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Abstract
The American lobster, Homarus americanus, is a model for investigating the neuromodulatory control of physiology and 
behavior. Prior studies have shown that multiple classes of chemicals serve as locally released/circulating neuromodulators/
neurotransmitters in this species. Interestingly, while many neuroactive compounds are known from Homarus, little work 
has focused on identifying/characterizing the enzymes responsible for their biosynthesis, despite the fact that these enzymes 
are key components for regulating neuromodulation/neurotransmission. Here, an eyestalk ganglia-specific transcriptome 
was mined for transcripts encoding enzymes involved in neuropeptide, amine, diffusible gas and small molecule transmitter 
biosynthesis. Using known Drosophila melanogaster proteins as templates, transcripts encoding putative Homarus homologs 
of peptide precursor processing (signal peptide peptidase, prohormone processing protease and carboxypeptidase) and imma-
ture peptide modifying (glutaminyl cyclase, tyrosylprotein sulfotransferase, protein disulfide isomerase, peptidylglycine-α-
hydroxylating monooxygenase and peptidyl-α-hydroxyglycine-α-amidating lyase) enzymes were identified in the eyestalk 
assembly. Similarly, transcripts encoding full complements of the enzymes responsible for dopamine [tryptophan-phenylala-
nine hydroxylase (TPH), tyrosine hydroxylase and DOPA decarboxylase (DDC)], octopamine (TPH, tyrosine decarboxylase 
and tyramine β-hydroxylase), serotonin (TPH or tryptophan hydroxylase and DDC) and histamine (histidine decarboxylase) 
biosynthesis were identified from the eyestalk ganglia, as were those responsible for the generation of the gases nitric oxide 
(nitric oxide synthase) and carbon monoxide (heme oxygenase), and the small molecule transmitters acetylcholine (choline 
acetyltransferase), glutamate (glutaminase) and GABA (glutamic acid decarboxylase). The presence and identity of the 
transcriptome-derived transcripts were confirmed using RT-PCR. The data presented here provide a foundation for future 
gene-based studies of neuromodulatory control at the level of neurotransmitter/modulator biosynthesis in Homarus.

Keywords  Neuromodulator · Neurohormone · Neurotransmitter · Transcriptome mining · Crustacea · Decapoda

Introduction

Due to its culinary notoriety, the American lobster, Homarus 
americanus, is one of the world’s most well-known crusta-
ceans; portions of its nervous system, specifically the cardiac 
ganglion and the stomatogastric nervous system, are also 
well-established biomedical models that have contributed 
greatly to our understanding of the basic principles under-
lying the generation, maintenance and modulation of rhyth-
mically active motor behaviors across the animal kingdom 
(e.g., Blitz and Nusbaum 2011; Christie et al. 2010; Cooke 
2002; Dickinson et al. 2016; Fénelon et al. 2003; Harris-
Warrick et al. 1992; Hooper and DiCaprio 2004; Marder 
and Bucher 2007; Marder et al. 1995; Nusbaum et al. 2001; 
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Selverston 2005; Selverston and Ayers 2006; Selverston and 
Moulins 1987; Selverston et al. 1998; Skiebe 2001; Stein 
2009). One finding derived from studies conducted on the 
central pattern generator–effector systems of H. americanus 
and other decapod species is that numerically simple, “hard-
wired” neural networks can produce an extensive array of 
distinct motor outputs via the actions of locally released 
and circulating chemical compounds that act to modify the 
intrinsic properties of the neurons that form these circuits. 
This modulation of the neural circuitry provides a means 
by which a single neural network can be converted into a 
myriad of functionally distinct ones depending on what 
modulator or combination of modulators is influencing it.

Work from many laboratories over the past several dec-
ades has shown that a number of classes of chemical com-
pounds serve as locally released and/or hormonally deliv-
ered neuromodulators/neurotransmitters in H. americanus 
and other decapod species (e.g., Christie 2011). At present, 
the generally recognized classes of these bioactive agents 
include peptides, amines, diffusible gases and small mol-
ecule transmitters (e.g., Christie 2011). Of these groups, 
neuropeptides are by far the largest and most diverse (e.g., 
Christie et al. 2010), with over 260 distinct peptides, which 
can be grouped into approximately 35 families, described 
from the H. americanus nervous system alone (e.g., Christie 
et al. 2015, 2017; Ma et al. 2008). Four amines [dopamine, 
octopamine (and its biosynthetic intermediate tyramine; 
e.g., Jezzini et al. 2014), serotonin and histamine], two dif-
fusible gases (nitric oxide and carbon monoxide) and three 
small molecule transmitters [acetylcholine, glutamate and 
γ-aminobutyric acid (GABA)] are also generally recognized 
to serve as neuromodulators/neurotransmitters in members 
of the Decapoda (e.g., Christie 2011).

Regardless of class, neuromodulators are generated via 
enzymatic pathways of varying complexity. For example, 
following cleavage from their precursor proteins, many 
neuropeptides must undergo extensive amino acid modi-
fication before they become fully bioactive (e.g., Christie 
et al. 2010). This is seen for some members of the crus-
tacean hyperglycemic hormone family, which have amino 
(N)-terminally cyclized glutamine residues, disulfide bridg-
ing between internal cysteine residues, and are carboxyl 
(C)-terminally amidated in their mature, bioactive confor-
mations (e.g., Böcking et al. 2002). While much work has 
focused on identifying neuromodulators/neurotransmitters 
themselves in decapods, little is known about neuromodu-
lator/neurotransmitter biosynthetic enzymes in this group 
of crustaceans, despite the fact that knowing the identity, 
diversity and regulation of these proteins is key to fully 
understanding the regulatory control of neuromodulation/
neurotransmission.

Recently, a transcriptome was generated for the eyestalk 
ganglia of H. americanus (Accession No. GFDA00000000; 

BioProject No. PRJNA338672; Christie et al. 2017). This 
assembly consists of 147,542 transcripts and was gener-
ated to serve as a resource for future molecular studies of 
physiological control within and by the eyestalk ganglia. 
Because the eyestalk ganglia of decapods, which consist of 
the lamina ganglionaris, medulla externa, medulla interna 
and medulla terminalis, are well-known sources of mul-
tiple classes of neuromodulators (e.g., Christie 2011), we 
predicted that this transcriptome could be used to identify 
the enzymes responsible for modulator/transmitter biosyn-
thesis. As the data that follow will show, full complements 
of the enzymes putatively involved in the production of 
neuropeptides, including those responsible for precursor 
protein cleavage and amino acid modification of immature 
peptides, were identified from the eyestalk ganglia assem-
bly. Similarly, full complements of the enzymes putatively 
responsible for the production of dopamine, octopamine, 
serotonin and histamine were identified from the eyestalk 
ganglia transcriptome, as were those putatively responsi-
ble for the generation of the gases nitric oxide and carbon 
monoxide, and the small molecule transmitters acetylcho-
line, glutamate and GABA. The identified sequences were 
confirmed using RT-PCR. Taken collectively, the data 
presented in this report provide a strong foundation from 
which to initiate gene-based studies of neuromodulatory 
control at the level of neurotransmitter/modulator biosyn-
thesis in H. americanus and other decapod species.

Materials and methods

In silico identification of putative neuromodulator 
biosynthetic enzyme transcripts and proteins

Transcriptome mining

Searches of the H. americanus eyestalk ganglia transcrip-
tome were conducted using methods modified from a well-
established protocol that has been used previously for the 
identification of putative neurotransmitter/neuromodu-
lator biosynthetic enzyme-encoding transcripts in other 
crustaceans (e.g., Christie et al. 2014a, b; McCoole et al. 
2011, 2012a, b). Specifically, the database of the online 
program tblastn (National Center for Biotechnology Infor-
mation, Bethesda, MD; http://blast​.ncbi.nlm.nih.gov/Blast​
.cgi) was set to “Transcriptome Shotgun Assembly (TSA)” 
and restricted to data from eyestalk ganglia assembly, i.e., 
BioProject PRJNA338672 (Christie et al. 2017). Known 
Drosophila melanogaster enzymes were used as query 
sequences. The complete list of proteins searched for in 
this study, as well as the specific queries used, is provided 
in Table 1.

http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://blast.ncbi.nlm.nih.gov/Blast.cgi
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Table 1   Putative Homarus americanus (Homam) neuromodulator biosynthetic enzyme transcripts/proteins identified via in silico mining of an 
eyestalk ganglia-specific transcriptome

Modulator class Target enzyme Transcript/protein identifications

Biosynthetic pathway Family Transcript Deduced protein

Accession no. Trinity no. Lengtha Name Lengthb Type

Peptide Neuropeptide SPP GFDA01109857 TR56866:c1_g1_i1 2105 Homam-SPP 376 F
Neuropeptide PPP GFDA01097153 TR50930:c3_g1_i1 5382 Homam-PPP 634 F
Neuropeptide CP GFDA01096975 TR50890:c1_g1_i2 4184 Homam-CP 1276 C
Neuropeptide QC GFDA01080982 TR42651:c7_g1_i2 2277 Homam-QC 364 F
Neuropeptide TPST GFDA01118134 TR61201:c0_g1_i1 3856 Homam-TPST 362 F
Neuropeptide PDI GFDA01028451 TR14457:c0_g2_i1 2719 Homam-PDI-v1 502 F

GFDA01028450 TR14457:c0_g1_i1 2698 Homam-PDI-v2 495 F
Neuropeptide PHM GFDA01027217 TR13950:c1_g8_i1 1180 Homam-PHM 350 F
Neuropeptide PAL GFDA01113631 TR58721:c0_g5_i2 5640 Homam-PAL-I-v1 912 F

GFDA01113630 TR58721:c0_g5_i1 5868 Homam-PAL-I-v1 912 F
GFDA01113634 TR58721:c0_g5_i5 4126 Homam-PAL-I-v2 881 F
GFDA01113633 TR58721:c0_g5_i4 4354 Homam-PAL-I-v2 881 F
GFDA01107659 TR56181:c2_g6_i1 1853 Homam-PAL-II 365 F

Amine Dopamine
Octopamine
Serotonin

TPH GFDA01126226 TR65054:c1_g3_i10 3509 Homam-TPH-v1 460 F

GFDA01126225 TR65054:c1_g3_i9 3480 Homam-TPH-v1 460 F
GFDA01126223 TR65054:c1_g3_i7 5139 Homam-TPH-v2 433 F
GFDA01126221 TR65054:c1_g3_i5 4601 Homam-TPH-v2 433 F
GFDA01126219 TR65054:c1_g3_i3 3218 Homam-TPH-v3 462 C
GFDA01126212 TR65054:c1_g3_i1 3247 Homam-TPH-v4 472 C

Dopamine TH GFDA01027727 TR13981:c0_g1_i2 7109 Homam-TH 500 F
Dopamine
Serotonin

DDC GFDA01106633 TR55472:c1_g1_i1 2678 Homam-DDC 476 F

Octopamine TDC GFDA01037688 TR19724:c0_g1_i1 2971 Homam-TDC 652 F
Octopamine TBH GFDA01090865 TR47480:c0_g1_i3 2371 Homam-TBH 607 F

GFDA01090867 TR47480:c0_g1_i5 2403 Homam-TBH 607 F
GFDA01090863 TR47480:c0_g1_i1 2426 Homam-TBH 607 F
GFDA01090868 TR47480:c0_g1_i6 2466 Homam-TBH 607 F

Serotonin TRH GFDA01007248 TR4447:c0_g1_i1 2153 Homam-TRH 515 F
Histamine HDC GFDA01007849 TR4952:c0_g1_i1 841 Homam-HDC1 256 N

GFDA01011857 TR6932:c0_g1_i1 357 Homam-HDC1 357 C
Gas Nitric oxide NOS GFDA01104849 TR54971:c4_g3_i2 4482 Homam-NOS-v1 1197 F

GFDA01104856 TR54971:c4_g3_i9 4584 Homam-NOS-v1 1197 F
GFDA01104855 TR54971:c4_g3_i8 4476 Homam-NOS-v2 1195 F
GFDA01104852 TR54971:c4_g3_i5 4578 Homam-NOS-v2 1195 F
GFDA01104853 TR54971:c4_g3_i6 4440 Homam-NOS-v3 1183 F
GFDA01104857 TR54971:c4_g3_i10 4542 Homam-NOS-v3 1183 F
GFDA01104848 TR54971:c4_g3_i1 1806 Homam-NOS-v4 539 F
GFDA01104854 TR54971:c4_g3_i7 1838 Homam-NOS-v4 539 F
GFDA01104850 TR54971:c4_g3_i3 2834 Homam-NOS-v5 623 F
GFDA01104851 TR54971:c4_g3_i4 2904 Homam-NOS-v5 623 F

Carbon monoxide HO GFDA01001264 TR1036:c0_g1_i1 1226 Homam-HO-v1 264 F
GFDA01001265 TR1036:c0_g1_i2 1498 Homam-HO-v2 249 F

Small molecule trans-
mitter

Acetylcholine CHAT GFDA01108811 TR56332:c0_g3_i1 2910 Homam-CHAT 746 F

Glutamate GLS GFDA01055810 TR28807:c0_g2_i4 3275 Homam-GLS-I-v1 618 F



	 Invertebrate Neuroscience (2018) 18:12

1 3

12  Page 4 of 29

Protein prediction and confirmation of protein attributions

A workflow developed to vet the identification of a variety of 
proteins, including those involved in neuromodulator/trans-
mitter biosynthesis (e.g., Christie et al. 2014a, b; McCoole 
et al. 2011, 2012a, b), was used to characterize the sequences 
deduced from the H. americanus transcripts. In brief, nucle-
otide sequences were translated using the “Translate” tool of 
ExPASy (http://web.expas​y.org/trans​late/) and assessed for 
completeness. Each protein listed as “full-length” exhibits a 
“start” methionine and is flanked on its C-terminus by a stop 
codon. Proteins described here as “partial” lack either a start 
methionine (referred to as C-terminal partial proteins) or a 
stop codon (referred to as N-terminal partial proteins); the 
amino acid sequences of all proteins deduced from the lob-
ster eyestalk transcriptome can be found in Online Resource 

1. To confirm that each of the proteins identified here is most 
similar to the D. melanogaster sequence used to identify the 
transcript encoding it, each Homarus protein was used as the 
input query in a BLAST search of the annotated Drosophila 
protein dataset present in FlyBase (version FB2016_05; Gra-
mates et al. 2017). The arthropod protein most similar to 
each Homarus sequence was subsequently determined by 
conducting a BLAST search of the non-redundant arthro-
pod proteins curated at NCBI (taxid: 6656). Finally, protein 
structural motifs were analyzed for each of the H. ameri-
canus proteins using the online program Pfam version 29.0 
(http://pfam.xfam.org/; Finn et al. 2016). This workflow was 
conducted for the deduced Homarus proteins on or before 
January 5, 2018.

All protein alignments were done using the online pro-
gram MAFFT version 7 (http://mafft​.cbrc.jp/align​ment/

Table 1   (continued)

Modulator class Target enzyme Transcript/protein identifications

Biosynthetic pathway Family Transcript Deduced protein

Accession no. Trinity no. Lengtha Name Lengthb Type

GFDA01055808 TR28807:c0_g2_i2 3146 Homam-GLS-I-v2 579 F
GFDA01055809 TR28807:c0_g2_i3 2823 Homam-GLS-I-v3 517 F
GFDA01055811 TR28807:c0_g2_i5 2781 Homam-GLS-I-v4 593 C
GFDA01137996 TR70838:c2_g2_i5 4223 Homam-GLS-II-v1 858 F
GFDA01137992 TR70838:c2_g2_i1 4157 Homam-GLS-II-v1 858 F
GFDA01137998 TR70838:c2_g2_i7 4192 Homam-GLS-II-v2 848 F
GFDA01137993 TR70838:c2_g2_i2 4127 Homam-GLS-II-v2 848 F

GABA GAD1 GFDA01116953 TR60641:c0_g1_i1 2921 Homam-GAD-I 532 F
GAD2 GFDA01130724 TR66607:c1_g1_i1 2037 Homam-GAD-II 501 F

BLAST search query proteins: SPP, Drosophila melanogaster signal peptide peptidase (Accession No. ABS20121; Casso et al. 2005); PPP, D. 
melanogaster prohormone and neuropeptide processing protease (Accession No. AAD49105; Siekhaus and Fuller 1999); CP, D. melanogaster 
silver isoform B (Accession No. AAF45514; Adams et al. 2000); QC, D. melanogaster glutaminyl cyclase (Accession No. AAF50733; Adams 
et al. 2000); TPST, D. melanogaster tyrosylprotein sulfotransferase (Accession No. AAM94031; Moore 2003); PDI, D. melanogaster protein 
disulfide isomerase isoform A (Accession No. AAF49659; Adams et al. 2000); PHM, D. melanogaster peptidylglycine α-hydroxylating monoox-
ygenase (Accession No. AAB61676; Kolhekar et  al. 1997); PAL, D. melanogaster peptidyl-α-hydroxyglycine-α-amidating lyase 1 isoform A 
(Accession No AAF58870; Adams et al. 2000); TPH, D. melanogaster phenylalanine hydroxylase (Accession No. CAA66797; Ruiz-Vázquez 
et  al. 1996); TH, D. melanogaster tyrosine hydroxylase (Accession No. CAA53802; Neckameyer and Quinn 1989); DDC, D. melanogaster 
DOPA decarboxylase isoform B (Accession No. AAF53763; Adams et al. 2000); TDC, D. melanogaster tyrosine decarboxylase 1 (Accession 
No. AAM70810; Adams et al. 2000); TBH, D. melanogaster tyramine β-hydroxylase isoform B (Accession No. AAO41640; Adams et al. 2000); 
TRH, D. melanogaster tryptophan hydroxylase (Accession No. AAF47444; Adams et al. 2000); HDC, D. melanogaster histidine decarboxylase 
isoform A (Accession No. AAF58823; Adams et al. 2000); NOS, D. melanogaster nitric oxide synthase isoform A (Accession No. AAF53014; 
Adams et al. 2000); HO, D. melanogaster heme oxygenase (Accession No. AAF54680; Adams et al. 2000); CHAT, D. melanogaster choline 
acetyltransferase isoform A (Accession No AAF55588; Adams et  al. 2000); GLS, D. melanogaster glutaminase isoform A (Accession No. 
AAM68643; Adams et al. 2000); GAD, D. melanogaster glutamic acid decarboxylase 1 isoform A (Accession No. AAF47834; Adams et al. 
2000) and D. melanogaster black isoform A (Accession No. AAF53337; Adams et al. 2000)
Protein-type abbreviations: F full-length, N amino-terminal partial, C carboxyl-terminal partial
Enzyme family abbreviations: SPP signal peptide peptidase, PPP prohormone processing protease, CP carboxypeptidase, QC glutaminyl 
cyclase, TPST tyrosylprotein sulfotransferase, PDI protein disulfide isomerase, PHM peptidylglycine α-hydroxylating monooxygenase, PAL 
peptidyl-α-hydroxyglycine-α-amidating lyase, TPH tryptophan-phenylalanine hydroxylase, TH tyrosine hydroxylase, DDC DOPA decarboxy-
lase, TDC tyrosine decarboxylase, TBH tyramine β-hydroxylase, TRH tryptophan hydroxylase, HDC histidine decarboxylase, NOS nitric oxide 
synthase, HO heme oxygenase, CHAT choline acetyltransferase, GLS glutaminase, GAD glutamic acid decarboxylase
a Length in nucleotides; bLength in amino acids
1 The two HDC partial sequences are the N- and C-terminus of the same protein that was cloned full-length (see text)

http://web.expasy.org/translate/
http://pfam.xfam.org/
http://mafft.cbrc.jp/alignment/software/
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softw​are/; Katoh and Standley 2013). Amino acid identity/
similarity between proteins was determined using MAFFT-
generated alignments. Specifically, percent identity was cal-
culated as the number of identical amino acids divided by 
the total number of residues in the longest sequence (× 100), 
while amino acid similarity was calculated as the number of 
identical and similar amino acids divided by the total num-
ber of residues in longest sequence (× 100).

