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ARTICLE INFO ABSTRACT

Keywords: Peptides are the largest and most diverse class of molecules modulating physiology and behavior. Previously, we
In silico transcriptome mining predicted a peptidome for the western tarnished plant bug, Lygus hesperus, using transcriptomic data produced
RT-PCR from whole individuals. A potential limitation of that analysis was the masking of underrepresented genes, in
Western tarnished plant bug . . . . . . .
Arthropoda particular tissue-specific transcripts. Here, we reassessed the L. hesperus peptidome using a more comprehensive
P dataset comprised of the previous transcriptomic data as well as tissue-specific reads produced from heads and
Hexapoda X R . o .
Insecta accessory glands. This augmented assembly significantly improves coverage depth providing confirmatory

transcripts for essentially all of the previously identified families and new transcripts encoding a number of new
peptide precursors corresponding to 14 peptide families. Several families not targeted in our initial study were
identified in the expanded assembly, including agatoxin-like peptide, CNMamide, neuropeptide-like precursor 1,
and periviscerokinin. To increase confidence in the in silico data, open reading frames of a subset of the newly
identified transcripts were amplified using RT-PCR and sequence validated. Further PCR-based profiling of the
putative L. hesperus agatoxin-like peptide precursor revealed evidence of alternative splicing with near ubiqui-
tous expression across L. hesperus development, suggesting the peptide serves functional roles beyond that of a
toxin. The peptides predicted here, in combination with those identified in our earlier study, expand the
L. hesperus peptidome to 42 family members and provide an improved platform for initiating molecular and
physiological investigations into peptidergic functionality in this non-model agricultural pest.

Agatoxin-like peptide

1. Introduction The western tarnished plant bug, Lygus hesperus, is a pest species of
concern in arid regions of the western and southwestern United States,
where it targets an extensive range of host plants, including many

economically important food, fiber, and seed crops (Naranjo et al., 2011;

While many classes of molecules have been shown to play roles in the
modulation of physiological and behavioral control systems (Christie,

2011), peptides are by far the largest and most diverse of these groups
(Kastin, 2006). Among the Insecta, the ~50 peptide- or neuropeptide-
encoding gene families identified to date can be roughly divided into
two groups consisting of basal peptides found in most genomes and a
variable set of peptides that are species or order dependent (Hauser
et al., 2010). Given their regulatory roles in critical biological functions,
such as reproduction, development, growth, and feeding (Altstein and
Nassel, 2010), these peptidergic signaling systems have been proposed
as targets of next generation insect pest control strategies (Altstein,
2004; Audsley and Down, 2015; Nachman et al., 2009; Scherkenbeck
and Zdobinsky, 2009; Van Hiel et al., 2010; Xie et al., 2015; Zhang et al.,
2015a; 2015b).
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Ritter et al., 2010; Scott, 1977; Wheeler, 2001). Previously, we
employed in silico transcriptome mining to predict a peptidome for
L. hesperus (Christie et al., 2017). Approximately 120 distinct peptides
were identified in GBRD01000000 (BioProject PRJINA210219; unpub-
lished direct GenBank submission) and GBHO00000000 (BioProject
PRJNA238835; Hull et al., 2014). The predicted peptidome includes
isoforms of 23 generally recognized arthropod peptide families: alla-
tostatin A (AST-A), allatostatin B (AST-B), allatostatin C (AST-C), alla-
totropin (ATR), bursicon, CCHamide, corazonin (CRZ), crustacean
cardioactive peptide (CCAP), diuretic hormone 31 (DH31), GSE-
FLamide, insulin-like peptide (ILP), ion transport peptide (ITP), myo-
suppressin (MS), natalisin, neuroparsin, neuropeptide F (NPF),
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orcokinin, orcomyotropin, pyrokinin (PK), short neuropeptide F (sNPF),
SIFamide, sulfakinin and tachykinin-related peptide (TRP), as well as a
large suite of precursor-related peptides (PRPs) that may or may not be
bioactive in their own right. While the initial dataset for native
L. hesperus peptides has been a valuable foundational resource for this
species and related hemipteran pests, the peptidome’s broader appli-
cability is limited by the absence of numerous peptide groups typically
present across the Arthropoda (Christie et al., 2010). For example, no
transcripts encoding putative proctolin precursors were identified
(Christie et al., 2017) despite its presence in numerous arthropods and
hemipteran pests (Konopinska and Rosinski, 1999; Isaac et al., 2004;
Lavore et al., 2018; Wang et al., 2018; Li et al., 2020). While it is
theoretically possible that these “missing” peptide groups have been lost
in L. hesperus, their broad phylogenetic conservation suggests that they
were simply overlooked during data mining.

