFLamide peptide; (B) 
MS/MS spectrum for the m/z 682.32, [M+H]+ ion from MGSEFLa at a collision energy of 27.8 eV.  The 
assigned sequence was supported by a complete series of N-terminus containing b-type product ions, 
many of which lost CO to produce a-type ions.  C-terminus containing y-type ions provided additional 
sequence support, as did the detection of internal product ions, including GS, SEF, GSEF and immonium 
ions, including peaks for L and M.  Monoisotopic masses are displayed. 
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Figure S2. Chromatographic and mass spectrometric data in support of the identification of 
AVGSEFLamide. (A) Total ionization chromatogram (TIC) for H. americanus supraoesophageal 
ganglion (brain) extract, summed extracted ion chromatograms (EICs) for the [M+H]+ peaks from 
IGSEFLa (m/z 664.3665), MGSEFLa, (m/z 682.3229), AVGSEFLa, (m/z 721.3880), AMGSEFLa, (m/z 
753.3600), VMGSEFLa, (m/z 781.3914), and ALGSEFLa, (m/z 735.4036) and EIC for only 
AVGSEFLa, (m/z 721.3880); “X” indicates that the signal does not originate from a GSEFLamide 
peptide; (B) MS/MS spectrum for the m/z 721.39, [M+H]+ ion from AVGSEFLa at a collision energy of 
29.2 eV.  The assigned sequence was supported by a partial series of N-terminus containing b-type 
product ions, many of which lost CO to produce a-type ions.  C-terminus containing y-type ions 
provided additional sequence support, as did the detection of internal product ions, including VGSE and 
immonium ions, including peaks for V, L and F.  Monoisotopic masses are displayed. 
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Figure S3. Chromatographic and mass spectrometric data in support of the identification of 
AMGSEFLamide. (A) Total ionization chromatogram (TIC) for H. americanus supraoesophageal 
ganglion (brain) extract, summed extracted ion chromatograms (EICs) for the [M+H]+ peaks from 
IGSEFLa (m/z 664.3665), MGSEFLa, (m/z 682.3229), AVGSEFLa, (m/z 721.3880), AMGSEFLa, 
(m/z 753.3600), VMGSEFLa, (m/z 781.3914), and ALGSEFLa, (m/z 735.4036) and EIC for only 
AMGSEFLa, (m/z 753.3600); “X” indicates that the signal does not originate from a GSEFLamide 
peptide; (B) MS/MS spectrum for the m/z 753.36, [M+H]+ ion from AMGSEFLa at a collision energy 
of 30.4 eV.  The assigned sequence was supported by a complete series of N-terminus containing b-
type product ions, many of which lost CO to produce a-type ions.  C-terminus containing y-type ions 
provided additional sequence support, as did the detection of internal product ions, including EF and 
SEF and immonium ions, including peaks for L, M and F.  Monoisotopic masses are displayed. 
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Figure S4. Chromatographic and mass spectrometric data in support of the identification of 
VMGSEFLamide. (A) Total ionization chromatogram (TIC) for H. americanus supraoesophageal 
ganglion (brain) extract, summed extracted ion chromatograms (EICs) for the [M+H]+ peaks from 
IGSEFLa (m/z 664.3665), MGSEFLa, (m/z 682.3229), AVGSEFLa, (m/z 721.3880), AMGSEFLa, 
(m/z 753.3600), VMGSEFLa, (m/z 781.3914), and ALGSEFLa, (m/z 735.4036) and EIC for only 
VMGSEFLa, (m/z 781.3914); “X” indicates that the signal does not originate from a GSEFLamide 
peptide; (B) MS/MS spectrum for the m/z 781.39, [M+H]+ ion from VMGSEFLa at a collision energy 
of 25.5 eV.  The assigned sequence was supported by a partial series of N-terminus containing b-type 
product ions, many of which lost CO to produce a-type ions.  The detection of internal product ions, 
including MS, GSE, and MGSE and immonium ions provided additional support.  Monoisotopic 
masses are displayed. 
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Figure S5. Chromatographic and mass spectrometric data in support of the identification of 
ALGSEFLamide. (A) Total ionization chromatogram (TIC) for H. americanus supraoesophageal 
ganglion (brain) extract, summed extracted ion chromatograms (EICs) for the [M+H]+ peaks from 
IGSEFLa (m/z 664.3665), MGSEFLa, (m/z 682.3229), AVGSEFLa, (m/z 721.3880), AMGSEFLa, 
(m/z 753.3600), VMGSEFLa, (m/z 781.3914), and ALGSEFLa, (m/z 735.4036) and EIC for only 
ALGSEFLa, (m/z 735.4036); “X” indicates that the signal does not originate from a GSEFLamide 
peptide; (B) MS/MS spectrum for the m/z 735.40, [M+H]+ ion from ALGSEFLa at a collision energy 
of 29.7 eV.  The assigned sequence was supported by a partial series of N-terminus containing b-type 
product ions, many of which lost CO to produce a-type ions.  C-terminus containing y-type ions 
provided additional sequence support, as did the detection of internal product ions and immonium 
ions, including peaks for L and F.  Monoisotopic masses are displayed. 
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