PCR confirmation of sequences

Animals

Homarus americanus (n = 3) were purchased from seafood 
retailers in Brunswick, Maine. All lobsters were housed in 
recirculating natural seawater aquaria at 10–12 °C and were 
fed chopped shrimp approximately weekly.

Dissection of eyestalk ganglia

To isolate eyestalk ganglia, animals were cold-anesthetized 
by packing in ice for approximately 20–30 min, after which 
the eyestalks were removed and the eyestalk ganglia were 
dissected from the overlying carapace and surrounding 
musculature in chilled (approximately 4 °C) physiological 
saline [composition in mM/l: 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)].

RNA isolation

Freshly dissected eyestalk ganglia pairs (n = 3) were placed 
into sterile RNase-free 1.5-ml microfuge tubes containing 
300 μl of TRIzol Reagent (catalog no. 15596018; Thermo 
Fisher Scientific Inc., Waltham, MA, USA) and manually 
homogenized using a sterile RNase-free disposable pestle 
(catalog no. 9950-901; Argos Technologies Inc., Elgin, IL, 
USA). RNA was isolated from the resulting homogenate 
using a Direct-zol RNA MiniPrep spin column system (cata-
log no. R2052; Zymo Research, Irvine, CA, USA) accord-
ing to the manufacturer-supplied protocol. RNA quality was 
assessed using an Agilent 2100 Bioanalyzer (Agilent, Santa 
Clara, CA, USA). All RNA samples were stored at − 80 °C 
until used for the production of cDNA.

cDNA synthesis

Total RNA was treated with DNase I (New England Bio-
labs, Ipswich, MA, USA) for 10 min at 37 °C to remove 
contaminating genomic DNA. cDNAs were synthesized 
from 500 ng of total RNA using a SuperScript III First-
Strand Synthesis System (Life Technologies, Carlsbad, 
CA, USA) according to the recommended manufacturer 

protocols with custom-made random pentadecamers (IDT, 
San Diego, CA, USA).

RT‑PCR profiling of transcript expression in the eyestalk 
ganglia

Fragments of selected transcripts, approximately 500 base 
pair (bp) in length, were amplified from eyestalk ganglia 
cDNA samples using SapphireAmp Fast PCR Master Mix 
(Takara Bio USA, Inc., Mountain View, CA, USA) in a 
20 μl reaction volume with 0.4 μl cDNA and oligonucleo-
tide primers (Online Resource 2) designed to the respec-
tive transcriptomic sequences using Primer3 v2.3.7 (Rozen 
and Skaletsky 2000) implemented in Geneious v10.1.3 
(Biomatters Ltd., Auckland, New Zealand; Kearse et al. 
2012). PCR conditions consisted of: 95 °C for 2 min, then 
35 cycles of 95 °C for 20 s, 56 °C for 20 s and 72 °C 
for 20 s, with a final extension at 72 °C for 5 min. The 
resulting PCR products were electrophoresed on 1.5% aga-
rose gels stained with SYBR Safe (Life Technologies), 
cloned into pCR2.1TOPO TA vector (Life Technologies) 
and sequenced at the Arizona State University DNA Core 
laboratory (Tempe, AZ, USA).

Amplification of complete open reading frames

Oligonucleotide primers designed to facilitate RT-PCR 
amplification of the complete open reading frame (ORF), 
or the longest possible fragment, of selected enzyme-
encoding transcripts were designed with Primer 3 based 
on the transcriptome assembly data (Online Resource 2). 
Transcripts were amplified as described above in a 20 μl 
reaction volume with 0.4 μl cDNA and PCR conditions 
consisting of: 95 °C for 2 min, then 35 cycles of 95 °C 
for 20 s, 56 °C for 20 s and 72 °C for 105 s, with a final 
extension at 72 °C for 5 min. PCR products were cloned 
and sequenced as described in the preceding section, with 
resulting sequence data compared with the in silico assem-
bled transcripts. Given the relative sizes of the putative 
nitric oxide synthase (3594 bp), choline acetyltransferase 
(2241 bp) and peptidyl-α-hydroxyglycine-α-amidating 
lyase I (2739 bp), full-length ORFs were generated via 
overlap extension PCR using primers encompassing the 
respective start and stop sites and templates consisting 
of the amplified transcript fragments. Amplification was 
performed in a 20 μl reaction volume with SapphireAmp 
Fast PCR Master Mix and 0.4 μl of the initial PCR prod-
ucts. PCR conditions consisted of: 95 °C for 2 min, then 
30 cycles of 95 °C for 20 s, 56 °C for 20 s and 72 °C for 
165 s, with a final extension at 72 °C for 5 min. Products 
were cloned and sequenced as described above.

http://mafft.cbrc.jp/alignment/software/


	 Invertebrate Neuroscience (2018) 18:12

1 3

12  Page 6 of 29

Generation of cladograms

Cladograms were constructed to examine the phyloge-
netic relationship of putative H. americanus hydroxylase 
and decarboxylase sequences with those from a diverse 
set of arthropods. Phylogenetic analyses (minimum evolu-
tion, UPGMA, neighbor joining and maximum-likelihood) 
were performed in MEGA 6.06 (Tamura et al. 2013) with 
bootstrap support based on 1000 iterations using protein 
sequences either previously described/annotated (e.g., 
Adams et al. 2000) or identified here for the first time from 
publicly accessible transcriptome shotgun assembly data 
(Online Resources 3 and 4). Analyses were performed using 
the maximum-likelihood method based on the Whelan and 
Goldman model (Whelan and Goldman 2001). Initial trees 
for the heuristic search were obtained by applying the neigh-
bor-joining method to a matrix of pairwise distances esti-
mated using a Jones–Taylor–Thornton model (Jones et al. 
1992). A discrete Gamma distribution was used to model 
evolutionary rate differences among sites [5 categories (+G, 
hydroxylase parameter = 1.5256; decarboxylase param-
eter = 1.1622)]. For each analysis, the tree with the highest 
log likelihood was shown with the percentage of trees in 
which the associated taxa clustered together in 1000 boot-
strap iterations indicated next to the branches. The trees are 
drawn to scale, with branch lengths measured in the number 
of substitutions per site. The hydroxylase analysis involved 
40 amino acid sequences, whereas the decarboxylase analy-
sis involved 50 amino acid sequences. All positions with 
less than 95% site coverage were eliminated. That is, fewer 
than 5% alignment gaps, missing data and ambiguous bases 
were allowed at any position. The final hydroxylase dataset 
consisted of a total of 420 positions; the final decarboxylase 
dataset included 456 positions. Although only the maxi-
mum-likelihood analyses have been described in the text, 
those results were consistent with topologies generated by 
the other three analyses (minimum evolution, UPGMA and 
neighbor joining).

Results

In silico identification of neuromodulator 
biosynthetic enzyme‑encoding transcripts/proteins

The production of the H. americanus eyestalk ganglia-spe-
cific transcriptome (Accession No. GFDA00000000) used 
here for neuromodulator biosynthetic enzyme transcript/pro-
tein discovery is described in detail in a previous publication 
(Christie et al. 2017) and is deposited in GenBank under 
BioProject No. PRJNA338672. In brief, the assembly was 
generated from eyestalk ganglia pairs collected from four 
lobsters and consists of 147,542 transcripts, 87% of which 

are singletons. The average length of the transcripts pre-
sent in the eyestalk ganglia transcriptome is 1241 bp, with 
the assembly N50 length being 2160 bp. Mapping for the 
RNA-Seq reads used to generate the transcriptome against 
the complete assembly revealed an overall alignment rate 
of 91%, with the majority of reads mapping only one time. 
As the eyestalk ganglia transcriptome was used previously 
and highly successfully, for both neuropeptide (Christie 
et al. 2017) and circadian signaling system (Christie et al. 
2018a) transcript/protein discovery, we had confidence that 
it would also be useful for identifying transcripts encoding 
the enzymes involved in neuropeptide, amine, diffusible gas 
and small molecule transmitter biosynthesis. The results of 
our searches for each of these modulator groups are pre-
sented below.

Neuropeptides

Peptides are by far the largest and most diverse single class 
of modulators present in crustacean nervous systems. In H. 
americanus, over 260 distinct neuropeptides, encompassing 
approximately 35 families, have been identified using bio-
chemical techniques, molecular cloning, mass spectrometry 
and/or in silico transcriptome mining (e.g., Christie et al. 
2015, 2017; Ma et al. 2008). Mature, bioactive neuropep-
tides are produced from larger precursor proteins via one or 
more enzymatic cleavage events (e.g., Christie et al. 2010), 
and often, subsequent enzymatic processing of the immature 
peptides that results in N-terminal cyclization of glutamine/
glutamic acid residues, C-terminal amidation, sulfation of 
tyrosine residues and/or disulfide bridging between cysteines 
(e.g., Christie et al. 2010). Enzymes involved in the cleavage 
of peptides from their precursor proteins include signal pep-
tide peptidase (SPP; signal peptide cleavage), prohormone 
processing protease (PPP; cleavage at dibasic target sites 
within prohormones) and carboxypeptidase (CP; removal 
of the C-terminal basic residues, which are exposed pri-
marily when the prohormones are cleaved by PPP) (e.g., 
Christie et al. 2010). Cyclization of N-terminal glutamine/
glutamic acid residues in immature peptides is achieved via 
the action of glutaminyl cyclase (QC)-related proteins (e.g., 
Christie et al. 2010). Peptides are C-terminally amidated in a 
two-step process involving peptidylglycine α-hydroxylating 
monooxygenase (PHM)- and peptidyl-α-hydroxyglycine-α-
amidating lyase (PAL)-related enzymes, at least in arthro-
pods such as Drosophila (Kolhekar et al. 1997). Sulfation 
of tyrosine residues is achieved via the enzymatic actions 
of tyrosylprotein sulfotransferase (TPST)-related proteins, 
while disulfide bridge formation between cysteine residues is 
catalyzed by protein disulfide isomerase (PDI)-like enzymes 
(e.g., Christie et al. 2010).

BLAST searches of the eyestalk ganglia transcrip-
tome using known D. melanogaster proteins as the query 
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sequences identified transcripts encoding putative homologs 
of each of the above-mentioned neuropeptide precursor pro-
cessing and immature peptide modifying enzymes (Table 1). 
Translation of these sequences revealed one SPP (Homam-
SPP; Fig. 1), one PPP (Homam-PPP), one CP (Homam-
CP), one QC (Homam-QC), one TPST (Homam-TPST), 
two PDIs (Homam-PDI-v1 and v2), one PHM (Homam-
PHM; Fig. 2) and three PALs (Homam-PAL-I-v1 and v2 
and Homam-PAL-II; Fig. 3). All of the proteins deduced 
from the eyestalk ganglia transcriptome appear to be full-
length sequences, with the exception of Homam-CP, which 

is a C-terminal partial protein. However, when the portion 
of Homam-CP identified from the eyestalk ganglia was used 
to search a publicly accessible H. americanus mixed neural 
tissue assembly (BioProject No. PRJNA300643; Northcutt 
et al. 2016), a transcript encoding a full-length protein was 
identified (Accession No. GEBG01008403), providing the 
missing amino acid sequence data. The two PDIs appear to 
be the products of a single gene, likely generated by alterna-
tive splicing in a single variable region. In contrast, the three 
PALs appear to represent products of two different genes 
(Fig. 3), with Homam-PAL-I-v1 and Homam-PAL-I-v2 

a
Homam-SPP  MAD---GGVEEAIQAPILDNVTEAATNGT--GKVPSTPEGMALAYGSLVVMALIPIFCGA
Drome-SPP  MAEEVIGTVKEVLKG-IIENVNAPKNESAPGEKKPSTPEGMAVAYSSLVVMAMLPIIFGS

 **:  * *:*.::. *::**. . .:.:   * ********:**.******::**: *:
Homam-SPP  FRSVKHQQQQKASGEKVDTMTSKDAAMFPIIASCALFGLYIVFTVFSKEYINLLLSSYFF
Drome-SPP IRSVKLHKLKKSTGEKADTMTKKDAMYFPLIASAALFGLYLFFKIFQKVHINYLLTGYFF

 :**** :: :*::***.****.*** **:***.******:.*.:*.* :** **:.***
Homam-SPP  VLGVLALSHVFGPVISGLVPASVPFETYHLHLMKGDKDKKDYIINYGFSSYDLVCMGVCA
Drome-SPP  VLGVIALAHLLSPVINSLMPAAVPKVPFHILFTKGEGKHKEDIVNYKFSTHDIVCLVISS

 ****:**:*::.***..*:**:** .:*: : **: .:*: *:** **::*:**: :.:
Homam-SPP  LLGVWYLLKKHWIANNLLGLAFAINGVELLHLNNIQTGALLLVGLFVYDVFWVFGTNVMV
Drome-SPP  AIGVWYLLKKHWIANNLFGLAFAINGVEMLHLNNFVTGVILLSGLFFYDIFWVFGTNVMV

  :***************:**********:*****: **.:** ***.**:**********
Homam-SPP  TVAKSFEAPIKLVFPQDLLEKGMEADNFAMLGLGDIVIPGIFIALLLRFDHSLNRGSNTY
Drome-SPP  TVAKSFEAPIKLVFPQDLIENGLNASNFAMLGLGDIVIPGIFIALLLRFDDSKKRKTRIY

 ******************:*:*::*.************************.* :* :. *
Homam-SPP  FKVTFAAYFAGLMMTIFIMHVFKHAQPALLYLVPACLSAPVLLALMKGDFKELLQYEDHP
Drome-SPP  FYSTLIAYFLGLLATIFVMHVFKHAQPALLYLVPACMGTPLLVALIRGELKVLFAYEDHP

 *  *: *** **: ***:******************:.:*:*:**::*::* *: *****
Homam-SPP  -------SIDEKEEG--ETTQDKKSAKKDK
Drome-SPP  EEKPEKKEKKEKDEGVSSSGSKKKESKKGK

  . .**:** .: ..**.:**.*

b
Homam-SPP  MADGGVEEAIQAPILDNVTE---AATNGTGKVPSTPEGMALAYGSLVVMALIPIFCGAFR
Dappu-SPP  ---------MAEPVAEEVQESVNASANTTARVPSTPEGMAIAYGSLVIMALVPILIGAFR

    :  *: ::* *  *::* *.:*********:******:***:**: ****
Homam-SPP  SVKHQQQQKASGEKVDTMTSKDAAMFPIIASCALFGLYIVFTVFSKEYINLLLSSYFFVL
Dappu-SPP  SVRHHKEQKESGEKPDTMTQKDAAMFPIIASCALFGLYIFFQIISKDYINYLLTGYFFFL

 **:*:::** **** ****.*******************.* ::**:*** **:.***.*
Homam-SPP  GVLALSHVFGPVISGLVPASVPFETYHLHLMKGDKDKKDYIINYGFSSYDLVCMGVCALL
Dappu-SPP  GILALTHLLSPVVSKLIPASVPNIPFHLQLVKGKAPQTEDLLNYEFTSHDLVCMGLCSGI

 *:***:*::.**:* *:***** .:**:*:**. :.: ::** *:*:******:*: :
Homam-SPP  GVWYLLKKHWIANNLLGLAFAINGVELLHLNNIQTGALLLVGLFVYDVFWVFGTNVMVTV
Dappu-SPP  GVWYLLKKHWIANNLLGFAFAVNGIELLHLNNVVTGCILLGGLFFYDIFWVFGTNVMVTV

 *****************:***:**:*******: **.:** ***.**:************
Homam-SPP  AKSFEAPIKLVFPQDLLEKGMEADNFAMLGLGDIVIPGIFIALLLRFDHSLNRGSNTYFK
Dappu-SPP  AKSFEAPIKLVFPQDLLEKGLDANNFAMLGLGDIVIPGIFIALLLRFDNSLKRKTNFYFN

 ********************::*:************************:**:* :* **:
Homam-SPP  VTFAAYFAGLMMTIFIMHVFKHAQPALLYLVPACLSAPVLLALMKGDFKELLQYEDHPSI
Dappu-SPP ATFFAYFMGLVATILVMHLYRHAQPALLYLVPACLGTPLFLALVRGDIKTLFKYEDHPA-

 .** *** **: **::**:::**************.:*::***::**:* *::*****: 
Homam-SPP  DEKEEGETTQDKKSAKKDK
Dappu-SPP  ------EALENKVEVKKNE

 *: ::* ..**::

Fig. 1   Alignment of Homarus americanus and related signal peptide 
peptidases. a MAFFT alignment of H. americanus signal peptide 
peptidase (Homam-SPP) and Drosophila melanogaster signal pep-
tide peptidase (Drome-SPP; Accession No. AAF51486; Adams et al. 
2000). b MAFFT alignment of Homam-SPP and Daphnia pulex sig-
nal peptide peptidase (Dappu-SPP; Accession No. EFX80723; Col-

bourne et  al. 2011). In the line immediately below each sequence 
grouping, “*” indicates identical amino acid residues, while “:” 
and “.” denote amino acids that are similar in structure between 
sequences. In this figure, signal peptide peptidase domains identified 
by Pfam analyses are highlighted in yellow (color figure online)
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differing from one another by the presence/absence of a 
single insertion/deletion. The presence of two distinct PAL 
genes has been reported previously in insects, for example 
in D. melanogaster (Han et al. 2004).