Subsequent to our initial report of the L. hesperus peptidome (Christie
et al., 2017), a new transcriptome, GDHC01000000 (BioProject No.
PRJNA284294; Tassone et al., 2016), with greater depth of coverage
was generated by combining data used to produce the earlier assemblies
with new tissue-specific reads. The assembly includes reads from head
(brain) and male reproductive tissue, both of which are known to be rich
sources of biologically active peptides (e.g., Bao et al., 2015; Christie,
2016). Here, we reinvestigated the L. hesperus peptidome using the
expanded assembly. In addition to reidentifying the previously reported
peptide precursors, we found precursor transcripts looked for but not
found in the initial assembly and identified several peptide groups not
targeted in the earlier study. To confirm the validity of the in silico
predictions, a subset of the newly identified transcripts were validated
by RT-PCR. The peptides predicted from the transcripts identified here
significantly expands the extant L. hesperus peptidome, which now
potentially consists of 386 peptides representing 42 families. Further-
more, we provide evidence for alternative splicing and near ubiquitous
expression of agatoxin-like peptides (ALPs), a recently recognized group
of highly conserved, cysteine-rich peptides of unknown biological
function in arthropods (Sturm et al., 2016; Veenstra, 2016a).

2. Materials and methods
2.1. In silico transcriptome mining

Searches of the expanded L. hesperus transcriptome,
GDHC01000000, were conducted using a well-established protocol (e.g.,
Christie, 2008a; 2008b; 2015; Christie and Chi, 2015; Christie et al.,
2017). In brief, the tBLASTn (National Center for Biotechnology Infor-
mation, Bethesda, MD; http://blast.ncbi.nlm.nih.gov/Blast.cgi) online
database was set to Transcriptome Shotgun Assembly (TSA) and
restricted to data from BioProject No. PRINA284294 (Tassone et al.,
2016). Known arthropod peptide precursors, many previously identified
from L. hesperus itself (Christie et al., 2017), were used as the query
sequences for the BLAST searches. The complete list of peptide families
searched for in this study, the specific queries used for the BLAST
searches, and the accession numbers of the L. hesperus transcripts
identified as encoding putative homologs are provided in Supplemental
Table 1. The peptide families used here as search queries were also used
to re-mine the previous assemblies (i.e., BioProjects PRINA210219 and
PRJNA238835). Given potential confounding issues that may arise from
combining multiple, overlapping datasets, as was done here to construct
the expanded L. hesperus transcriptome, we also mined head specific
datasets (SRA accession #s SRX1072689, SRX1155625, SRX1155629)
that were bundled with BioProject PRINA284294. Database searches
were performed using tBLASTn with an e value set to 1e! and all hits re-
evaluated by BLASTx using an Insecta (taxid: 50557) restricted NCBI nr
database.
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2.2. Peptide structural prediction