To provide increased confidence that the Homarus pro-
teins described above represent actual members of the SPP, 
PPP, CP, QC, TPST, PDI, PHM and PAL families, each 
sequence was used to search the annotated D. melanogaster 
proteins in FlyBase, as well as the non-redundant arthro-
pod proteins curated in NCBI, for its most similar homolog. 
Our expectations for these reciprocal BLAST searches were 

that each Homarus sequence would return an isoform of 
the relevant protein family as the top hit from each data-
set. As expected, this was indeed the case for each of the 
FlyBase searches (Table 2). For example, D. melanogaster 
peptidyl-alpha-hydroxyglycine-alpha-amidating lyase 1 
isoform A (Accession No. AAF58870; Adams et al. 2000) 
was returned as the top hit for both Homam-PAL-I-v1 and 
v2, with peptidyl-alpha-hydroxyglycine-alpha-amidating 
lyase 2 isoform A (Accession No. AAF47043; Adams et al. 
2000) returned as the top hit for Homam-PAL-II. Similarly, 
the BLAST searches of the NCBI non-redundant arthropod 

a
Homam-PHM M------ATRTGVLVVL----------------------LLGVTATIATAETLQKFPLLM
Drome-PHM-A MPRISEIAASVGLLLLIGVISVDGLVKEGDYQNSLYQQNLESNSATGATA----SFPFLM

* *: .*:*:::    * . :** ***    .**:**
Homam-PHM PHVKPERAETYFCTPIRIDPAQEYYITAFQPNASMETAHHMLLYGCETPGTDEEVWNCGE
Drome-PHM-A PNVSPQTPDLYLCTPIKVDPTTTYYIVGFNPNATMNTAHHMLLYGCGEPGTSKTTWNCGE

*:*.*: .: *:****::**: ***..*:***:*:**********  ***.: .*****
Homam-PHM MALAQPGIKSAPVCA-TGSQVIYAWAKDAPKLVLPEGVAFKVGGRSPIQYLVLQVHYASV
Drome-PHM-A MNRASQEESASPCGPHSNSQIVYAWARDAQKLNLPEGVGFKVGKNSPIKYLVLQVHYAHI

*  *. .::* . :.**::****:** ** *****.**** .***:********* :
Homam-PHM EKFKDGSTDDSGVFLYYTETPQPKSAGVLLMGTGGRINPKSVEYMETACTINEDKILHPF
Drome-PHM-A DKFKDGSTDDSGVFLDYTEEPRKKLAGTLLLGTDGQIPAMKTEHLETACEVNEQKVLHPF

:************** *** *: * **.**:**.*:* . ..*::**** :**:*:****
Homam-PHM AFRTHTHALGRVVSGYKV-TRKGYFDDWELIGKRDPQLPQMFYPVYKDVVLRKGDTVAAR
Drome-PHM-A AYRVHTHGLGKVVSGYRVRTNSDGEQEWLQLGKRDPLTPQMFYNTSNTDPIIEGDKIAVR

*:*.***.**:*****:* *...  ::*  :*****  ***** . :   : :**.:*.*
Homam-PHM CTMESKRDRTTRIGAYNKDEMCNFYIMYWTTSPEPLDQKYCFTPGPPLYHWRDE---FYS
Drome-PHM-A CTMQSTRHRTTKIGPTNEDEMCNFYLMYYVDHGETLNMKFCFSQGAPYYFWSNPDSGLHN

***:*.*.***:**. *:*******:**:.  *.*: *:**: *.* *.* :    ::.
Homam-PHM LPD-DASTIPASQGPRGGYHHHHY
Drome-PHM-A IPHIEASTL---------------

:*. :***:

b
Homam-PHM MATRTGVLVVLLLGVTATIATAETLQKFPLLMPHVKPERAETYFCTPIRIDPAQEYYITA
Procl-PHM MACCVEVLALVLLIVTASATTPDTLQKFPLLMPHVKPERAETYFCTPIRIDPTQEYYITA

** . **.::** ***: :*.:*****************************:*******
Homam-PHM FQPNASMETAHHMLLYGCETPGTDEEVWNCGEMALAQPGIKSAPVCATGSQVIYAWAKDA
Procl-PHM FQPNASMDTAHHMLLYGCETPGTDEEVWNCGEMALAQPGIKSAAVCGSGSQVIYAWARDA

*******:***********************************.**.:*********:**
Homam-PHM PKLVLPEGVAFKVGGRSPIQYLVLQVHYASVEKFKDGSTDDSGVFLYYTETPQPKSAGVL
Procl-PHM PKLVLPEGVAFKVGGKSPIQYIVLQVHYASVEKFKDGSTDDSGVFLYYTETPQPKAAGVL

***************:*****:*********************************:****
Homam-PHM LMGTGGRINPKSVEYMETACTINEDKILHPFAFRTHTHALGRVVSGYKVTRKGYFDDWEL
Procl-PHM LMGTGGRINPNSVEYMETACTINEDKVIHPFAFRTHTHALGRVVSGYKVTRKGYADEWEL

**********:***************::************************** *:***
Homam-PHM IGKRDPQLPQMFYPVYKDVVLRKGDTVAARCTMESKRDRTTRIGAYNKDEMCNFYIMYWT
Procl-PHM IGKKDPQLPQMFYPVAKDLVLRKGDTVAARCTMESKRDRTTRVGSTNEDEMCNFYMMYWT

***:*********** **:***********************:*: *:*******:****
Homam-PHM TSPEPLDQKYCFTPGPPLYHW-RDEFYSLPD-DASTIPASQGPR-GGYHHHHY
Procl-PHM NG-NIMKKKTCFSLGPPFYYWTRGGLSNIPDRDASSLSVGTSAQEQGIDPHQI

.. : :.:* **: ***:*:* *. : .:** ***::... ..:  * . *:

Fig. 2   Alignment of Homarus americanus and related peptidylg-
lycine α-hydroxylating monooxygenases. a MAFFT alignment of 
H. americanus peptidylglycine α-hydroxylating monooxygenase 
(Homam-PHM) and Drosophila melanogaster peptidylglycine 
α-hydroxylating monooxygenase isoform A (Drome-PHM; Acces-
sion No. AAF47127; Adams et  al. 2000). b MAFFT align-
ment of Homam-PHM and Procambarus clarkii peptidylglycine 
α-hydroxylating monooxygenase (Procl-PHM; Accession No. 
BAF64529; Yasuda-Kamatani and Yasuda, unpublished direct Gen-

Bank submission). In the line immediately below each sequence 
grouping, “*” indicates identical amino acid residues, while “:” 
and “.” denote amino acids that are similar in structure between 
sequences. In this figure, copper type II ascorbate-dependent 
monooxygenase N-terminal and copper type II ascorbate-dependent 
monooxygenase C-terminal domains identified by Pfam analyses are 
highlighted in light blue and dark blue, respectively (color figure 
online)
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protein dataset support each of the putative H. americanus 
SPP, PPP, CP, QC, TPST, PDI, PHM and PAL proteins 
deduced from the eyestalk assembly as being members of the 
protein families for which they were named (Table 3), e.g., 
peptidylglycine alpha-amidating monooxygenase B from the 
amphipod Hyalella azteca (Accession No. XP_018014827; 
unpublished direct GenBank submission) was returned as 
the top BLAST hit for both Homam-PAL-I-v1 and v2, while 
peptidyl-alpha-hydroxyglycine-alpha-amidating lyase 2 from 
the springtail Orchesella cincta (Accession No. ODN01798; 
Faddeeva-Vakhrusheva et al. 2016) was returned as the most 
similar non-redundant arthropod protein to Homam-PAL-II.

As a final means of increasing our confidence that the 
Homarus SPP, PPP, CP, QC, TPST, PDI, PHM and PAL 
proteins reported here are actual members of the families 
for which they were named, each lobster protein was ana-
lyzed for structural domains using Pfam, and the identified 

domains were compared to those predicted by the program 
for the protein’s top FlyBase and NCBI arthropod non-
redundant protein hits (see above). As expected, the domain 
complements predicted by Pfam for each Homarus sequence 
(Table 4) and its D. melanogaster and non-redundant arthro-
pod protein top hit are essentially identical. For example, 
a single signal peptide peptidase domain was identified in 
Homam-SPP (Fig. 1), which was the only domain identified 
in the D. melanogaster (Accession No. AAF51486; Adams 
et al. 2000; Fig. 1a) and water flea Daphnia pulex (Acces-
sion No. EFX80723; Colbourne et al. 2011; Fig. 1b) SPPs 
identified as the top BLAST hits for the Homarus sequence 
in FlyBase and the NCBI non-redundant arthropod datasets, 
respectively (Fig. 1). Similarly, one copper type II ascor-
bate-dependent monooxygenase N-terminal domain and 
one copper type II ascorbate-dependent monooxygenase 
C-terminal domain were predicted by Pfam in Homam-PHM 

Fig. 3   MAFFT alignment of 
Homarus americanus peptidyl-
α-hydroxyglycine-α-amidating 
lyase I variant 1 (Homam-
PAL-I-v1) and peptidyl-α-
hydroxyglycine-α-amidating 
lyase II (Homam-PAL-II). In 
the line immediately below each 
sequence grouping, “*” indi-
cates identical amino acid resi-
dues, while “:” and “.” denote 
amino acids that are similar in 
structure between sequences. 
In this figure, copper type II 
ascorbate-dependent monooxy-
genase N-terminal and copper 
type II ascorbate-dependent 
monooxygenase C-terminal 
domains identified by Pfam 
analyses are highlighted in light 
blue and dark blue, respectively, 
with NHL repeats highlighted in 
dark gray (color figure online)

Homam-PAL-I-v1 MQKTAIAMVTRLGTVLAVLLTLPQAFGHNFIRRGEPSTFTYKRNFTMPGVTPKEADAYLC
Homam-PAL-II M-----------------------------------------------------------

*
Homam-PAL-I-v1 TAVELNENLEEWVVKFDPLASANRAHHMLLFGCSDVPQNMRDGYWDCGHHGVCEGSRIMY
Homam-PAL-II -------------------------------------------FW---------------

   :*    
Homam-PAL-I-v1 AWAKNAPSTVLPKGVGFHIGGKTGIRFLTLQIHYAKPLPDGVADHSGLQMELTEQQQKYK
Homam-PAL-II ------------------------------------------------------------

Homam-PAL-I-v1 AGIYLLAAGNIDIPPHTEKTHADMNCMIGNSGEPKDIYLFAYRVHAHDLGTVISGYLFDP
Homam-PAL-II --LRLAAA----------------------------------------------------

 : * **
Homam-PAL-I-v1 ETKEYTEIAKGNPHWPQAFYPMHDIHHIRTSDILHARCTWNSTTRNRHTFIGSTSGDEMC
Homam-PAL-II ----------------------------------------------------------IC

:*
Homam-PAL-I-v1 NLYLMYYTDREQGSEMGGCGYETFPHITHNLPVDSDVPLPPNPLLEEHAHGENKHDEKAY
Homam-PAL-II CFTCLY------------------------------------------------------

: :*
Homam-PAL-I-v1 SYGNVGGESIELEKKAHSRKDPRPGYFENIAELDYDTQYDRLPHKVLPPYRQRFGGNRII
Homam-PAL-II -----------------ARRFPSYDYFD-----------DRFLLQMKNLLGDREAGKGVI

:*: * .**: **:  :: :* .*: :*
Homam-PAL-I-v1 PSLQLPEDTQEPVIDQTPRKSKQLKSSAYRLVNNWGQKEVKYGQVVAVALDSHGDVVVFH
Homam-PAL-II PASRLQED------------------------RSW-QPKVNLGQVSGVSFDPEGRPVFFH

*: :* ** ..* * :*: *** .*::*..*  *.**
Homam-PAL-I-v1 RGNQTWDGSTFVGNTLKNKKKTIAEPALLHLDKDTGHILHKWGENYFFMPHGLTLDKDDN
Homam-PAL-II RSIRIWDSNTFNATNHFQGGGPLQEDVVVVLEPDTGDVIRSWGHGRFLLPHGITVDDKGN

*. : **..** ... : .: * .:: *: ***.:::.**.. *::***:*:*...*
Homam-PAL-I-v1 IWVTDVGLHQVLKFPAGYGEGQPLLTLGTRFEPGRDRTHFCKPTGIAVLNNGEFFVSDGY
Homam-PAL-II TWLTDVGLHQVFKFAPESEE--PELTLGEAQVPGSDDRHLCKPTNVAVASSGDFFVGDGY

*:********:**..  *  * ****    ** * *:****.:** ..*:***.***
Homam-PAL-I-v1 CNARVIKYSADGKFLFQFGERSVGSIGSYLGNPDPGTFNIPHALALAEDKGELCVADREN
Homam-PAL-II CNARILRFSPDGTLKDQFGHQ--GSDGS------PSSLFVPHGLALDESRDLLCVADREN

****::::*.**.:  ***.: ** ** *.:: :**.*** *.:. ********
Homam-PAL-I-v1 GRVQCFT---IEQGKFTRQFQ--YDAWGGRVFSLSYTPAFGGKLFTVNGPQMFGLQKLSV
Homam-PAL-II HRVVCISAGLLNDKNFGEPFMTLQGPNRGRVFDIA---IHSGRLVGVSGSDVEG--GATG

** *::  ::: :* . * .. ****.:: ..*:*. *.*.:: * : 
Homam-PAL-I-v1 FEVSFTSRELQGAFSPNNQGLSQPHDVVASVDGFDVYVAEIGPNKLWKFELESAMKVHKK
Homam-PAL-II FTADLSNGDLLDIWGPIT-GFHNPHSVAVSQNGRIIYVGDINPNQVWKFIVDNATGV---

* ..::. :* . :.* . *: :**.*..* :* :**.:*.**::*** ::.*  *   
Homam-PAL-I-v1 NINATQLPKIEIKSTDHMEDTSKVVKVPIALRSKWSSIGVSTVVLGLLAVPIIVLTALTL
Homam-PAL-II ------------------------------------------------------------

Homam-PAL-I-v1 IIRARGTGRFKVKNLHNGSLGASVLGRSGKHENGLSIGSLLNKHHGFEKVATEDLDLDGP
Homam-PAL-II ------------------------------------------------------------

Homam-PAL-I-v1 DSGDSDIEEFSQVATRA
Homam-PAL-II -----------------
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Table 2   Most similar Drosophila melanogaster protein to each predicted Homarus americanus neuromodulator biosynthetic enzyme sequence

Enzyme family abbreviations: SPP signal peptide peptidase, PPP prohormone processing protease, CP carboxypeptidase, QC glutaminyl 
cyclase, TPST tyrosylprotein sulfotransferase, PDI protein disulfide isomerase, PHM peptidylglycine α-hydroxylating monooxygenase, PAL 
peptidyl-α-hydroxyglycine-α-amidating lyase, TPH tryptophan-phenylalanine hydroxylase, TH tyrosine hydroxylase, DDC DOPA decarboxy-
lase, TDC tyrosine decarboxylase, TBH tyramine β-hydroxylase, TRH tryptophan hydroxylase, HDC histidine decarboxylase, NOS nitric oxide 
synthase, HO heme oxygenase, CHAT choline acetyltransferase, GLS glutaminase, GAD glutamic acid decarboxylase
a Full-length rather than the partial proteins predicted from the transcriptome used as the query sequence (see text)

Homarus americanus protein Top FlyBase D. melanogaster annotated protein hit

Modulator class Query protein Accession no. Name BLAST sta-
tistics

Score E value

Peptide Homam-SPP AAF51486 Signal peptide peptidase 463 2e−130
Homam-PPP AAF56615 Amontillado 966 0.0
Homam-CPa AAF45514 Silver, isoform B 832 0.0
Homam-QC AAO41279 Iso glutaminyl cyclase, isoform A 287 2e−77
Homam-TPST AAF48286 Transport and golgi organization 13, isoform B 473 2e−133
Homam-PDI-v1 AAF49659 Protein disulfide isomerase, isoform A 616 2e−176
Homam-PDI-v2 AAF49659 Protein disulfide isomerase, isoform A 614 1e−175
Homam-PHM AAF47127 Peptidylglycine-α-hydroxylating monooxygenase, isoform A 371 1e−102
Homam-PAL-I-v1 AAF58870 Peptidyl-α-hydroxyglycine-α-amidating lyase 1, isoform A 297 4e−80
Homam-PAL-I-v2 AAF58870 Peptidyl-α-hydroxyglycine-α-amidating lyase 1, isoform A 298 3e−80
Homam-PAL-II AAF47043 Peptidyl-α-hydroxyglycine-α-amidating lyase 2, isoform A 270 2e−72

Amine Homam-TPH-v1 AAF50517 Henna, isoform A 669 0.0
Homam-TPH-v2 AAF50517 Henna, isoform A 657 0.0
Homam-TPH-v3 AAF50517 Henna, isoform A 666 0.0
Homam-TPH-v4 AAF50517 Henna, isoform A 665 0.0
Homam-TH AAN12080 Pale, isoform A 641 0.0
Homam-DDC AAF53762 DOPA decarboxylase, isoform C 640 0.0
Homam-TDC AAM70812 Tyrosine decarboxylase 2 779 0.0
Homam-TBH AAO41640 Tyramine β-hydroxylase, isoform B 471 1e−132
Homam-TRH AAF47444 Tryptophan hydroxylase 639 0.0
Homam-HDCa AAF58823 Histidine decarboxylase, isoform A 854 0.0

Gas Homam-NOS-v1 AAF53014 Nitric oxide synthase, isoform A 1361 0.0
Homam-NOS-v2 AAF53014 Nitric oxide synthase, isoform A 1364 0.0
Homam-NOS-v3 AAF53014 Nitric oxide synthase, isoform A 1368 0.0
Homam-NOS-v4 AAZ66454 Nitric oxide synthase, isoform F 806 0.0
Homam-NOS-v5 AAF53014 Nitric oxide synthase, isoform A 560 3e−159
Homam-HO-v1 AAF54680 Heme oxygenase 163 3e−40
Homam-HO-v2 AAF54680 Heme oxygenase 162 5e−40

Small molecule transmitter Homam-CHAT AAS65177 Choline acetyltransferase, isoform B 522 7e−148
Homam-GLS-I-v1 ACZ94404 Glutaminase, isoform H 698 0.0
Homam-GLS-I-v2 AAM68643 Glutaminase, isoform A 708 0.0
Homam-GLS-I-v3 AAM68647 Glutaminase, isoform B 663 0.0
Homam-GLS-I-v4 ACZ94404 Glutaminase, isoform H 705 0.0
Homam-GLS-II-v1 AHN56158 Glutaminase, isoform K 617 2e−176
Homam-GLS-II-v2 AHN56158 Glutaminase, isoform K 617 2e−176
Homam-GAD-I AAF47834 Glutamic acid decarboxylase 1, isoform A 680 0.0
Homam-GAD-II AAF53337 Black, isoform A 570 1e−162
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Table 3   Most similar non-redundant arthropod protein to each predicted Homarus americanus (Homam) neuromodulator biosynthetic enzyme 
sequence

Enzyme family abbreviations: SPP signal peptide peptidase, PPP prohormone processing protease, CP carboxypeptidase, QC glutaminyl 
cyclase, TPST tyrosylprotein sulfotransferase, PDI protein disulfide isomerase, PHM peptidylglycine α-hydroxylating monooxygenase, PAL 
peptidyl-α-hydroxyglycine-α-amidating lyase, TPH tryptophan-phenylalanine hydroxylase, TH tyrosine hydroxylase, DDC DOPA decarboxy-
lase, TDC tyrosine decarboxylase, TBH tyramine β-hydroxylase, TRH tryptophan hydroxylase, HDC histidine decarboxylase, NOS nitric oxide 
synthase, HO heme oxygenase, CHAT choline acetyltransferase, GLS glutaminase, GAD glutamic acid decarboxylase
a Full-length rather than the partial proteins predicted from the transcriptome used as the query sequence (see text)

Homarus americanus protein Top NCBI non-redundant arthropod protein hit

Modulator class Query protein Accession no. Species Name BLAST statistics

Score E value

Peptide Homam-SPP EFX80723 Daphnia pulex Hypothetical protein DAPP-
UDRAFT_303875

521 0.0

Homam-PPP AAK28328 Faxonius limosus PC2-like protein 1209 0.0
Homam-CPa XP_021913626 Zootermopsis nevadensis Carboxypeptidase D-like isoform 

X2
1304 0.0

Homam-QC XP_018023992 Hyalella azteca Glutaminyl-peptide cyclotrans-
ferase

355 7e−120

Homam-TPST EFX85433 Daphnia pulex Hypothetical protein DAPP-
UDRAFT_209116

485 2e−170

Homam-PDI-v1 ACN89260 Litopenaeus vannamei Protein disulfide isomerase 813 0.0
Homam-PDI-v2 AEE36486 Fenneropenaeus chinensis Protein disulfide isomerase 2 789 0.0
Homam-PHM BAF64529 Procambarus clarkii Peptidylglycine α-hydroxylating 

monooxygenase
587 0.0

Homam-PAL-I-v1 XP_018014827 Hyalella azteca Peptidylglycine α-amidating 
monooxygenase B

726 0.0

Homam-PAL-I-v2 XP_018014827 Hyalella azteca Peptidylglycine α-amidating 
monooxygenase B

724 0.0

Homam-PAL-II ODN01798 Orchesella cincta Peptidyl-α-hydroxyglycine 
α-amidating lyase 2

295 5e−95

Amine Homam-TPH-v1 XP_020720433 Bombus terrestris Henna isoform X3 707 0.0
Homam-TPH-v2 XP_018007048 Hyalella azteca Henna-like 700 0.0
Homam-TPH-v3 XP_018007048 Hyalella azteca Henna-like 702 0.0
Homam-TPH-v4 XP_018007048 Hyalella azteca Henna-like 703 0.0
Homam-TH ANA78296 Litopenaeus vannamei Tyrosine hydroxylase 909 0.0
Homam-DDC XP_022191934 Nilaparvata lugens Aromatic l-aminoacid decarboxy-

lase isoform X1
708 0.0

Homam-TDC XP_013789180 Limulus polyphemus Tyrosine decarboxylase 852 0.0
Homam-TBH XP_018012883 Hyalella azteca Dopamine β-hydroxylase 749 0.0
Homam-TRH XP_018008045 Hyalella azteca Tryptophan 5-hydroxylase 1 761 0.0
Homam-HDCa XP_018021454 Hyalella azteca Histidine decarboxylase 1013 0.0

Gas Homam-NOS-v1 ACZ60615 Panulirus argus Nitric oxide synthase 2137 0.0
Homam-NOS-v2 ACZ60615 Panulirus argus Nitric oxide synthase 2100 0.0
Homam-NOS-v3 ACZ60615 Panulirus argus Nitric oxide synthase 2109 0.0
Homam-NOS-v4 ACZ60615 Panulirus argus Nitric oxide synthase 1019 0.0
Homam-NOS-v5 ACZ60615 Panulirus argus Nitric oxide synthase 1041 0.0
Homam-HO-v1 XP_014249133 Cimex lectularius Heme oxygenase 1 265 7e−87
Homam-HO-v2 XP_014249133 Cimex lectularius Heme oxygenase 1 264 1e−86

Small molecule transmitter Homam-CHAT XP_018026302 Hyalella azteca Choline O-acetyltransferase 875 0.0
Homam-GLS-I-v1 XP_018025541 Hyalella azteca Glutaminase 791 0.0
Homam-GLS-I-v2 XP_018025541 Hyalella azteca Glutaminase 806 0.0
Homam-GLS-I-v3 XP_018025541 Hyalella azteca Glutaminase 723 0.0
Homam-GLS-I-v4 XP_018025541 Hyalella azteca Glutaminase 781 0.0
Homam-GLS-II-v1 XP_018006525 Hyalella azteca Glutaminase 810 0.0
Homam-GLS-II-v2 XP_018006525 Hyalella azteca Glutaminase 810 0.0
Homam-GAD-I XP_018021504 Hyalella azteca Glutamate decarboxylase 808 0.0
Homam-GAD-II XP_021937855 Zootermopsis nevadensis Cysteine sulfinic acid decarboxy-

lase isoform X1
652 0.0
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Table 4   Structural domains/regions identified by Pfam in predicted Homarus americanus (Homam) neuromodulator biosynthetic enzymes

Enzyme family abbreviations: SPP signal peptide peptidase, PPP prohormone processing protease, CP carboxypeptidase, QC glutaminyl 
cyclase, TPST tyrosylprotein sulfotransferase, PDI protein disulfide isomerase, PHM peptidylglycine α-hydroxylating monooxygenase, PAL 
peptidyl-α-hydroxyglycine-α-amidating lyase, TPH tryptophan-phenylalanine hydroxylase, TH tyrosine hydroxylase, DDC DOPA decarboxy-
lase, TDC tyrosine decarboxylase, TBH tyramine β-hydroxylase, TRH tryptophan hydroxylase, HDC histidine decarboxylase, NOS nitric oxide 
synthase, HO heme oxygenase, CHAT choline acetyltransferase, GLS glutaminase, GAD glutamic acid decarboxylase
a Full-length rather than the partial proteins predicted from the transcriptome used as the query sequence (see text)

Homarus americanus protein Identified domains/regions (amino acid coordinates)

Modulator class Name

Peptide Homam-SPP Signal peptide peptidase (67-355)
Homam-PPP Peptidase S8 pro-domain (32-108); Subtilase family (167-455); Proprotein convertase P-domain (514-

601)
Homam-CPa Zinc carboxypeptidase (54-335; 489-764; 904-1001; 1242-1515); Carboxypeptidase regulatory-like 

domain (346-422; 775-850; 1527-1599)
Homam-QC Peptidase family M28 (130-356)
Homam-TPST Sulfotransferase family (57-250)
Homam-PDI-v1 Thioredoxin (29-133; 369-473); Thioredoxin-like domain (162-346)
Homam-PDI-v2 Thioredoxin (29-133; 369-473); Thioredoxin-like domain (162-346)
Homam-PHM Copper type II ascorbate-dependent monooxygenase, N-terminal domain (28-155); Copper type II 

ascorbate-dependent monooxygenase, C-terminal domain (175-324)
Homam-PAL-I-v1 Copper type II ascorbate-dependent monooxygenase, N-terminal domain (43-160); Copper type II 

ascorbate-dependent monooxygenase, C-terminal domain (179-331); NHL repeat (527-554; 580-608; 
638-666)

Homam-PAL-I-v2 Copper type II ascorbate-dependent monooxygenase, N-terminal domain (43-160); Copper type II 
ascorbate-dependent monooxygenase, C-terminal domain (179-331); NHL repeat (496-523; 549-577; 
607-635)

Homam-PAL-II NHL repeat (182-210; 234-260)
Amine Homam-TPH-v1 ACT domain (44-110); Biopterin-dependent aromatic amino acid hydroxylase (127-457)

Homam-TPH-v2 ACT domain (17-83); Biopterin-dependent aromatic amino acid hydroxylase (100-430)
Homam-TPH-v3 ACT domain (46-112); Biopterin-dependent aromatic amino acid hydroxylase (129-459)
Homam-TPH-v4 ACT domain (56-122); Biopterin-dependent aromatic amino acid hydroxylase (139-469)
Homam-TH Biopterin-dependent aromatic amino acid hydroxylase (165-496)
Homam-DDC Pyridoxal-dependent decarboxylase conserved domain (35-412)
Homam-TDC Pyridoxal-dependent decarboxylase conserved domain (60-438)
Homam-TBH DOMON domain (42-163); Copper type II ascorbate-dependent monooxygenase, N-terminal domain 

(205-334); Copper type II ascorbate-dependent monooxygenase, C-terminal domain (353-509)
Homam-TRH ACT domain (58-122); Biopterin-dependent aromatic amino acid hydroxylase (156-485)
Homam-HDCa Pyridoxal-dependent decarboxylase conserved domain (65-443)

Gas Homam-NOS-v1 Nitric oxide synthase, oxygenase domain (55-417); Flavodoxin (467-673); FAD binding domain (727-
956); Oxidoreductase NAD-binding domain (988-1100)

Homam-NOS-v2 Nitric oxide synthase, oxygenase domain (55-417); Flavodoxin (467-671); FAD binding domain (725-
954); Oxidoreductase NAD-binding domain (986-1098)

Homam-NOS-v3 Nitric oxide synthase, oxygenase domain (55-417); Flavodoxin (467-659); FAD binding domain (713-
942); Oxidoreductase NAD-binding domain (974-1086)

Homam-NOS-v4 Nitric oxide synthase, oxygenase domain (55-417); Flavodoxin (467-539)
Homam-NOS-v5 Flavodoxin (10-99); FAD binding domain (153-382); Oxidoreductase NAD-binding domain (414-526)
Homam-HO-v1 Heme oxygenase (7-214)
Homam-HO-v2 Heme oxygenase (7-214)

Small molecule transmitter Homam-CHAT Choline/Carnitine O-acyltransferase (87-738)
Homam-GLS-I-v1 Glutaminase (192-482); Ankyrin repeats (505-605)
Homam-GLS-I-v2 Glutaminase (153-443); Ankyrin repeats (446-566)
Homam-GLS-I-v3 Glutaminase (91-381); Ankyrin repeats (383-504)
Homam-GLS-I-v4 Glutaminase (167-457); Ankyrin repeats (480-580)
Homam-GLS-II-v1 Glutaminase (439-725); Ankyrin repeats (753-848)
Homam-GLS-II-v2 Glutaminase (429-715); Ankyrin repeats (743-838)
Homam-GAD-I Pyridoxal-dependent decarboxylase conserved domain (86-456)
Homam-GAD-II Pyridoxal-dependent decarboxylase conserved domain (58-425)
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(Fig. 2), which is the same domain complement predicted 
by the program for both the D. melanogaster (Accession 
No. AAF47127; Adams et al. 2000; Fig. 2a) and crayfish 
Procambarus clarkii (Accession No. BAF64529; Yasuda-
Kamatani and Yasuda, unpublished direct GenBank submis-
sion; Fig. 2b) PHMs identified as the most similar proteins 
in FlyBase and NCBI to the lobster sequence. Taken col-
lectively, the protein structural domain predictions and com-
parisons, in conjunction with the FlyBase and non-redundant 
arthropod protein BLAST search results, strongly support 
the H. americanus SPP, PPP, CP, QC, TPST, PDI, PHM and 
PAL proteins identified here as being true members of their 
respective enzyme families.

Amines

In H. americanus, four amines are generally recognized to 
serve as neurotransmitters/modulators, i.e., dopamine (e.g., 
Ballo and Bucher 2009; Ballo et al. 2012; Bucher et al. 2003; 
Pulver et al. 2003), octopamine (e.g., Heinrich et al. 2000; 
Schneider et al. 1993, 1996), serotonin (e.g., Beltz et al. 
1984; Benton et al. 2008; Ma et al. 1992) and histamine 
(e.g., Kwiatkowski et al. 2013; Mulloney and Hall 1991; 
Pulver et al. 2003). The amino acid phenylalanine serves as 
the initial substrate for the production of both dopamine and 
octopamine (e.g., Coleman and Neckameyer 2004; Mona-
stirioti 1999). In the first stage of the biosynthesis of both 
amines, phenylalanine is converted to tyrosine via the action 
of tryptophan-phenylalanine hydroxylase (TPH). For the 
generation of dopamine, tyrosine is converted to L-3,4-di-
hydroxyphenylalanine (L-DOPA) by tyrosine hydroxylase 
(TH), and L-DOPA is subsequently converted to dopamine 
by DOPA decarboxylase (DDC). To produce octopamine, 
tyrosine is converted to tyramine [which itself can serve neu-
romodulatory roles in decapods (e.g., Jezzini et al. 2014)] by 
tyrosine decarboxylase (TDC), with tyramine subsequently 
converted to octopamine by tyramine β-hydroxylase (TBH). 
Tryptophan is the initial substrate for the production of sero-
tonin, with this amino acid converted to 5-hydroxytrypto-
phan via the action of either TPH or tryptophan hydroxylase 
(TRH), and 5-hydroxytryptophan converted to serotonin by 
DDC (e.g., Coleman and Neckameyer 2004, 2005; Monas-
tirioti 1999). Finally, histidine serves as the initial substrate 
for the production of histamine, with the former decarboxy-
lated by the enzyme histidine decarboxylase (HDC) to pro-
duce the latter (e.g., Monastirioti 1999; Stuart 1999).

BLAST searches of the H. americanus eyestalk ganglia 
transcriptome using D. melanogaster proteins as the query 
sequences identified transcripts encoding putative homologs 
of each of the above-mentioned amine biosynthetic enzymes 
(Table 1). Translation of these transcripts suggests the pres-
ence of four TPHs (Homam-TPH-v1 through v4; Fig. 4), one 
TH (Homam-TH; Fig. 5), one DDC (Homam-DDC; Fig. 6), 

one TDC (Homam-TDC), one TBH (Homam-TBH), one 
TRH (Homam-TRH) and one HDC (Homam-HDC) in the 
lobster eyestalk ganglia. The deduced proteins all appear to 
be full-length sequences, with the exceptions of Homam-
TPH-v3 and v4, which are both C-terminal partial proteins, 
and Homam-HDC, for which N-terminal and C-terminal 
partial proteins were identified. As described below, a cDNA 
encoding a full-length Homam-HDC was cloned using the 
two fragments as templates. The four Homarus TPHs have 
distinct N-termini and are likely generated by alternative 
splicing of a single gene (Fig. 4).

As was the case for the neuropeptide biosynthetic 
enzymes, searches of FlyBase confirmed an isoform of the 
expected protein family as the top D. melanogaster BLAST 
hit for each of the H. americanus amine biosynthetic 
enzymes predicted from the eyestalk assembly (Table 2). For 
example, pale, a synonym for TH, isoform A (Accession No. 
AAN12080; Adams et al. 2000; Fig. 5a) was returned as the 
top BLAST hit for Homam-TH, while DOPA decarboxylase 
isoform C (Accession No. AAF53762; Adams et al. 2000; 
Fig. 6a) was returned as the top hit for Homam-DDC. Simi-
larly, the top non-redundant arthropod protein hit for each 
of the lobster amine biosynthetic enzymes deduced from 
the eyestalk ganglia assembly supports the peptide family 
attribution ascribed to it (Table 3), e.g., tyrosine hydroxy-
lase from the shrimp Litopenaeus vannamei (Accession No. 
ANA78296; Cheng, unpublished direct GenBank submis-
sion; Fig. 5b) was returned as the top hit for Homam-TH, 
while an aromatic L-amino acid decarboxylase, a synonym 
for DDC, from the Brown planthopper Nilaparvata lugens 
(Accession No. XP_022191934; unpublished direct Gen-
Bank submission; Fig. 6b) was returned as the top hit for 
Homam-DDC. Lastly, Pfam analyses identified structural 
domains in each of the putative H. americanus amine bio-
synthetic enzymes that further support their classification 
as members of their respective protein families (Table 3), 
e.g., a biopterin-dependent aromatic amino acid hydroxylase 
domain in Homam-TH and a pyridoxal-dependent decar-
boxylase conserved domain in Homam-DDC, domains also 
predicted by the program for their top D. melanogaster 
(Figs. 5a, 6a) and non-redundant arthropod protein (Figs. 5b, 
6b) BLAST hits, respectively.

Gases

At least two diffusible gas transmitters have been shown, or 
are hypothesized, to exist in Astacideans, i.e., nitric oxide 
(e.g., Benton et al. 2007; Mahadevan et al. 2004; Scholz 
et al. 1998) and carbon monoxide (e.g., Christie et al. 2003). 
As has been reviewed extensively (e.g., Barañano et al. 
2001; Barañano and Snyder 2001; Boehning and Snyder 
2003; Mustafa et al. 2009), nitric oxide is produced during 
the conversion of L-arginine to L-citrulline by the enzyme 
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nitric oxide synthase (NOS), while carbon monoxide is 
generated during the conversion of heme to biliverdin by 
heme oxygenase (HO)-like enzymes. Transcripts putatively 
encoding NOS- and HO-like proteins were identified from 
the Homarus eyestalk ganglia assembly using known D. 
melanogaster proteins as the query sequences (Table 1). Five 
full-length isoforms of NOS (Homam-NOS-v1 through v5; 
Fig. 7) and two isoforms of HO (Homam-HO-v1 and v2; 
Fig. 8) were predicted from the identified Homarus tran-
scripts; all are full-length proteins and appear to be splice 
variants of single genes. Isoform diversity in Homam-NOS-
v1 through v5 appears to be derived from alternative splic-
ing that results in alternative exon usage (Homam-NOS-v1 
through v4) and both N- (Homam-NOS-v5) and C-terminal 
(Homam-NOS-v4) truncation (Fig. 7b). Homam-HO-v2 is 
a C-terminally truncated version of Homam-HO-v1, miss-
ing the last 15 amino acids of the latter protein. BLAST 
searches of FlyBase confirmed an isoform of NOS to be 

the most similar D. melanogaster sequence to each of the 
Homarus NOSs, isoform A (Accession No. AAF53014; 
Adams et al. 2000) for Homam-NOS-v1 through v3 and 
v5, and isoform F (Accession No. AAZ66454; Adams et al. 
2000) for Homam-NOS-v4 (Table  2); D. melanogaster 
heme oxygenase (Accession No. AAF54680; Adams et al. 
2000; Fig. 8a) was returned as the top FlyBase hit for both 
Homam-HO-v1 and v2 (Table 2). BLAST searches of the 
non-redundant arthropod proteins in NCBI identified nitric 
oxide synthase from the spiny lobster Panulirus argus 
(Accession No. ACZ60615; Rodríguez-Ramos et al. 2010; 
Fig. 7a) as the most similar sequence to each of the Homarus 
NOS isoforms, while heme oxygenase 1 from the bed bug 
Cimex lectularius (Accession No. XP_014249133; unpub-
lished direct GenBank submission; Fig. 8b) was returned 
as the top non-redundant arthropod BLAST hit for both 
Homam-HO-v1 and v2 (Table 3). Pfam identified one nitric 
oxide synthase oxygenase, one flavodoxin, one FAD binding 

Homam-TPH-v1 ----------MEGPSMKKQCVSE-----EEVKSSKM---HDKPTRMEGGQYIIEGEEEAQ
Homam-TPH-v2 ---------------------------------------------MEGGQYIIEGEEEAQ
Homam-TPH-v3 -----------SKPRREHLCVLP-----PATNTTIMDVEYHQPTRMEGGQYIIEGEEEAQ
Homam-TPH-v4 VWLQASYIYKVAGSARCQSCSLSVIISVYSVNSDIL------PTRMEGGQYIIEGEEEAQ