A well-established workflow was used to predict the mature struc-
tures of L. hesperus peptides (e.g. Christie, 2008a; 2008b; 2015; Christie
and Chi, 2015; Christie et al., 2017). In brief, all hits returned by a given
BLAST search were translated using the Translate tool of ExPASy (htt
p://web.expasy.org/translate/) and assessed for completeness. Pro-
teins listed as “full-length” exhibit a start methionine and are flanked on
their carboxyl (C)-terminus by a stop codon. Start codons were deter-
mined either as the first in-frame codon downstream of a stop site or in
relation to homologous sequences. Proteins described here as “partial”
lacked either a start methionine, referred to as C-terminal partial pro-
teins, or a stop codon, referred to as amino (N)-terminal partial proteins.
Next, each deduced full-length or N-terminal partial precursor protein
was assessed for the presence of a signal peptide using the online pro-
gram SignalP 3.0 (http://www.cbs.dtu.dk/services/SignalP/; Bendtsen
et al., 2004). Prohormone cleavage sites were identified based on the
information presented in Veenstra (2000) and/or by homology to known
arthropod pre-/preprohormone processing schemes. When present, the
sulfation state of tyrosine residues was predicted by homology to known
peptide isoforms or by using the online program Sulfinator (http://www
.expasy.org/tools/sulfinator/; Monigatti et al., 2002). Disulfide bonding
between cysteine residues was predicted by homology to known peptide
isoforms or by using the online program DiANNA (http://clavius.bc.
edu/~clotelab/DiANNA/; Ferre and Clote, 2005). Other post-
translational modifications (i.e., cyclization of N-terminal glutamine/
glutamic acid residues and C-terminal amidation at glycine residues)
were predicted by homology to known arthropod peptides. Peptide
alignments were initially done using the online program MAFFT version
7 (http://mafft.cbrec.jp/alignment/software/; Katoh and Standley,
2013) and then further refined for publication using MUSCLE (Edgar,
2004) implemented in either Geneious R10 or Geneious Prime 2020.1.2
(Biomatters Ltd., Auckland, New Zealand). To determine amino acid
conservation between selected precursor proteins or peptides, the se-
quences in question were aligned using MUSCLE, and amino acid
identity/similarity subsequently determined based on the alignment
output.

2.3. Phylogenetic analyses

The phylogenetic relationships of selected L. hesperus peptides,
eclosion hormone (EH) and prothoracicotropic hormone (PTTH), were
inferred from multiple sequence alignments constructed in MUSCLE
with evolutionary analyses based on the Neighbor-Joining method
(Saitou and Nei, 1987) conducted in MEGA X (Kumar et al., 2018;
Stecher et al., 2020). The percentage of replicate trees in which the
associated taxa clustered together in the bootstrap test (1000 replicates)
are shown next to the branches in each tree, which were drawn to scale,
with branch lengths in the same units as those of the evolutionary dis-
tances used to infer the phylogenetic tree. The evolutionary distances
were computed using the Poisson correction method (Zuckerkandl and
Pauling, 1965) and are given in the units of the number of amino acid
substitutions per site. All positions with less than 95% site coverage were
eliminated, i.e., fewer than 5% alignment gaps, missing data, and
ambiguous bases were allowed at any position (partial deletion option).
The EH analysis involved 25 amino acid sequences for a total of 70
positions in the final dataset and an optimal tree with a sum of branch
length = 5.2. The PTTH analysis involved 14 amino acid sequences for a
total of 88 positions in the final dataset and an optimal tree with a sum of
branch length = 7.6. Accession numbers for sequences used in the
phylogenetic analyses are provided in Supplemental Table 2.