  ***************
Homam-TPH-v1 STTLIFSMSEEVGALANALKIFQANNVNLLHIESRPSRREAKYEFMVECDTASGDVGAAM
Homam-TPH-v2 STTLIFSMSEEVGALANALKIFQANNVNLLHIESRPSRREAKYEFMVECDTASGDVGAAM
Homam-TPH-v3 STTLIFSMSEEVGALANALKIFQANNVNLLHIESRPSRREAKYEFMVECDTASGDVGAAM
Homam-TPH-v4 STTLIFSMSEEVGALANALKIFQANNVNLLHIESRPSRREAKYEFMVECDTASGDVGAAM

************************************************************
Homam-TPH-v1 EQMRARCSYFQVISRNHLDNKDTVPWFPRKIADLDRFANQILSYGSELDADHPGFTDAVY
Homam-TPH-v2 EQMRARCSYFQVISRNHLDNKDTVPWFPRKIADLDRFANQILSYGSELDADHPGFTDAVY
Homam-TPH-v3 EQMRARCSYFQVISRNHLDNKDTVPWFPRKIADLDRFANQILSYGSELDADHPGFTDAVY
Homam-TPH-v4 EQMRARCSYFQVISRNHLDNKDTVPWFPRKIADLDRFANQILSYGSELDADHPGFTDAVY

************************************************************
Homam-TPH-v1 RDRRKYFADIAYHYKHFQEIPRVEYTAEEKETWGVVFRNLTKLYKTHACKEHNMVFPLLI
Homam-TPH-v2 RDRRKYFADIAYHYKHFQEIPRVEYTAEEKETWGVVFRNLTKLYKTHACKEHNMVFPLLI
Homam-TPH-v3 RDRRKYFADIAYHYKHFQEIPRVEYTAEEKETWGVVFRNLTKLYKTHACKEHNMVFPLLI
Homam-TPH-v4 RDRRKYFADIAYHYKHFQEIPRVEYTAEEKETWGVVFRNLTKLYKTHACKEHNMVFPLLI

************************************************************
Homam-TPH-v1 ENCGYREDNIPQLQDVSNFLKDCTGFTLRPVAGLLSSRDFLAGLAFRVFHSTQYIRHSSK
Homam-TPH-v2 ENCGYREDNIPQLQDVSNFLKDCTGFTLRPVAGLLSSRDFLAGLAFRVFHSTQYIRHSSK
Homam-TPH-v3 ENCGYREDNIPQLQDVSNFLKDCTGFTLRPVAGLLSSRDFLAGLAFRVFHSTQYIRHSSK
Homam-TPH-v4 ENCGYREDNIPQLQDVSNFLKDCTGFTLRPVAGLLSSRDFLAGLAFRVFHSTQYIRHSSK

************************************************************
Homam-TPH-v1 PLYTPEPDICHELLGHAPLLADPAFAQFSQEIGLASLGAPDEFIEKLATCYWFTVEYGIC
Homam-TPH-v2 PLYTPEPDICHELLGHAPLLADPAFAQFSQEIGLASLGAPDEFIEKLATCYWFTVEYGIC
Homam-TPH-v3 PLYTPEPDICHELLGHAPLLADPAFAQFSQEIGLASLGAPDEFIEKLATCYWFTVEYGIC
Homam-TPH-v4 PLYTPEPDICHELLGHAPLLADPAFAQFSQEIGLASLGAPDEFIEKLATCYWFTVEYGIC

************************************************************
Homam-TPH-v1 QQNGENKAFGAGLLSSFGELEYCLTDKPELLPFDPAKTSLQKYPITEYQPVYYVAQSFED
Homam-TPH-v2 QQNGENKAFGAGLLSSFGELEYCLTDKPELLPFDPAKTSLQKYPITEYQPVYYVAQSFED
Homam-TPH-v3 QQNGENKAFGAGLLSSFGELEYCLTDKPELLPFDPAKTSLQKYPITEYQPVYYVAQSFED
Homam-TPH-v4 QQNGENKAFGAGLLSSFGELEYCLTDKPELLPFDPAKTSLQKYPITEYQPVYYVAQSFED

************************************************************
Homam-TPH-v1 AKQKMIQFAATIPRPFSVRYNPYTQSVEILNSKPQIHSLVREINCDIQVLMDAIVKLN
Homam-TPH-v2 AKQKMIQFAATIPRPFSVRYNPYTQSVEILNSKPQIHSLVREINCDIQVLMDAIVKLN
Homam-TPH-v3 AKQKMIQFAATIPRPFSVRYNPYTQSVEILNSKPQIHSLVREINCDIQVLMDAIVKLN
Homam-TPH-v4 AKQKMIQFAATIPRPFSVRYNPYTQSVEILNSKPQIHSLVREINCDIQVLMDAIVKLN

**********************************************************

Fig. 4   MAFFT alignment of Homarus americanus tryptophan-pheny-
lalanine hydroxylase (TPH) variants. In the line immediately below 
each sequence grouping, “*” indicates identical amino acid residues. 
In this figure, ACT and biopterin-dependent aromatic amino acid 

hydroxylase domains identified by Pfam analyses are highlighted 
in light gray and red, respectively. Homam-TPH-v1 and v2 are full-
length sequences, while Homam-TPH-v3 and v4 are C-terminal par-
tial proteins (color figure online)
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and one oxidoreductase NAD-binding domain in Homam-
NOS-v1 (Fig. 7a), v2 and v3 (Table 4), which is the same 
domain complement predicted by the program for the D. 

melanogaster and P. argus (Fig. 7a) NOSs identified as the 
top FlyBase and NCBI non-redundant arthropod BLAST 
hits for these lobster proteins; due to their truncated nature, 

a
Homam-TH   ---MKAAEANRERFAINKSYSIENGYPARRRSLVDDARFETTINKQQKQSWIEEAQRLSC
Drome-PLE-A    MMAVAAAQKNREMFAIKKSYSIENGYPSRRRSLVDDARFETLVVKQTKQTVLEEARSKAN

: **: *** ***:**********:************* : ** **: :***:  : 
Homam-TH   DGELSEEEVFLVQSPCEPD----VPQQVALVVALVDGITSLPRIIKTIENFKGHVAHVET
Drome-PLE-A DYGLTEDEILLANAASESSDAEAAMQSAALVVRLKEGISSLGRILKAIETFHGTVQHVES

  *  *:*:*::*.::..*.. . *..**** * :**:** **:*:**.*:* * ***:
Homam-TH   RPAPRKGVAFDVLIKIDILREPLLNLLKSLRQGSAIASVNLLSEHHSSIKEAWFPKHISE
Drome-PLE-A    RQSRVEGVDHDVLIKLDMTRGNLLQLIRSLRQSGSFSSMNLMADNNLNVKAPWFPKHASE

  * : :** .*****:*: *  **:*::****..:::*:**::::: .:* .***** **
Homam-TH LDMCNHLMTKFEPDLDMDHPGFADKEYRARRKEIADIAFTYRYGDPIPRVAYQQEEIDTW
Drome-PLE-A  LDNCNHLMTKYEPDLDMNHPGFADKVYRQRRKEIAEIAFAYKYGDPIPFIDYSDVEVKTW

  ** *******:******:******* ** ******:***:*:****** : *.: *:.**
Homam-TH GAVFKELERLIPTHACRQYREVWEILKRDCGYTPDQIPQLEDVSKFMKRRTGFTLRPAAG
Drome-PLE-A  RSVFKTVQDLAPKHACAEYRAAFQKLQDEQIFVETRLPQLQEMSDFLRKNTGFSLRPAAG

:*** :: * *.*** :** .:: *: :  :.  ::***:::*.*:::.***:******
Homam-TH LLTARDFLASLAFRVFQCTQYIRHHSSPHHSPEPDAIHELLGHAPLLAEPAFAQFSQELG
Drome-PLE-A  LLTARDFLASLAFRIFQSTQYVRHVNSPYHTPEPDSIHELLGHMPLLADPSFAQFSQEIG

  **************:**.***:** .**:*:****:******* ****:*:*******:*
Homam-TH LASLGASDHEIEKFATMYWFTVEFGLCRESGDVRAWGAGLLSSFGELAHALSDKPSKKDF
Drome-PLE-A  LASLGASDEEIEKLSTVYWFTVEFGLCKEHGQIKAYGAGLLSSYGELLHAISDKCEHRAF

  ********.****::*:**********:* *:::*:*******:*** **:*** .:: *
Homam-TH DPAITSVQPYQDQDYQDLYFIADTVEDAQEKFRRWTFQTMSRPYEVRYEPHSQSVQTLDS
Drome-PLE-A  EPASTAVQPYQDQEYQPIYYVAESFEDAKDKFRRWV-STMSRPFEVRFNPHTERVEVLDS

  :** *:*******:** :*::*::.***::*****. .*****:***::**:: *:.***
Homam-TH VHKLEDLTSSLTSEIQRLNNAVRKMK--F
Drome-PLE-A  VDKLETLVHQMNTEILHLTNAISKLRRPF

  *.*** *. .:.:** :*.**: *:: *

b
Homam-TH   MKAAEANRERFAINKSYSIENGYPARRRSLVDDARFETTINKQQKQSWIEEAQRLSCDGE
Litva-TH MKAAETNRERFAINKSYSIENGYPARRRSLVDDAKFESTIEKQQKQTWIEEAKRLSCDGE

  *****:****************************:**:**:*****:*****:*******
Homam-TH   LSEEEVFLVQSPCEPDVPQQVALVVALVDGITSLPRIIKTIENFKGHVAHVETRPAPRKG
Litva-TH   LSEEEVFLVQSPCEPDVPQQVALVLALVDGITSLPRIIKTIENFKGTVVHVETRPAPRKG

  ************************:********************* *.***********
Homam-TH   VAFDVLIKIDILREPLLNLLKSLRQGSAIASVNLLSEHHSSIKEAWFPKHISELDMCNHL
Litva-TH   VAFDVLLKVLILREPLLTLLKSLRQGASIASVNLLSEHHSSIKEPWFPKHISELDLCNHL

  ******:*: *******.********::****************.**********:****
Homam-TH MTKFEPDLDMDHPGFADKEYRARRKEIADIAFTYRYGDPIPRVAYQQEEIDTWGAVFKEL
Litva-TH MTKYEPDLDMDHPGFADQDYRARRKEIADIAFKYKHGEPIPRIEYRPEEIATWGAVFREL

  ***:*************::*************.*::*:****: *: *** ******:**
Homam-TH ERLIPTHACRQYREVWEILKRDCGYTPDQIPQLEDVSKFMKRRTGFTLRPAAGLLTARDF
Litva-TH ERLIPSHACRQYREVWDVLKRDCGYAADNIPQLENVSRFMKRRTGFSLRPAAGLLTARDF

  *****:**********::*******:.*:*****:**:********:*************
Homam-TH LASLAFRVFQCTQYIRHHSSPHHSPEPDAIHELLGHAPLLAEPAFAQFSQELGLASLGAS
Litva-TH LASLAFRVFQCTQYIRHHSSPHHSPEPDAIHELLGHAPLLAYPQFAQFSHELGLASLGAP

  ***************************************** * *****:*********.
Homam-TH DHEIEKFATMYWFTVEFGLCRESGDVRAWGAGLLSSFGELAHALSDKPSKKDFDPAITSV
Litva-TH DQEIEKFATMYWFTVEFGLCREGGEVRAWGAGLLSSFGELQHALSDKPERRPFEPARTAV

  *:********************.*:*************** *******.:: *:** *:*
Homam-TH QPYQDQDYQDLYFIADTVEDAQEKFRRWTFQTMSRPYEVRYEPHSQSVQTLDSVHKLEDL
Litva-TH QPYQDQDYQDLYFVSESIEDAQDKFKRWTSQTLSRPYEVRYEPYSQSVQTLDSVQRLEDL

  *************:::::****:**:*** **:**********:**********::****
Homam-TH TSSLTSEIQRLNNAVRKMKF
Litva-TH SAALGTEVSRLRNAIQEMKF

  :::* :*:.**.**:::***

Fig. 5   Alignment of Homarus americanus and related tyros-
ine hydroxylases. a MAFFT alignment of H. americanus tyrosine 
hydroxylase (Homam-TH) and Drosophila melanogaster pale, a syno-
nym for TH, isoform A (Drome-PLE-A; Accession No. AAN12080; 
Adams et  al. 2000). b MAFFT alignment of Homam-TH and Lito-
penaeus vannamei tyrosine hydroxylase (Litva-TH; Accession No. 

ANA78296; Cheng, unpublished direct GenBank submission). In the 
line immediately below each sequence grouping, “*” indicates iden-
tical amino acid residues, while “:” and “.” denote amino acids that 
are similar in structure between sequences. In this figure, biopterin-
dependent aromatic amino acid hydroxylase domains identified by 
Pfam analyses are highlighted in red (color figure online)
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a subset of the domains predicted for Homam-NOS-v1 
through v3 were identified by Pfam in Homam-v4 and v5 
(Table 4). A single heme oxygenase domain was predicted 

by Pfam for both Homam-HO-v1 and v2 (Table  4), a 
domain also predicted by the program for their D. mela-
nogaster (Fig. 8a) and C. lectularius (Fig. 8b) counterparts. 

a
Homam-DDC -----------------------------------MDEEQFKAASRDMTEYITNYITNIR
Drome-DDC-C MSHIPISNTIPTKQTDGNGKANISPDKLDPKVSIDMEAPEFKDFAKTMVDFIAEYLENIR

*:  :**  :: *.::*::*: ***
Homam-DDC DRRVLPEVEPGYLRPLLPDHAPDTPDEWSDVMADIERVIMPGVTHWHSPQFHAYYPTANT
Drome-DDC-C ERRVLPEVKPGYLKPLIPDAAPEKPEKWQDVMQDIERVIMPGVTHWHSPKFHAYFPTANS

:*******:****:**:** **:.*::*.*** ****************:****:****:
Homam-DDC YPSILADMLSDAIGCIGFTWISSPACTELEVVMMDWLGELLGLPQQFLASSGGKGGGVIQ
Drome-DDC-C YPAIVADMLSGAIACIGFTWIASPACTELEVVMMDWLGKMLELPAEFLACSGGKGGGVIQ

**:*:*****.**.*******:****************::* ** :***.**********
Homam-DDC GTASEASLVALLAAKTKMVNKLKEKKPDLLKDTITSKLIAYASDQAHSSVERAGLLAGVK
Drome-DDC-C GTASESTLVALLGAKAKKLKEVKELHPEWDEHTILGKLVGYCSDQAHSSVERAGLLGGVK

*****::*****.**:* ::::** :*:  :.** .**:.*.**************.***
Homam-DDC MRQVVSNDEFAMRGPALRHAIQQDLKLGLIPFFVVGTLGATSVCSFDNLRELGEVTQEFD
Drome-DDC-C LRSVQSENH-RMRGAALEKAIEQDVAEGLIPFYAVVTLGTTNSCAFDYLDECGPVGNKHN

:*.* *::. ***.**.:**:**:  *****:.* ***:*. *:** * * * * ::.:
Homam-DDC LWLHVDAAYAGAAMVCEEYRYLMDGVELAQSFNFNPHKWLLVTFDCSAMWVKNANDLVDA
Drome-DDC-C LWIHVDAAYAGSAFICPEYRHLMKGIESADSFNFNPHKWMLVNFDCSAMWLKDPSWVVNA

**:********:*::* ***:**.*:* *:*********:**.*******:*:.. :*:*
Homam-DDC FNVDPLYLKHDKQGLAPDYRHWQIPLGRRFRSLKLWFVMRLYGKQGFQAHIRKQIGLAHQ
Drome-DDC-C FNVDPLYLKHDMQGSAPDYRHWQIPLGRRFRALKLWFVLRLYGVENLQAHIRRHCNFAKQ

*********** ** ****************:******:**** :.:*****:: .:*:*
Homam-DDC FEDYVKADQRFELILPVTLGLVCFRLKKNNEVNEALLKNINSDGVMHLVPSKIRGTFFLR
Drome-DDC-C FGDLCVADSRFELAAEINMGLVCFRLKGSNERNEALLKRINGRGHIHLVPAKIKDVYFLR

* * **.**** :.:******** .** ******.**. * :****:**:..:***
Homam-DDC FCVCSELTETYDIEKSWQEVLKQTQRVLQQN
Drome-DDC-C MAICSRFTQSEDMEYSWKEVSAAADEMEQEQ

:.:**.:*:: *:* **:** ::.: *::

b
Homam-DDC ----MDEEQFKAASRDMTEYITNYITNIRDRRVLPEVEPGYLRPLLPDHAPDTPDEWSDV
Nillu-AADC-X1 MAQEMEQKEFSEFAKSMVEYIGQYLENIRDRRVLPTVEPGYLRPCLPETAPEDPDKWQDV

*::::*. ::.*.*** :*: ********* ******** **: **: **:*.**
Homam-DDC MADIERVIMPGVTHWHSPQFHAYYPTANTYPSILADMLSDAIGCIGFTWISSPACTELEV
Nillu-AADC-X1 MADIERVIMPGVTHWHSPRFHAYFPTANSYPAIVADMLSDAIACIGFSWIASPACTELEV

******************:****:****:**:*:********.****:**:*********
Homam-DDC VMMDWLGELLGLPQQFLASSGGKGGGVIQGTASEASLVALLAAKTKMVNKLKEKKPDLLK
Nillu-AADC-X1 VMLDWLGKILGLPNEFLACSGGKAGGVIQGTASEATLVALLGAKARAVRKAKEQHPDWTD

**:****::****::***.****.***********:*****.**:: *.* **::**  .
Homam-DDC DTITSKLIAYASDQAHSSVERAGLLAGVKMRQVVSNDEFAMRGPALRHAIQQDLKLGLIP
Nillu-AADC-X1 AVINSKLIAYASEQAHSSVERAGLLGGVTFRNLKVDSHYRLHGDTVDEAIKKDLKEGLIP

.*.********:************.**.:*::  :..: ::* :: .**::*** ****
Homam-DDC FFVVGTLGATSVCSFDNLRELGEVTQEFDLWLHVDAAYAGAAMVCEEYRYLMDGVELAQS
Nillu-AADC-X1 FYVVATLGTTSVCSFDLVTEIGPVCRKHDLWLHIDAAYAGSAFICPEYRYLMEGVELADS

*:**.***:******* : *:* * ::.*****:******:*::* ******:*****:*
Homam-DDC FNFNPHKWLLVTFDCSAMWVKNANDLVDAFNVDPLYLKHDKQGLAPDYRHWQIPLGRRFR
Nillu-AADC-X1 FNFNPHKWMLVTFDCSAMWLKDPTDVIDAFNVDPLYLKHEQQGSAPDYRHWQIPLGRRFR

********:**********:*:..*::************::** ****************
Homam-DDC SLKLWFVMRLYGKQGFQAHIRKQIGLAHQFEDYVKADQRFELILPVTLGLVCFRLKKNNE
Nillu-AADC-X1 SLKLWFVMRLYGVKNLQAHIRKQIGFAHQFEAYVNEDERFELVGDVLMGLVCFRLKGSNE

************ :.:*********:***** **: *:****:  * :******** .**
Homam-DDC VNEALLKNINSDGVMHLVPSKIRGTFFLRFCVCSELTETYDIEKSWQEVLKQTQRVLQQN
Nillu-AADC-X1 LNEKLLKRINGNGKIHLVPSKIDGLYFLRLAICSRYTESTDIEFSWTEIKSLANDVLVEE

:** ***.**.:* :******* * :***:.:**. **: *** ** *: . :: ** ::
Homam-DDC -
Nillu-AADC-X1 K

Fig. 6   Alignment of Homarus americanus and related DOPA decar-
boxylases. a MAFFT alignment of H. americanus DOPA decarboxy-
lase (Homam-DDC) and Drosophila melanogaster DOPA decarboxy-
lase isoform C (Drome-DDC-C; Accession No. AAF53762; Adams 
et al. 2000). b MAFFT alignment of Homam-DDC and Nilaparvata 
lugens aromatic L-amino acid decarboxylase, a synonym for DDC, 
isoform X1 (Nillu-AADC-X1; Accession No. XP_022191934; 

unpublished direct GenBank submission). In the line immediately 
below each sequence grouping, “*” indicates identical amino acid 
residues, while “:” and “.” denote amino acids that are similar in 
structure between sequences. In this figure, pyridoxal-dependent 
decarboxylase conserved domains identified by Pfam analyses are 
highlighted in pink (color figure online)
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Fig. 7   Alignment of Homarus 
americanus nitric oxide 
synthase variants and a nitric 
oxide synthase from Panulirus 
argus. a MAFFT alignment 
of H. americanus nitric oxide 
synthase variant 1 (Homam-
NOS-v1) and P. argus nitric 
oxide synthase (Panar-NOS; 
Accession No. ACZ60615; 
Rodríguez-Ramos et al. 2010). 
In the line immediately below 
each sequence grouping, “*” 
indicates identical amino acid 
residues, while “:” and “.” 
denote amino acids that are 
similar in structure between 
sequences. b MAFFT align-
ment of the variable region of 
the Homarus NOS variants 
(underlined in a). In panel a of 
this figure, nitric oxide synthase 
oxygenase, flavodoxin, FAD 
binding and oxidoreductase 
NAD-binding domains identi-
fied by Pfam analyses are high-
lighted in blue, light green, teal 
and black, respectively (color 
figure online)

a
Homam-NOS-v1 MKEVTSKPRRLQNVTTGHEVYDSLHTRTQSAVPCTEQQCSGSLMMGRKSGIEPRSENEVL
Panar-NOS MKDVSHKPQRLHNVSSGHEVYDTLHTRTQTEGLCTRHQCNGSLMLPRKSGMEPRSKEEVL

**:*: **:**:**::******:******:   **.:**.****: ****:****::***
Homam-NOS-v1 KLAKDFIDEYYQSIKRYQSEQHRQRWEQVTKEMAERGTYDLTQTELVYGAKLAWRNAPRC
Panar-NOS KLAKDFIDEYYQSIKRYNSEQHRQRWEQVTREVADRGTYDLTQTELVYGAKLAWRNAPRC

*****************:************:*:*:*************************
Homam-NOS-v1 IGRIQWSKLQVFDARYVTTASGMFEALCNHIKYGTNKGNLRSAITVFPQRTDGKHDFRVW
Panar-NOS IGRIQWSKLQVFDARYVTTASGMFEALCNHIKYGTNKGNLRSAITVFPQRTDGKHDFRVW

************************************************************
Homam-NOS-v1 NPQLLSYAGYKQEDGSIIGDPINVEFTEVCQRLGWKGEGTRWDVLPLVLSAHGHDPEWFD
Panar-NOS NAQLISYAGYKQEDGQIIGDPLNVEFTEVCQRLGWRGRGKRWDVLPLVLSANGHDPEWFD

*.**:**********.*****:*************:*.*.***********:********
Homam-NOS-v1 IPPELVLQVPISHPEYKWFIELGLQWYTLPAVSNLLFDCGGLEFPAAPFNGWYMASEIGT
Panar-NOS IPPDLILTVPIVHPEYEWFSELDLQWYALPAVSSLMFDCGGLEFPAAPFNGWYMVSEIGT

***:*:* *** ****:** **.****:*****.*:******************.*****
Homam-NOS-v1 RDLCDPQRLNILETVGVKMGLDTRSPTNLWKDKALVEVNIAVIHSFQKMNVTIMDHHSAA
Panar-NOS RDLCDPHRFNILESVGRYMGLDTRSPTNLWKDKALIEVNIAVLHSFQRLNVTIVDHHSAA

******:*:****:** *****************:******:****::****:******
Homam-NOS-v1 ESFMKHFENEQKLRGGCPADWVWIVPPLSGSITPVFHQEMSLYYLKPAYEYQDAAWKVHV
Panar-NOS ESFMKHFENEQKLRGGCPADWVWIVPPLSGSITPVFHQEMSLYYLKPSYEYQDPAWKSHV

***********************************************:*****.*** **
Homam-NOS-v1 WKKNKDINRNSVRKPKRKFRFKEIARAVKFTSKLFGKALSKRIKATILYATETGKSEMYA
Panar-NOS WKKNKDINRNSVRKTKRKFRFKEIARAVKFTSKLFGKALSKRIKATILYATETGKSEMYA

**************.*********************************************
Homam-NOS-v1 KKLGEIFGHTFNAQVYSMADYDLINIEHEALVLVVTSTFGNGDPPENGEEFSRKLFYKNK
Panar-NOS KKLGEIFGHTFNAQVYCMADYDLINIEHEALVLVVTSTFGNGDPPENGEEFNKKVFYKFK

****************.**********************************.:*:*** *
Homam-NOS-v1 KRKDFAKNLYAMKVSGTAADIDDVTSSLHRSLSFMRMNSLTEGAGAAANTQENGVANSNV
Panar-NOS YRKEFAKNLYAMKVSGTAADIDDVTSSMHRSLSFMGMNSLTEGAGAPTTPQENGVVSSNI

**:***********************:******* **********.:..*****..**:
Homam-NOS-v1 RASVTSEIMSEDNFGPLSNVRFAVFALGSSAYPNFCAFGKYVDNLLSELGGEQLMKLTCG
Panar-NOS RGSITSDIMSEDNFGPLSNVRFAVFALGSSAYPNFCAFGKYVDNLLAELGGERLMKLTCG

*.*:**:***************************************:*****:*******
Homam-NOS-v1 DELAGQEQAFNKWAADVFNFGCETFCLDDDVAMKEATAALKAEASATADKVKLSSCTNVT
Panar-NOS DELAGQEQAFKQWAAEVFNVGCETFCLDDDVAMKEATAALKTEASASADKIRLSPCTKTD

**********::***:***.*********************:****:***::**.**:.
Homam-NOS-v1 DIATGLSRAHSKKVRSCTVLASRNLHGQNASRWTQQVILSTSSANELKYSPGDHVAILPA
Panar-NOS DIALGLSRAHGKRVRSCQVLVSRNLHGEKASRWTQQVILSTDSINDLNYVPGDHVAILPA

*** ******.*:**** **.******::************.* *:*:* **********
Homam-NOS-v1 NCQDLVDYVLGRLDQCPDPDQPIQILLQKEIHSINGVTQTWEPHERLPTATVRELVTRYL
Panar-NOS NRQDLVDAVLARLDNCPDPDQPIQVLLLKEIHSLNGVSQTWEPHERLPSASVRELLTRYL

* ***** **.***:*********:** *****:***:**********:*:****:****
Homam-NOS-v1 DITTPPTPNFLHVLAEYACDNDQRTRLEQLATDPHEYEDWKQLRYPHMKEVLEEFPSVVV
Panar-NOS DITTPPTSNFLHLLAEYAYDNDQRTRLDQLAMDPHEYEEWKHMRYPHLKEVLEEFPSVSL

*******.****:***** ********:*** ******:**::****:********** :
Homam-NOS-v1 DAGLMLTQLPLMGPRFYSISSSPDAHPEEIHVTVAVVQYNTQSGLGPLHFGVCSNFLKEV
Panar-NOS DAGLLLTHLPLLGPRFYSISSSPEAHLGEIHVTVAVVRYHTENGRGPLHYGVCSNFLKEV

****:**:***:***********:** *********:*:*:.* ****:**********
Homam-NOS-v1 SPGDTVQLFVRRASSFHMPQDPSLPVILVGPGTGVAPFRGFWHHRNYMMQHQTGKPGQMT
Panar-NOS SPGDHVQLFVRSAPSFHMPRDPSVPVILVGPGTGVAPFRGFWHHRQHVLQHKKEKAGQMT

**** ****** *.*****:***:*********************::::**:. *.****
Homam-NOS-v1 LFFGCRTKALDLYAEEKEAMKRSGALTQTYLSLSREPNIPKTYVQDMLVGVGAEVYKQVV
Panar-NOS LFFGCRTRALDLYAEEKEAMLRSCVLKHTYLALSREPSLPKTYVQDLLVEVGADVYRQVA

*******:************ ** .*.:***:*****.:*******:** ***:**:**.
Homam-NOS-v1 LEKGHFYVCGDCTMAECVYQKLKTIVQEHGRFSDQEVENFMLQMRDENRYHEDIFGITLR
Panar-NOS LEKGHFYVCGDCTMAECVYQKLKTIVQEHGCLSDQEVENFMLQMRDENRYHEDIFGITLR

****************************** :****************************
Homam-NOS-v1 TEEIHRQKRESARFKMSSIVQPVATTSNPTQAASTTPNVPQGGSN---MTQGAPATQSNE
Panar-NOS TEEIHRQKRESARVRMSSIAQQGPTTPTLSQAASTIPTVSQDGPNVSSMAQGEPASLTNE

*************.:****.*  .**.. :***** *.*.*.*.*   *:** **: :**
b
Homam-NOS-v1 KKLGEIFGHTFNAQVYSMADYDLINIEHEALVLVVTSTFGNGDPPENGEEFSRKLFYKNK
Homam-NOS-v2 KKLGEIFGHTFNAQVYSMADYDLINIEHEALVLVVTSTFGNGDPPENGE-----------
Homam-NOS-v3 KKLGEIFGHTFNAQVYSMADYDLINIEHEALVLVVTSTFGNGDPPENGE-----------
Homam-NOS-v4 KKLGEIFGHTFNAQVYSMADYDLINIEHEALVLVVTSTFGNGDPPENGEVGTRDA-----
Homam-NOS-v5 ------------------------------------------------------------

Homam-NOS-v1 KRKDFAKNLYAMKVSGTAADIDDVTS------------SLHRSLSFMRMNSLTEGAGAAA
Homam-NOS-v2 ---DFAKNLYAMKVSGTAADIDDVTSSASYWQDYSAQKSLHRSLSFMRMNSLTEGAGAAA
Homam-NOS-v3 ---DFAKNLYAMKVSGTAADIDDVTS------------SLHRSLSFMRMNSLTEGAGAAA
Homam-NOS-v4 ---DWAK-----------------------------------------------------
Homam-NOS-v5 ----------------------------------------------MRMNSLTEGAGAAA
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The protein structural domain predictions/comparisons and 
reciprocal BLAST search results strongly support the H. 
americanus NOS and HO proteins identified here as being 
true members of their respective gas transmitter-producing 
enzyme families.

Small molecule transmitters

Three small molecules are generally recognized to serve as 
neurotransmitters/modulators in H. americanus and related 
species: acetylcholine (e.g., Newkirk et al. 1976), glutamate 
(e.g., McBride et al. 1975) and GABA (e.g., Cournil et al. 
1990; Ducret et al. 2007; Gutovitz et al. 2001; Le Feuvre 
et al. 2001). Acetylcholine is produced from choline and 
acetyl-CoA via the enzymatic action of choline acetyltrans-
ferase (CHAT) family members (e.g., Itoh et al. 1986), while 
glutamate is produced from glutamine via the action of 

glutaminase (GLS)-like proteins (e.g., Márquez et al. 2016). 
The production of GABA from glutamate is achieved by 
glutamic acid decarboxylase (GAD)-related proteins (e.g., 
Martin and Rimvall 1993).

BLAST searches using known D. melanogaster isoforms 
of the above-mentioned proteins as the query sequence 
identified transcripts encoding putative homologs of each 
enzyme in the H. americanus eyestalk ganglia transcriptome 
(Table 1). Translation of the identified lobster transcripts 
revealed one CHAT (Homam-CHAT; Fig. 9), six GLSs 
(Homam-GLS-I-v1 through v4 and Homam-GLS-II-v1 and 
v2; Fig. 10), which are likely the products of two differ-
ent genes, both showing probable alternative splicing, and 
two GADs (Homam-GAD-I and Homam-GAD-II; Fig. 11), 
which are, in all likelihood, the products of different genes. 
With the exception of Homam-GLS-I-v4, which is a C-ter-
minal partial protein, the deduced H. americanus small 

a
Homam-HO-v1 M-ASE-----------------VEVPFTKQMRIATKEIHNVSDALINAKLGIAMTEDRVW
Drome-HO MSASEETIADSQVSENVEDVEFVDMAFTKELRKATKDVHNLTDVLVNAKIALALSDDEVW

* *** *::.***::* ***::**::*.*:***:.:*:::*.**
Homam-HO-v1 AEGLLVFYEVFRYLEEALDRHSHTLIGELDIPGMRRTEAFEKDLCYYLGNDWKNGYTPRE
Drome-HO YDGLLAFYELYKFFETHLPE-------RLLPKEFHRTAAFERDFAYFYGSDWRKDYEIRP

:***.***:::::* * .  .* ::** ***:*:.*: *.**::.* *
Homam-HO-v1 SVCQYLKHLEKIEEENPYFLMSYIYHLYMGLLSGGQILRRKKVLLEKL-TFSRKDTVE--
Drome-HO AVQKYLEHLEKIAAQNELLLFAYSYQMYMALMSGGQMLQKKRMIARKMWIFSKNDDEEQQ

:* :**:***** :* :*::* *::**.*:****:*::*::: .*:  **::*  *
Homam-HO-v1 -------GMAVTEIADGSVSK------------------------------IKRQMTESM
Drome-HO KQADKEAELATARAADGSVDKDDLEARPMPAQVTICPPGCEATYFPEKISVLKAKLRRVF

:*.:. *****.* :* :: . :
Homam-HO-v1 NQIAGEMDEDTRQRLMDESKMVFILNNRMVHSIEG---------AGAVVTIKIIKLGVYG
Drome-HO NNHYGAFDDDLRAAFIEESRNVFRLNIEVVRTIKGVNRANLRKLALALIFVSSIVVAVKF

*:  * :*:* * :::**: ** ** .:*::*:*    * *:: :. * :.*
Homam-HO-v1 ALAVLLFTYLKKFLTGLSLATPSSSALPSSI
Drome-HO ALK----------------------------

**  
b
Homam-HO-v1 ------------------------------------------MASEVEVPFTKQMRIATK
Cimle-HO1 MAVTALLVTSNILISDNIVIKDWQHTSVISSSVDLVTSFGLKMSQEPGIPFNRQLRNATK

 *:.* :**.:*:* ***
Homam-HO-v1 EIHNVSDALINAKLGIAMTEDRVWAEGLLVFYEVFRYLEEALDRHSHTLIGELDIPGMRR
Cimle-HO1 EIHSISDSLVNAKLAFAMSDNDIWAEGLLVFYEIFRYLEEAMERHCGEPLGEMFIDGMRR

***.:**:*:****.:**::: :**********:*******::**.  :**: * ****
Homam-HO-v1 TEAFEKDLCYYLGNDWKNGYTPRESVCQYLKHLEKIEEENPYFLMSYIYHLYMGLLSGGQ
Cimle-HO1 TEAFESDLNFYLGDNWRRNYTIRESVGNYLAHLRKLEADNPNLLIAYVYHLYMGLLSGGQ

*****.** :***::*:..** **** :** **.*:* :** :*::*:************
Homam-HO-v1 ILRRKKVLLEKLTFSRKDTVEGMAVTEIADGSVSKIKRQMTESMNQIAGEMDEDTRQRLM
Cimle-HO1 ILMKKRSLLEKVNATNKEK-EGAAVTDFSNLSIFNLKKEIINKINSLAEYFDNETKDAII

** :*: ****:. :.*:. ** ***:::: *: ::*::: :.:*.:*  :*::*:: ::
Homam-HO-v1 DESKMVFILNNRMVHSIEGAGAVVTIKIIKLGVYGALAVLLFTYLKKFLTGLSLATPSSS
Cimle-HO1 SESKRVFELNNELVHSIKGTNSVLLRKFII-----AICVLIFCYC--ILIKLKF------

.*** ** ***.:****:*:.:*: *:*   *:.**:* *   :*  *.: 
Homam-HO-v1 ALPSSI
Cimle-HO1 ------

Fig. 8   Alignment of Homarus americanus and related heme oxyge-
nases. a MAFFT alignment of H. americanus heme oxygenase vari-
ant 1 (Homam-HO-v1) and Drosophila melanogaster heme oxyge-
nase (Drome-HO; Accession No. AAF54680; Adams et al. 2000). b 
MAFFT alignment of Homam-HO-v1 and Cimex lectularius heme 
oxygenase 1 (Cimle-HO1; Accession No. XP_014249133; unpub-

lished direct GenBank submission). In the line immediately below 
each sequence grouping, “*” indicates identical amino acid residues, 
while “:” and “.” denote amino acids that are similar in structure 
between sequences. In this figure, heme oxygenase domains identified 
by Pfam analyses are highlighted in violet (color figure online)



Invertebrate Neuroscience (2018) 18:12	

1 3

Page 19 of 29  12

molecule transmitter biosynthetic enzymes all appear to be 
full-length sequences.