2.4. Cloning peptide-encoding transcripts

To increase confidence for the in silico peptide predictions, a subset of
31 peptide-encoding transcripts were PCR amplified, sub-cloned, and
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sequenced. Oligonucleotide primers (Supplemental Table 3) designed to
amplify the complete open reading frames (ORFs) were generated from
nucleotide sequences of the targeted transcripts using Primer3 (Unter-
gasser et al., 2012). Insects used for molecular analyses were acquired
from an in-house (US Arid Land Agricultural Research Center, USDA
Agricultural Research Services, Maricopa, AZ) colony (Brent and Hull,
2014). Total RNA was isolated in triplicate from sets of three 7-day old
mixed sex adult L. hesperus heads using TRI Reagent Solution (Life
Technologies/Ambion, Carlsbad, CA) with an RNeasy mini kit (Qiagen,
Germantown, MD) and a QIAcube automated nucleic acid isolation
system (Qiagen). RNA quality and quantity were determined spectro-
photometrically using the Take3 module on a Synergy H4 Hybrid Multi-
Mode Microplate Reader (Biotek Instruments, Winooski, VT). Total RNA
(500 ng) was treated with DNase I (New England Biolabs, Ipswich, MA)
to remove any residual genomic DNA. cDNAs were generated from 500-
ng of DNA-free RNA with a SuperScript III First-Strand Synthesis System
(Life Technologies) and custom-made random pentadecamers (Inte-
grated DNA Technologies, San Diego, CA). Peptide precursor-encoding
transcripts were amplified in a 20-pL reaction volume using Sap-
phireAmp Fast PCR Master Mix (Clontech Laboratories Inc., Mountain
View, CA) combined with 12.5 ng cDNA and 0.2 pM sense and antisense
primers on a Biometra TRIO (Gottingen, Germany) thermocycler. PCR
conditions for most of the transcripts consisted of an initial denaturation
at 95 °C for 2 min followed by 40 cycles of 95 °C for 20 sec, 56 °C for 20
sec, and 72 °C for 60 sec, and concluded at 72 °C for 5 min. For the
putative adipokinetic hormone/corazonin-like peptide (ACP) and peri-
viscerokinin (PVK) transcripts, identical PCR conditions were used with
the exception of annealing temperature, which was adjusted to 60 °C.
PCR products were electrophoresed using a Tris-Acetate-EDTA (TAE)
buffer system on 2% agarose gels stained with SYBR Safe (Life Tech-
nologies). Products were cloned into the pCR2.1TOPO TA cloning vector
(Life Technologies) and sequenced using either the Arizona State Uni-
versity DNA Core laboratory (Tempe, AZ) or Retrogen Inc. (San Diego,
CA). Consensus sequences for the 31 cloned transcripts have been
deposited with NCBI under accession numbers MT210013-MT210031,
MT895866-MT895875, and MW366893-MW366894. Gel images were
obtained using an Azure 200 Gel Imaging Workstation (Azure Bio-
systems, Dublin, CA) and processed in Photoshop CS6 v13.0 (Adobe
Systems Inc., San Jose, CA).

2.5. Expression profile of ALP transcripts

Total RNAs were isolated as above from two biological replicates of
pooled whole eggs, nymphs (instars 1-5), and mixed sex adults (0, 7, and
20 days post-adult emergence). Day 7-9 mixed sex adults were used to
provide samples from head, thorax, abdomen, midgut, hindgut, and
Malpighian tubule. Additionally, the female seminal depository and
ovaries and the male lateral and medial accessory glands and testes were
examined. Adult maturation is typically complete by 7 days after eclo-
sion for both females and males (Brent 2010). cDNAs were prepared
from 500 ng DNase I-treated total RNAs using Superscript III reverse
transcriptase as above. Each cDNA was PCR-screened for ALP transcript
expression using primers (Supplemental Table 3) designed to amplify
the complete ORF. A 501-bp fragment of L. hesperus actin
(GBHO01007453.1) was likewise amplified. PCR was performed as
before with cycling conditions consisting of: 95 °C for 2 min followed by
40 cycles at 95 °C for 20 s, 56 °C for 20 s, 72 °C for 60 s, and a final
extension at 72 °C for 5 min. PCR products were separated on 3%
agarose gels. Gel images were obtained as described above.

3. Results and discussion
3.1. Identification of putative peptide precursor-encoding transcripts

To develop a more complete L. hesperus peptidome, we mined an
updated L. hesperus transcriptomic dataset (Tassone et al., 2016)
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constructed from multiple tissue specific sequence reads in addition to
the initial whole-body data (Hull et al., 2014). Our query set consisted of
50 known prepropeptides (Supplemental Table 1). These included all of
the peptides searched for in the previous study (Christie et al., 2017) and
23 sequences corresponding to adipokinetic hormone (AKH), agatoxin-
like peptides (ALPs), allatostatin CC (AST-CC), AST-CCC, arginine-
vasopressin-like peptide (AVP), CCHamide 1, CCHamide 2, CNMamide,
eclosion hormone (EH), ecdysis-triggering hormone (ETH), elevenin,
glycoprotein hormone a2 (GPA2), glycoprotein hormone $4 (GPB5),
natalisin, neuropeptide-like precursors 1-4 (NPLP1-4), periviscerokinin
(PVK), pigment dispersing factor (PDF), proctolin, prothoracicotropic
hormone (PTTH), and trissin. Because sequence similarity among pre-
propeptides is frequently limited to specific processed peptide regions,
we included representative prepropeptides from at least two species in
our search. Transcripts encoding precursors for most peptide families
were identified (Table 1) with BLASTx hits supporting results of the
database mining (Supplemental Table 4). Queries that failed to yield a
hit were re-screened against head-specific reads, which resulted in
identification of an additional nine precursors (Table 1). No transcripts
were found in any of the datasets (either this study or the previous
study) that encode homologs of AVP, CCHamide 2, GPA2, GPB5, ino-
tocin, NPLP 2-4, or trissin. These absences may indicate that these genes
are expressed conditionally or in such low abundance that they are
poorly represented in transcriptomic datasets. However, it may also
reflect the evolutionary loss observed for a number of peptides whose
presence is species- or order-dependent (Hauser et al., 2010); six of the
missing peptides (GPA2, GPB5, inotocin, NPLP2-4) are among those
reported to be lineage-dependent. Inotocin expression is limited in
heteropterans (Liutkeviciute et al., 2016), and trissin appears to be
poorly conserved in hemipterans with no homologous sequence detec-
ted in Nilaparvata lugens (Tanaka et al., 2014), Nezara viridula (Lavore
et al., 2018), Rhodnius prolixus (Ons et al., 2011), Triatoma infestans
(Traverso et al., 2016), Bemisia tabaci (Li et al., 2020), or Diaphorina citri
(Wang et al., 2018). Although identification of precursors for NPLP 2-4
has been largely limited to drosophilids, an NPLP-2 homolog is present
in Apis mellifera (Hummon et al., 2006), and NPLP-4 is found in at least
one other species of fly (Li et al., 2009). However, a recent study sug-
gests that NPLP-2 is induced by heat stress (Rommelaere et al., 2019),
and may have been missed if expressed at very low levels in L. hesperus
sampled under normal conditions. Further, that study found NPLP-2
serves as an apolipoprotein rather than as a neuropeptide. An NPLP-3
precursor annotated in D. citri (Wang et al., 2018) and a number of
coleopteran species (Anoplophora glabripennis, XP_018572912.1; Lep-
tinotarsa decemlineata, XP_023023955.1; and Onthophagus taurus,
XP_022901951) has significant sequence similarity with pupal cuticle
proteins suggesting potential misannotation. For this reason, a putative
L. hesperus NPLP-3 (GBHO01017385.1) with high homology to cuticle
proteins was rejected as a bona fide precursor.

Our initial L. hesperus peptidome study yielded 119 distinct peptides
corresponding to 23 peptide families (Christie et al., 2017). Our
expanded peptidome is predicted to encompass 42 peptide families
(Table 1) and consist of 386 peptides, of which 120 are predicted to be
bioactive and 266 are precursor-related (Supplemental Fig. 1). The
number of peptide families identified is comparable to the range of
precursor genes annotated in other hemipteran transcriptomic/genomic
datasets (Fig. 1), suggesting that the new peptidome is a more complete
reflection of the L. hesperus peptidergic signaling system. Surprisingly,
some of the variants identified via PCR-based methods (e.g. calcitonin-
like diuretic hormone precursor variant B, KX584422; calcitonin-like
diuretic hormone precursor variant C, KX584423; and allatotropin
precursor variant B; KX584420) were not evident in the mined datasets.
As with the “missing” peptide families, the absence of these variants may
indicate that they are low abundance transcripts that may be condi-
tionally, spatially, and/or temporally expressed.