BLAST searches of FlyBase identified choline acetyl-
transferase isoform B (Accession No. AAS65177; Adams 
et al. 2000; Fig. 9) as the Drosophila protein most similar 
to Homam-CHAT (Table 2), while isoforms of GLS were 
identified as the most similar Drosophila proteins to each 
of the Homarus GLS-I and GLS-II variants (Table 2), e.g., 
glutaminase isoform H (Accession No. ACZ94404; Adams 
et al. 2000) for Homam-GLS-I-v1 and v4, and glutami-
nase isoform K (Accession No. AHN56158; Adams et al. 
2000) for both Homam-GLS-II-v1 and v2. Glutamic acid 
decarboxylase 1 isoform A (Accession No AAF47834; 
Adams et al. 2000) and black, a synonym for GAD2, iso-
form A (Accession No. AAF53337; Adams et al. 2000) were 
returned as the top FlyBase hits for Homam-GAD-I and 
Homam-GAD-II, respectively (Table 2). BLAST searches 

of the non-redundant arthropod protein dataset curated in 
NCBI also returned top BLAST hits for each of the putative 
Homarus small molecule transmitter biosynthetic enzymes 
that were consistent with the protein family attributions 
ascribed to them (Table 3). For example, H. azteca choline 
O-acetyltransferase (Accession No. XP_018026302; unpub-
lished direct GenBank submission) was identified as the 
most similar non-redundant arthropod protein to Homam-
CHAT, while an H. azteca glutaminase (Accession No. 
XP_018025541; unpublished direct GenBank submission) 
was found to be the most similar sequence to each of the 
Homam-GLS-I and GLS-II variants. Finally, Pfam analyses 
identified domain complements in each of the putative small 
molecule transmitter biosynthetic enzymes that are consist-
ent with their inclusion as true members of the CHAT, GLS 
or GAD families (Table 4), e.g., a choline/carnitine o-acyl-
transferase domain in Homam-CHAT, which is the same 

Homam-CHAT MASPQPSPSKLSKYTAMGHRYLSRWVSWSGTISTPPGSPSRSSPNESGI---PLSPQPPR
Drome-CHAT-B MASNEASTSAAGSGPESAALF-SKLRSFS--IGSGPNSPQRVVSNLRGFLTHRLSNITPS

*** :.*.* .. . .  : *:  *:*  *.: *.**.* .* *:   ** .* 
Homam-CHAT AFQPRSRASSKVSNMSEVQAAAGHVEYP-LVPKLPVPPLGHTLGWYLTHLKPVLPQDEYR
Drome-CHAT-B DTGWKDSILSIPKKWLSTAESVDEFGFPDTLPKVPVPALDETMADYIRALEPITTPAQLE

  :.   * .: ..  :.... :*  :**:***.*..*:. *:  *:*: . : .
Homam-CHAT VVVGIVDEFGKPGGIGEKIQGELIKRQDAMDNWVYNWWLDDMYLNVPLPLPVNSNPGMVF
Drome-CHAT-B RTKELIRQFSAPQGIGARLHQYLLDKREAEDNWAYYYWLNEMYMDIRIPLPINSNPGMVF

.  :: :*. * *** :::  *:.:::* ***.* :**::**::: :***:********
Homam-CHAT PHQKFTTDADMLNFATRLVTAALDMKERIEAGDLDVDRCSARERHQPMCMAQYNRVFSSY
Drome-CHAT-B PPRRFKTVHDVAHFAARLLDGILSHREMLDSGELPLERAASREKNQPLCMAQYYRLLGSC

* ::*.*  *: :**:**: . *. :* :::*:* ::*.::**::**:***** *::.* 
Homam-CHAT RRPAIPKDK--LLSVVEYQQENQHIIVCYKNHMFRVEV-VVEGTRMSQQQITTQLQEVLK
Drome-CHAT-B RRPGVKQDSQFLPSRERLNDEDRHVVVICRNQMYCVVLQASDRGKLSESEIASQILYVLS

***.: :*. * * . ::*::*::*  :*:*: * : . :  ::*:.:*::*: **.
Homam-CHAT AVDEYEGSDPPPVGIMTSDNRRTWAQSRQILAGETENQKILRVLETCVLVVCFDDPLPSK
Drome-CHAT-B DAPCLP-AKPVPVGLLTAEPRSTWARDREMLQEDERNQRNLELIETAQVVLCLDEPLAGN

. :.* ***::*:: * ***:.*::* : .**: *.::**. :*:*:*:**..:
Homam-CHAT FNL-----ATRTSHRASLSKRSSSINMNAQNTPTEDMTTRDEVNAGHQMIHGGGFNHNTA
Drome-CHAT-B FNARGFTGATPTVHRAG---------------------DRDETNMAHEMIHGGGSEYNSG

**  ** * ***.  ***.* .*:****** ::*:.
Homam-CHAT NRWFDKTVQFVVTRDGWCGLCYEHSCAEGIVVIQLVEQILQATTAEKAQQEENVPEGVTQ
Drome-CHAT-B NRWFDKTMQLIICTDGTWGLCYEHSCSEGIAVVQLLEKIYK-----KIEEHPDEDNGL--

*******:*::: ** ********:***.*:**:*:* : * ::. : :*:
Homam-CHAT PEFEGQQDPEAVKAAAGGGASEVGFPSPEEPAPSPTRLEWKVTPVIYRRMQEAADHIDRL
Drome-CHAT-B ---------------------------PQHHLPPPERLEWHVGPQLQLRFAQASKSVDKC

*:.  *.* ****:* * :  *: :*:. :*: 
Homam-CHAT VEDLDFRILRYLGYGRNFMKKAKCSPDAFIQLALQLAFFRCHGQLTSTYESASTRRFRLG
Drome-CHAT-B IDDLDFYVYRYQSYGKTFIKSCQVSPDVYIQLALQLAHYKLYGRLVATYESASTRRFLHG

::**** : ** .**:.*:*..: ***.:********.:: :*:*.:**********  *
Homam-CHAT RVDSIRANTPQVLAWCEAMV----LNAPL-ADRLTKYET------------AIKLQTEIM
Drome-CHAT-B RVDCIRAASTEALEWAKAMCQGEGANVPLESDREDEEESRKKDHLRELFRCAVARQTEVM

***.*** :.:.* *.:** *.** :** : *: *: ***:*
Homam-CHAT VNNILGQGIDIHLLGLREMAKEM-GVDAPIFSHRSYHVSNHFRLSTSQVPTLSDSWMGYG
Drome-CHAT-B VKNILGNGIDIPLLGLREASIEVTGEMHELFKDESYIISQCFLLSTSQVACSTDSFMGYG

*:****:**** ****** : *: *  :*...** :*: * ******.  :**:****
Homam-CHAT AVVPDGYGASYNPHPDSIVFCLSAFNSCEETSTLEFGRSLERALDEMRVLMESKFK
Drome-CHAT-B PVTPRGYGCSYNPHPEQIVFCVSAFYSCEDTSASRYAKSLQDSLDIMRDLLQN---

.*.* ***.******:.****:*** ***:**: .:.:**: :** ** *::. 

Fig. 9   MAFFT alignment of Homarus americanus choline acetyl-
transferase (Homam-CHAT) and Drosophila melanogaster cho-
line acetyltransferase isoform B (Drome-CHAT-B; Accession No. 
AAS65177; Adams et al. 2000). In the line immediately below each 
sequence grouping, “*” indicates identical amino acid residues, while 

“:” and “.” denote amino acids that are similar in structure between 
sequences. In this figure, choline/carnitine o-acyltransferase domains 
identified by Pfam analyses are highlighted in green (color figure 
online)
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domain predicted by the program for its D. melanogaster 
counterpart (Fig. 9).

RT‑PCR amplification of transcripts encoding 
eyestalk ganglia neuromodulatory biosynthetic 
enzymes

To validate the transcriptome assembly and increase our 
confidence that transcripts encoding the various neuro-
modulatory biosynthetic enzymes described above are 

expressed in the eyestalk ganglia, fragments (~ 500 bp) of 
the respective transcripts were amplified using RT-PCR 
and compared against the transcriptome sequences. Each 
of the 23 transcripts assessed was consistently amplified 
with varying degrees of efficiency from each of the three 
independent eyestalk ganglia cDNA replicates (Fig. 12; 
representative image). Demonstration that the PCR prod-
ucts exhibited > 99% nucleotide identity with their respec-
tive transcriptome-derived sequences further supports eye-
stalk expression and accuracy of the de novo assembly.

Homam-GLS-I-v1 M-----------------------------------------------------------
Homam-GLS-II-v1 MASPSTWLGSLMFPSPEFMKNNLSFPMPHLVTSDDHQQPNQVNDTRPNTALANGMHYEPT

*
Homam-GLS-I-v1 -----------------------------------DQESD--------------------
Homam-GLS-II-v1 NFVNGLSQEQQQNSIPVNGALHHQQNSDHLNGVLHQQSSDLVNGVPNHQQSSNLVNGVPQ

:*.** 
Homam-GLS-I-v1 -----------------------------------------------SSW----------
Homam-GLS-II-v1 HQQSSNLGNGVFNHQQSSNPVNAVLHHWPDTQHVDRDIHHQQLESNLSDWIPHEVKQINR

*.*
Homam-GLS-I-v1 -----------RDSICIS---------------------------VD-CEDEAFLHT---
Homam-GLS-II-v1 MHQDNRFEDHKRDNPALSPRTGRRPSSPNIDTPFFFPQPHPHLSVIDEVHDESTINTEGP

**. .:*     :*  .**: ::*
Homam-GLS-I-v1 ---------TVTP-----------------------------------------------
Homam-GLS-II-v1 SSDDKNASDQATPTNTACSTPCFNVNDWMQAESAKTEKLDMTKEVVAIEEKEKDEEEMER

.**
Homam-GLS-I-v1 --------------------------INVEDQLFDMFKDETDDTVHMGRFLAALTETGLR
Homam-GLS-II-v1 ISKKLGDMSWMKRWIAGRKSLVRQHLVHVENRLFEMFGDKEKLTINISKFLMGLTATGMR

::**::**:** *: . *:::.:** .** **:*
Homam-GLS-I-v1 KSDPRLAELRSNLMEVHATLDNPKDTSFSTLMLEKGTFKRDRRSRSQSPSSNSTNGSPRR
Homam-GLS-II-v1 HSDPRLKEMRNKLKKV-----------------------QERMASSDLEALN--------

:***** *:*.:* :* ::* : *:  : *     

Homam-GLS-I-v1 APPITSPTSRRLNREQFKKVIQDNIVLISRALRHQFVVPEWHDFNSYIEEFYWSAKALTV
Homam-GLS-II-v1 -----------VSYESFMGIVSENLEVVVKAFSSSFVIPDFRGFCHHIDEIYASCLANT-

:. *.*  ::.:*: :: :*:  .**:*:::.*  :*:*:* *. * * 
Homam-GLS-I-v1 GKIYAVGKVASYIPQLARFSPDHFGVAVCSVDGQRYEVGDTNINFTMQSCSKPVTYGIAL
Homam-GLS-II-v1 -----DGTVAQYIPQLARSNPQHWAVSICTVDGQRYSMGDVNVPFTLQSCSKPLTYALVS

*.**.******* .*:*:.*::*:******.:**.*: **:******:**.:. 
Homam-GLS-I-v1 NELGNETVHKYVGTEPSGRMFNAIVLDYNDKPHNPLVNAGSIVVNALLHSLVKPGMSSSE
Homam-GLS-II-v1 GMYGTEYMHNFIGMEPSGRYFNELCLDYNNKPHNPMINAGAIMTAALL----KPDLSAAD

.  *.* :*:::* ***** ** : ****:*****::***:*:. ***   **.:*:::
Homam-GLS-I-v1 KFDFVQQYFKRLAGGENVGFSNGTFLSEREHADRNYSLGYYMRENKCFPEKCDLMASLDL
Homam-GLS-II-v1 RFDFVFNRYKRLAGNEYLGFNNAVFLSEKECADRNFALAYFMRENKCFPEGTRLHETLDF

:**** : :*****.* :**.*..****:* ****::*.*:*********   *  :**:
Homam-GLS-I-v1 YFQSCSMEVTAESVAVMAATLANGGICPTTGEEVLKPYAVRDVLSLMHSCGMYDYSGQFA
Homam-GLS-II-v1 YFQLCSLEINAESGAVMAATLANGGINPLTGDPVLTVDAVRNTLTLMHSCGMYNYSGQFA

*** **:*:.*** ************ * **: **.  ***:.*:********:******
Homam-GLS-I-v1 FKVGLPAKSGVCGAIMLVIPNVMGICTWSPPLDLLGNSVRGLKFCEELVQVFNFHRYDNL
Homam-GLS-II-v1 FKVGLPSKSGVSGCVLLVVPNTMGICLWSPPLDSNGNSCRSVQFCMEMVSRFNFHNFDNL

******:****.*.::**:**.**** ******  *** *.::** *:*. ****.:***
Homam-GLS-I-v1 R-HAANKKDPRKQKFESRGQKVVSLLFSACSGDVTAMRRYALAGLNMAESDYDGRTALHL
Homam-GLS-II-v1 RGHVVTKFDPRMAKAESKAQILFDLLFSAAAGDLSALRRHSLSGTDMGAKDYDGRTALHV

* *...* *** * **:.* :..*****.:**::*:**::*:* :*. .*********:
Homam-GLS-I-v1 AAAEGHLDTVTFLLDKCHVPPTPKDRWGHTPADDAEQFGHMHVVEFI------KAHEEKL
Homam-GLS-II-v1 ATSEGHAEIVAFLLQNCHVCPLPKDRWGRTPLDDASSFENPHCGDLIIECCKKRGIEIPL

*::*** : *:***::*** * ******:** ***..* : *  ::*   :. *  *
Homam-GLS-I-v1 EAEKNKNVIQESEEEAQVEQ
Homam-GLS-II-v1 ALTDTKDSI----------K

..*: *  :

Fig. 10   MAFFT alignment of Homarus americanus glutaminase I 
variant 1 (Homam-GLS-I-v1) and glutaminase II variant 1 (Homam-
GLS-II-v1). In the line immediately below each sequence grouping, 
“*” indicates identical amino acid residues, while “:” and “.” denote 

amino acids that are similar in structure between sequences. In this 
figure, glutaminase domains and ankyrin repeat regions identified by 
Pfam analyses are highlighted in dark red and dark yellow, respec-
tively (color figure online)
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Full‑length cloning of selected enzyme‑encoding 
transcripts

As an additional means of confirming the transcripts 
identified from the eyestalk ganglia transcriptome, and 
by proxy, the proteins deduced from the transcripts, full-
length ORFs for six of the transcripts were amplified from 
eyestalk ganglia cDNA. The transcripts targeted included 
those encoding the neuropeptide biosynthetic enzymes 
PPP, TPST and PAL-I, the amine biosynthetic enzyme 
TH, the gas biosynthetic enzyme NOS, and the small 
molecule transmitter biosynthetic enzyme CHAT. For all 
targets, identity between the PCR-generated consensus 
and transcriptome-derived nucleotide sequences exceeded 
99%. The cloned sequences have been submitted to Gen-
Bank under Accession Nos. MH673284 (Homam-PPP), 
MH673285 (Homam-TPST), MH673286 (Homam-PAL-I), 
MH673287 (Homam-TH), MH673288 (Homam-NOS) and 
MH673289 (Homam-CHAT).

RT-PCR-based ORF validation resulted in the ampli-
fication of multiple NOS variants characterized by dele-
tions/insertions within the putative flavodoxin domain 
(i.e., residues 467-673) and/or deletion of a significant 
portion of the C-terminal FAD binding domain. Similar 
diversity among NOS transcripts was also observed in the 
transcriptome assembly and is supported by the presence 
of multiple mammalian NOS-encoding mRNAs (Wang 
et al. 1999; Alderton et al. 2001). The biological signifi-
cance of multiple NOS variants within the Homarus eye-
stalk remains to be determined.

Fig. 11   MAFFT alignment of 
Homarus americanus glutamic 
acid decarboxylase I (Homam-
GAD-I) and glutamic acid 
decarboxylase II (Homam-
GAD-II). In the line imme-
diately below each sequence 
grouping, “*” indicates identical 
amino acid residues, while “:” 
and “.” denote amino acids that 
are similar in structure between 
sequences. In this figure, pyri-
doxal-dependent decarboxylase 
conserved domains identified by 
Pfam analyses are highlighted in 
pink (color figure online)

Homam-GAD-I M----DDYRSCRTMASTTASPALSPSHRPKDDTERAPRDIGTLQYTDLLPFTVTAAPETR
Homam-GAD-II MTHEQEETNGLGGLCGWESGP--DPAHHA-------------------------------

* :: .. :.. :.* .*:*:.  
Homam-GAD-I EFLSRVADISID-FIRSTFDRNSKILDFHQPEQLKEVLELEIPAKPLNLDQILVDCKDAL
Homam-GAD-II HFLRSALELLVDKAVLQSTDRNSRVVEWVQPDDLKKRLHLTLEDDPVTQGDLLKYLDEVI

.** . :: :* : .: ****::::: **::**: *.* :  .*:. .::*  .:.:
Homam-GAD-I KYQVKTGHPRFMNQLSCGTEVVSIAGEWLTAAANTNMFTYEIAPVFILMEHVTMKHMRKI
Homam-GAD-II RYSVKTGHPYFINQLFSSLDVYGLVGQWVTDALNPSVYTYEVAPVFTLMEFEVLSEMAKH

:*.****** *:*** .. :* .:.*:*:* * *..::***:**** ***. .:..* * 
Homam-GAD-I IGYKAGDSILAPGGSVSNLYAALAARHKMFPEYKKKGLLALPGELCMFTSLHSHYSMMGA
Homam-GAD-II VGYEEHDGLFSPGGSISNMYGMLLARYYRFPEIKKQGITGL-GRLVAFTSIDAHYSVVKS

:**: *.:::****:**:*. * **:  *** **:*: .* *.* ***:.:***:: :
Homam-GAD-I AAAMGLGTDNLIEVPVDEKGRMIPSELDRLIQEAKAKGKIPFLVCATAGTTVMGAFDPLH
Homam-GAD-II AITLGLGSDNLILVNVDENGRMDVNHLKECITKAREEGGVPFIVCATAGTTVLGAYDPIE

* ::***:**** * ***:*** ..*.. * :*: :* :**:*********:**:**:.
Homam-GAD-I AVADVCEKYKLWFHVDAAWGGGVLLSKNQRHKMDGVERSQSITWNPHKLMGVLLQCSTVH
Homam-GAD-II RVSQVCQIEGLWLHVDAAWGGGALLSPLHKHKLRGIHRADSITWNPHKLLASPQQCSVFL

*::**: **:*********.*** ::**: *:.*::*********:. ***.. 
Homam-GAD-I FQEDGLLISCNQMCADYLFQQDKPYDVNYDTGDKVIQCGRHNDIFKLWLLWRSKGDEGFE
Homam-GAD-II TRHVGLLKDCNSASAAYLFQRDKFYDTSYDTGDKHLQCGRRADVLKFWTMWKAKGTKGLT

:. *** .**. .* ****:** **..****** :****: *::*:* :*::** :*: 
Homam-GAD-I KHMDHLFEMTSYMIQRMKQHPDKYELLNDEPECTNVCFWYVPHRLRSMKAGPDRHKLLGD
Homam-GAD-II KHIEKLFTMSKLFADKIRSR-DGFTLL-LEPECTNVCFWYAPPSLRGHEDNPDYTTRLHA

**:::** *:. : ::::.: * : **  ***********.*  **. : .** . *
Homam-GAD-I VQPILKGRMMTAGTLMIGYQPLDHHPNFFRNIISSQAVRREDIDFMLEELDRLGYDL
Homam-GAD-II VAPRIKERMVKEGTMMITYQPLRERHNFFRLVLQNSQVNEDDIDYFVRQIEIHGSDL

* * :* **:. **:** **** .: **** ::... *..:***:::.:::  * **
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Fig. 12   Amplification of Homarus americanus neuromodulator bio-
synthetic enzyme-encoding genes from eyestalk ganglia. Fragments 
(~ 500 bp) of the neuropeptide, amine, gas and small molecule trans-
mitter transcripts were amplified using eyestalk ganglia cDNAs. Data 
shown are representative of amplification from three biological rep-
licates. A 500-bp fragment of H. americanus actin was amplified as 
a positive control for cDNA template quality. Abbreviations are as 
follows: SPP (signal peptide peptidase); PPP (prohormone process-
ing protease); CP (carboxypeptidase); QC (glutaminyl cyclase); TPST 
(tyrosylprotein sulfotransferase); PDI (protein disulfide isomerase); 
PHM (peptidylglycine α-hydroxylating monooxygenase); PAL-I 
(peptidyl-α-hydroxyglycine-α-amidating lyase I); PAL-II (peptidyl-
α-hydroxyglycine-α-amidating lyase II); TPH (tryptophan-pheny-
lalanine hydroxylase); TH (tyrosine hydroxylase); DDC (DOPA 
decarboxylase); TDC (tyrosine decarboxylase); TBH (tyramine 
β-hydroxylase); TRH (tryptophan hydroxylase); HDC (histidine 
decarboxylase); NOS (nitric oxide synthase); HO (heme oxygenase); 
CHAT (choline acetyltransferase); GLS-I (glutaminase I); GLS-II 
(glutaminase II); GAD-I (glutamic acid decarboxylase I); GAD-II 
(glutamic acid decarboxylase II); ACT (actin)
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As stated earlier, transcripts encoding putative N-termi-
nal and C-terminal fragments of a H. americanus histidine 
decarboxylase were obtained from the eyestalk ganglia 
assembly. We assumed that these sequences represented 
part of a common sequence and thus primers were gener-
ated from the partial transcripts to amplify the presumptive 
full-length ORF from eyestalk ganglia cDNA. The resulting 
full-length ORF consisted of 2142 nt and contained 288 nt 
of new sequence information that spanned the gap between 
the 5′ and 3′ transcriptomic fragments. As above, the iden-
tity between the PCR-generated consensus and partial tran-
scriptome-derived nucleotide sequences exceeded 99%; the 
cloned ORF encoding Homam-HDC has been submitted to 
GenBank under Accession No. MH673290.