Analysis of potential post-translational modifications suggests that
116 of the predicted peptides are C-terminally amidated (Supplemental
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Table 1

Peptide precursors identified in transcriptomic/genomic datasets for L. hesperus and four other hemipterans.
Peptide L. hesperus N. lugens® D. citri” N. viridula® A. pisum”

previous study” current study head specific”

adipokinetic hormone (AKH) - - + + + + +
AKH/corazonin-related peptide (ACP) + + ns + + + _
agatoxin-like peptide (ALP) ns + ns ns ns ns ns
allatostatin A (AST-A) + + ns 4 + + +
allatostatin B/myoinhibitory peptide (AST-B/MIP) + + ns + + + +
allatostatin C (AST-C) +¢ - - +¢ +¢ _ 4
allatostatin CC (AST-CC) ns - + + + + 4
allatostatin CCC (AST-CCC) ns + ns ns ns + ns
allatotropin (AT) + + ns + + + +
arginine/vasopressin-like (AVP) ns - — + + + _
bursicon alpha (Burs-o) - + ns + _ + +
bursicon beta (Burs-f) + - + + + + +
periviscerokinin (PVK)/capabaility (CAPA) ns + ns + + + +
CCHamide 1 (CCHa 1) + + ns + + 4 +
CCHamide 2 (CCHa 2) - - - + + + +
CNMamide 1 (CNMa) ns - + ns + + -
corazonin (Crz) + + ns + + + _
crustacean cardioactive peptide (CCAP) + + ns + + + +
diuretic hormone 31 (DH31) + + ns + + + +
diuretic hormone 44 (DH44) - + ns + 4 4 +
ecdysis triggering hormone (ETH) - - + + + + +
eclosion hormone (EH) - - ++ ++ ++ - 4+
elevenin (Ele) ns — + + + + +
FMRFamide (FMRFa) - + ns + _ + +
glycoprotein hormone A2 (GPA2) ns - - + - + +
glycoprotein hromone B5 (GB5) ns - - + — +
GSEFLa/IDSLR/EFLa (GSEFLa) + + ns - + ns
inotocin (Ino) - - - ns ns - ns
insulin-related peptide (IRP) + + ns ++ ++ + .
ion transport peptide (ITP) - - + + - _ +
ion transport peptide-like (ITPL) + + + + + + +
leuocokinin/kinin (LK/kin) - + ns + + + +
myosuppressin (MS) + + ns + + + n
natalisin (NTL) ns + ns _ + _ +
neuroparsin (NP) + + ns + + 4+ _
neuropeptide F (NPF) + + ns + _ + n
neuropeptide-like precursor 1 (NPLP-1) ns + ns + + + 4
neuropeptide-like precursor 2 (NPLP-2) ns - - - - - ns
neuropeptide-like precursor 3 (NPLP-3) ns - - + + - ns
neuropeptide-like precursor 4 (NPLP-4) ns - - + _ — ns
orcokinin (OK) + + ns + + 4 +
pigment dispersing factor (PDF) - - + + + + _
proctolin (Proc) - - + + + + +
prothoracicotropic hormone (PTTH) ns + ns + + - -
pyrokinin (PK) + + ns + + _ +
RYamide (RYa) - + ns + + + +
short neuropeptide F (sNPF) + + ns + + + +
SIFamide (SIFa) + - + 4 + + +
sulfakinin (SK) + + ns + _ + _
tachykinin-related peptide (TRP) + + ns + + +

trissin (Tris) ns -

ns — not searched; (+) = identified; (++) = multiple genes identified; (—) = not identified.
@ Data: previous Lygus (Christie et al. 2017); N. lugens (Tanaka et al. 2014); D. citri (Wang et al. 2018); N. viridula (Lavore et al. 2018); A. pisum (Huybrechts et al.

2010).
b Data from SRA accession #s SRX1072689, SRX1155625, SRX1155629.

¢ Updated sequence similarities suggest initial annotations of AST-C should be AST-CCC.