Clade‑specific clustering of Homarus hydroxylases 
and decarboxylases

Multiple hydroxylases and decarboxylases representing 
diverse protein families with significant amino acid con-
servation were identified in the eyestalk ganglia assembly 
(Table 5). The initial hydroxylase/decarboxylase substrate-
specific family annotations were made based on reciprocal 
BLAST searches of FlyBase annotated D. melanogaster pro-
teins and non-redundant arthropod proteins in NCBI. To pro-
vide further validation for these annotations, we examined 
the phylogenetic relationship of the deduced H. americanus 
proteins with crustacean and hexapod sequences (see Online 
Resources 3 and 4) representative of neuromodulator-
associated hydroxylase families (four classes of substrate) 
and decarboxylase families (five classes of substrate). The 
respective maximum-likelihood cladograms revealed high 
bootstrap support for clade-specific clustering of the enzyme 
families, with each of the Homarus protein sequences sort-
ing as initially annotated (Figs. 13, 14).

Discussion

Homology‑based transcriptome mining as a means 
for rapid protein discovery in crustaceans

New technology and decreasing costs for high-throughput 
nucleotide sequencing have allowed for expansion of the 
number of deep transcriptomes for a variety of organ-
isms, including decapod crustaceans (e.g., Cao et al. 2017; 
Christie et al. 2017, 2018a, b; Gu et al. 2017; Li and Qian 
2017; Lu et al. 2016; Lv et al. 2017; Northcutt et al. 2016; 
Perina et al. 2016; Toullec et al. 2017; Waiho et al. 2017). 
The American lobster is one decapod for which significant 
molecular resources exist, as it has been the subject of 
several expressed sequence tag (EST) projects (Stepanyan 
et al. 2006; Towle and Smith 2006) and extensive deep 
transcriptome sequencing (Christie et al. 2017, 2018a, b; 
Northcutt et al. 2016). Collectively, over 500,000 nucleo-
tide (EST and TSA) sequences for H. americanus are now 
publicly accessible, and hence searchable, on NCBI, pro-
viding a rich resource for gene and protein discovery in 
this species. While many of the H. americanus EST and 
TSA sequences are derived from mixed tissue RNA [e.g., 
gill, epipodite, branchiostegite, heart, ovary, testis, anten-
nal gland, skeletal muscle, hepatopancreas and brain for 
the ESTs described in Towle and Smith (2006)], others 
are tissue-specific [e.g., the nervous system for the tran-
scriptome assembly described in Northcutt et al. (2016)] 
or even specific for a particular region of a tissue [e.g., 
the mature zone of the olfactory organ, a nervous system-
associated structure, for the ESTs described in Stepanyan 
et al. (2006) and the brain or cardiac ganglion for the TSA 
assemblies described in two recent studies by Christie 
et al. (2018a, b)]. The transcriptome mined in our study 

Table 5   Matrix of amino acid 
identity/similarity (%) among 
putative Homarus americanus 
hydroxylase and decarboxylase 
proteins

Percent identity = number of identical amino acids shared by the two proteins/the length of the longest pro-
tein (× 100); percent similarity = number of identical and similar amino acids shared by the two proteins/
the length of the longest protein (× 100)
Hydroxylase abbreviations: TPH tryptophan-phenylalanine hydroxylase, TH tyrosine hydroxylase, TBH 
tyramine β-hydroxylase, TRH tryptophan hydroxylase
Decarboxylase abbreviations: DDC DOPA decarboxylase, TDC tyrosine decarboxylase, HDC histidine 
decarboxylase, GAD glutamic acid decarboxylase
a TPH comparisons were done using TPH variant 1

DDC TDC HDC GAD1 GAD2

36.7/62.1 36.4/56.7 22.9/55.1 23.2/60.0 DDC
TPHa 43.4/73.9 20.1/47.9 20.2/47.1 TDC
TH 41.0/73.8 19.3/44.7 18.9/45.8 HDC
TBH 12.7/38.4 15.2/38.4 41.9/74.2 GAD1
TRH 45.4/72.6 38.6/72.6 16.5/44.2 GAD2

TPHa TH TBH TRH
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Fig. 13   Maximum-likelihood 
tree of putative tryptophan-phe-
nylalanine hydroxylase (TPH), 
tyrosine hydroxylase (TH), 
tyramine β-hydroxylase (TBH) 
and tryptophan hydroxylase 
(TRH) sequences from diverse 
arthropods. The evolution-
ary history was inferred by 
using the maximum-likelihood 
method based on the Whelan 
and Goldman model (Whelan 
and Goldman 2001). The tree 
with the highest log likelihood 
is shown. The percentage of 
trees in which the associated 
taxa clustered together across 
1000 bootstrap iterations is 
shown next to the branches. 
The tree is drawn to scale, with 
branch lengths measured in the 
number of substitutions per site 
(scale bar at bottom of figure). 
The Homarus americanus 
isoforms of TPH, TH, TBH and 
TRH used in the cladogram 
sorted with other proteins from 
the correct hydroxylase family. 
The hydroxylase sequences used 
to generate the cladogram, and 
their associated accession num-
bers, can be found in Online 
Resource 3. Crustacean species 
abbreviations: Canbo, Cancer 
borealis; Erisi, Eriocheir sinen-
sis; Homam, Homarus ameri-
canus; Hyaaz, Hyalella azteca; 
Litva, Litopenaeus vannamei; 
Porsa, Portunus sanguinolentus; 
Portr, Portunus tritubercula-
tus; Progr, Proasellus grafi; 
Procl, Procambarus clarkii. 
Hexapod species abbreviations: 
Aedae, Aedes aegypti; Anosi, 
Anopheles sinensis; Apime, 
Apis mellifera; Bomte, Bombus 
terrestris; Bommo, Bombyx 
mori; Drome, Drosophila 
melanogaster; Grybi, Gryllus 
bimaculatus; Locmi, Locusta 
migratoria; Peram, Periplaneta 
americana; Polvi, Polyrhachis 
vicina; Spoli, Spodoptera litura; 
Trica, Tribolium castaneum 
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Fig. 14   Maximum-likelihood 
tree of putative DOPA decar-
boxylase (DDC), tyrosine 
decarboxylase (TDC), histidine 
decarboxylase (HDC), and 
glutamic acid decarboxylase 
(GAD) sequences from diverse 
arthropods. The evolution-
ary history was inferred by 
using the maximum-likelihood 
method based on the Whelan 
and Goldman model (Whelan 
and Goldman 2001). The tree 
with the highest log likelihood 
is shown. The percentage of 
trees in which the associated 
taxa clustered together across 
1000 bootstrap iterations is 
shown next to the branches. 
The tree is drawn to scale, with 
branch lengths measured in the 
number of substitutions per site 
(scale bar at bottom of figure). 
The Homarus americanus 
isoforms of DDC, TDC, HDC, 
GAD used in the cladogram 
sorted with other proteins 
from the correct decarboxylase 
family. The decarboxylase 
sequences used to generate the 
cladogram, and their associ-
ated accession numbers, can 
be found in Online Resource 4. 
Crustacean species abbrevia-
tions: Astas, Astacus astacus; 
Canbo, Cancer borealis; Carma, 
Carcinus maenas; Chequ, 
Cherax quadricarinatus; Erisi, 
Eriocheir sinensis; Faraz, Far-
fantepenaeus aztecus; Homma, 
Homarus americanus; Hyaaz, 
Hyalella azteca; Litva, Litope-
naeus vannamei; Macni, Macro-
brachium nipponense; Megno, 
Meganyctiphanes norvegica; 
Procl, Procambarus clarkii. 
Hexapod species abbreviations: 
Antpe, Antheraea pernyi; Bisbe, 
Biston betularia; Bommo, 
Bombyx mori; Chisu, Chilo 
suppressalis; Ctefe, Cteno-
cephalides felis; Danpl, Danaus 
plexippus; Drome, Drosophila 
melanogaster; Grybi, Gryllus 
bimaculatus; Lyghe, Lygus 
hesperus; Myzpe, Myzus persi-
cae; Nillu, Nilaparvata lugens; 
Pappo, Papilio polytes; Papma, 
Papilio machaon; Papxu, 
Papilio xuthus; Tenmo, Ten-
ebrio molitor; Trica, Tribolium 
castaneum; Zoone, Zootermop-
sis nevadensis 
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was generated solely from eyestalk ganglia (Christie et al. 
2017), one region of the lobster central nervous system.

Recently, we used homology-based BLAST searches of 
the H. americanus eyestalk ganglia transcriptome (Acces-
sion No. GFDA00000000; Christie et al. 2017) to mine 
for transcripts encoding putative neuropeptide precursor 
proteins (Christie et al. 2017) and the proteins putatively 
involved in the establishment of circadian pacemaking 
systems (Christie et al. 2018a). Both searches were highly 
successful, with the former resulting in the prediction of a 
262-sequence peptidome for the eyestalk ganglia (Christie 
et al. 2017), and the latter revealing a complete set of circa-
dian signaling system proteins (Christie et al. 2018a), includ-
ing those likely involved in establishing the core circadian 
clock, was well as a variety of clock-associated, clock input 
pathway and clock output pathway proteins. Given their con-
servation across taxa and the success of our earlier mining 
studies, we had confidence that homology-based BLAST 
searching of the eyestalk ganglia assembly would allow 
for the identification of transcripts encoding the enzymes 
responsible for the biosynthesis of neuromodulators, spe-
cifically those involved in the generation of neuropeptides, 
biogenic amines, diffusible gases and small molecule trans-
mitters, some of which, the small molecule transmitters in 
particular, also are responsible for fast synaptic transmission. 
The templates used for our BLAST analyses were modulator 
biosynthetic enzymes from the fruit fly, D. melanogaster, 
which is one of the most thoroughly investigated arthro-
pods in terms of its neuromodulators and their biosynthetic 
pathways, and a species for which extensive and well-vetted 
genetic, transcriptomic and proteomic datasets are readily 
accessible in FlyBase (Gramates et al. 2017).

Neuromodulator biosynthetic enzyme discovery 
in Homarus americanus

Using known Drosophila proteins as input queries, the H. 
americanus eyestalk transcriptome was mined for transcripts 
encoding putative homologs of the peptide precursor pro-
cessing enzymes SPP, PPP and CP, and the immature pep-
tide modifying enzymes QC, TPST, PDI, PHM and PAL. 
The enzymes responsible for the production of the biogenic 
amines dopamine (TPH, TH and DDC), octopamine (TPH, 
TDC and TBH), serotonin (TPH or TRH and DDC) and his-
tamine (HDC) were also searched for in the eyestalk ganglia 
assembly. The transcriptome was also mined for transcripts 
encoding the enzymes responsible for the production of the gas 
transmitters nitric oxide (NOS) and carbon monoxide (HO), 
and the small molecule transmitters acetylcholine (CHAT), 
glutamate (GLS) and GABA (GAD). All searches returned 
one or more positive hits, with the identified transcripts allow-
ing the prediction of one or more putative protein homologs for 
each Drosophila query. From the peptide precursor processing 

and immature peptide modifying enzyme transcripts, one SPP, 
one PPP, one CP, one QC, one TPST, two PDIs, one PHM 
and three PALs were identified. From the amine biosynthetic 
enzyme-encoding transcripts, four TPHs, one TH, one DDC, 
one TDC, one TBH, one TRH and one HDC were deduced. 
Finally, from the gas transmitter and small molecule trans-
mitter biosynthetic enzyme transcripts, five NOSs, two HOs, 
one CHAT, six GLSs and two GADs were identified. Each 
lobster protein was vetted via reciprocal BLAST searches of 
the annotated D. melanogaster proteins present in FlyBase and 
the extant non-redundant arthropod proteins curated in NCBI; 
each Homarus protein was also subjected to structural domain 
analysis using Pfam. The collective results of these vetting 
steps strongly support the hypothesis that the H. americanus 
proteins described here are true members of their respective 
enzyme families. All transcripts (and, by proxy, proteins) were 
confirmed using RT-PCR.

Alternative splicing and multiple genes appear 
to contribute to protein diversity for several 
Homarus enzyme families

While a single H. americanus protein was predicted from the 
eyestalk ganglia for 13 of the 20 neuromodulator biosynthetic 
enzyme families searched for in our study (i.e., SPP, PPP, CP, 
QC, TPST, PHM, TH, DDC, TDC, TBH, TRH, HDC and 
CHAT), multiple proteins were predicted from this portion of 
the lobster CNS for the remaining seven peptide groups (i.e., 
PDI, PAL, TPH, NOS, HO, GLS and GAD). For PDI, TPH, 
NOS and HO, protein diversity is likely due to alternative 
splicing of single genes. In contrast, for PAL, GLS and GAD, 
the presence of multiple genes also appears to contribute to 
protein diversity, with two genes likely to encode members of 
each of these enzyme families in the lobster. For both PAL and 
GAD, two genes have also been identified in Drosophila (e.g., 
Han et al. 2004; Phillips et al. 2005), and searches of publicly 
accessible TSA datasets suggest that two genes for PAL- and 
GAD-like enzymes are standard for member of the Decapoda 
(A.E. Christie, unpublished). Although multiple isoforms of 
GLS are known from the fruit fly, all appear to be derived from 
the same gene rather than from multiple ones, which is differ-
ent from the situation reported here for H. americanus. How-
ever, searches of publicly accessible, decapod TSA datasets 
suggest that the presence of two GLS-encoding genes is stand-
ard for members of the Decapoda (A.E. Christie, unpublished).

Biosynthetic enzyme genes/proteins: a new 
resource for investigating the regulation 
of neuromodulation/neurotransmission in Homarus 
americanus

Due to their numerical simplicity and the large size of their 
component neurons, the cardiac and stomatogastric nervous 
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systems of decapod crustaceans, including those of the lob-
ster H. americanus, are arguably the best understood rhyth-
mically active neural circuits. As such, these neural networks 
have long served as models for investigating the basic prin-
ciples underlying the generation, maintenance and modula-
tion of rhythmically active motor behavior generally (e.g., 
Blitz and Nusbaum 2011; Christie et al. 2010; Cooke 2002; 
Dickinson et al. 2016; Fénelon et al. 2003; Harris-Warrick 
et al. 1992; Hooper and DiCaprio, Marder and Bucher 2007; 
Marder et al. 1995; Nusbaum et al. 2001; Selverston 2005; 
Selverston and Ayers 2006; Selverston and Moulins 1987; 
Selverston et al. 1998; Skiebe 2001; Stein 2009), including 
walking, chewing and breathing in humans. A key finding 
made using the cardiac and stomatogastric systems is that 
“hard-wired” neural networks, even very simple ones, can 
produce an almost infinite array of motor outputs via the 
actions of locally released and circulating neuromodulators/
neurotransmitters, including peptides, amines, diffusible 
gases and small molecule transmitters. These principles have 
been confirmed in a wide array of other species, including 
both invertebrates and vertebrates (e.g., Cropper et al. 2017; 
Daghfous et al. 2016; Harris-Warrick 2011; Katz 2016; LeB-
eau et al. 2005; Nässel and Winther 2010).

While much work has focused on assessment of the 
physiological actions of neuromodulators/neurotransmit-
ters in the lobster, particularly on the neural networks 
contained within its stomatogastric and cardiac systems, 
essentially nothing is known about the mechanisms by 
which the production of these neuroactive compounds is 
controlled. Clearly, regulation of the enzymes involved 
in the biosynthesis of neuromodulators is one area that is 
likely to be key to understanding the regulation of neuro-
modulator/neurotransmitter production, and, in all likeli-
hood, the process of neuromodulation/neurotransmission 
more broadly. The nucleotide and deduced amino acid 
sequences reported here from the eyestalk ganglia pro-
vide a powerful resource for initiating gene-based stud-
ies of neuromodulator/neurotransmitter production in 
H. americanus. For example, probes can be developed 
for in situ hybridization studies directed at determining 
which neurons express the various enzymes produced here, 
and whether or not neurons express one or both of the 
genes for protein groups such as PAL, GLS and GAD, for 
which multiple genes were identified. Similarly, reagents 
for knocking down the genes involved in neuromodula-
tor/neurotransmitter production can be generated from 
the nucleotide sequences reported here, and the deduced 
protein sequences can be used to guide the production of 
antibodies against neuromodulator/neurotransmitter bio-
synthetic enzymes for use in immunohistochemical map-
ping studies. Finally, the nucleotide and deduced amino 
acid sequences reported here can be used as templates for 
neuromodulator/neurotransmitter biosynthetic enzyme 

discovery in other crustacean species, as well as members 
of more distantly related taxa (both invertebrate and ver-
tebrate), potentially providing important insights into the 
evolution of neuromodulator/neurotransmitter biosynthetic 
pathways.
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