Fig. 1). However, given potential differential expression of the pro-
convertases and/or varied utilization of peptide cleavage sites (Southey
et al., 2008; Neupert et al., 2018), both the number of peptides gener-
ated and the extent of C-terminal amidation may differ from that pre-
dicted here. In addition to alternative proconvertase usage, peptide
diversity can also be amplified by alternative splicing events and, less
commonly, by gene duplication (Yeoh et al., 2017). Although many of
the peptide family members predicted here, and previously (Christie
et al., 2017), appear to be derived from single precursor genes, multiple
variants are predicted for 15 families (Supplemental Fig. 1). Results
from the current data mining approach coupled with our previous efforts
(Christie et al., 2017) suggest alternative splicing accounts for much of
the observed diversity (e.g. ALP, DH31, CCHamide, ATR, CCAP,

GSEFLamide, and orcokinin). We also found evidence suggesting alter-
native promoter usage may play a role in generating the CCHamide and
ITP/ITP-like variants as the presumptive 5' untranslated regions for the
CCHamide v3, CCHamide v4, and ITPL v2 precursors differs from that of
their other variants (Fig. 2). Similar 5'untranslated region (UTR) vari-
ation, which is reported to control the spatiotemporal expression of ITPL
transcripts, has been reported in N. lugens (Yu et al., 2016). For the
predicted L. hesperus prepropeptides, the 5’ differences introduce an N-
terminal extension that blocks the respective predicted signal peptides.
Sequence analyses predict (>0.99 probability) the extensions to be
signal anchors. Similar signal anchors have been predicted for fruitfly,
tsetse fly, and termite AST-CC peptides, which are thought to function
via paracrine secretion of non-neuroendocrine cells (Veenstra, 2014).
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Fig. 1. Comparison of the number of peptide families predicted in various
hemipteran transcriptomic or genomic datasets. Peptide family numbers are
based on reported values for L. hesperus (Christie et al., 2017), N. lugens (Tanaka
et al., 2014), D. citri (Wang et al., 2018), N. viridula (Lavore et al., 2018),
H. halys (Lavore et al., 2018), R. prolixus (Mesquita et al., 2015), C. lectularius
(Benoit et al., 2019), A. pisum (Huybrechts et al., 2010), and B. tabaci (Li
et al., 2020).

Alternatively, the first translation initiating Met codon, which results in
the signal anchor, may be bypassed for the second Met codon (i.e. the
first residue in the predicted signal peptides). Regardless, the tran-
scriptomic data support expression data for the respective precursors
and the expression of both ITPL variants was confirmed by PCR cloning
(accession #s MW366893-4).

Our finding that the GSEFLamide/EFLamide (also referred to as
IDLSRF-like peptides) and orcokinin genes appear to give rise to two
distinct precursors (Supplementary Fig. 1), one containing isoforms of
the peptides for which they were named, and the other having a distinct
C-terminus containing completely different, structurally unrelated sets
of peptides is similarly suggestive of differential expression. The pres-
ence of more than one precursor variant in these two peptide families is
not without precedent (Jiang et al., 2015; Chen et al., 2015; Kotwica-
Rolinska et al., 2020). The GSEFLamide encoding exon has recently
been shown to be fused downstream of two exons encoding
prohormone-4, with the fusion site conserved in hemipterans (Kotwica-
Rolinska et al., 2020).

Precursor diversity in L. hesperus is also linked to gene duplication/
expansion for the AKH, EH, ILP and neuroparsin families (Fig. 3 A-D).
Gene duplications have been reported previously for AKH (Roller et al.,
2008; Kaufmann et al., 2009; Veenstra, 2019) and EH (Veenstra, 2014).
Multiple variants with varying degrees of sequence identity are pre-
dicted for L. hesperus ILPs and neuroparsins (Fig. 3 C-D). Typically, the
number of ILP and neuroparsin paralogs vary inversely with one
another, such as in the hemipteran pests N. lugens, N. viridula, H. halys,
and A. pisum (Tanaka et al., 2014; Lavore et al., 2018; Huybrechts et al.,
2010). This relationship between the two peptidergic systems, both of
which signal through tyrosine receptor kinases, was posited as an indi-
cator of complementary functional roles (Veenstra, 2016a) as evidenced
by the synergistic effects of the two peptides on mosquito vitellogenesis
(Dhara et al., 2013). In our L. hesperus datasets, the number of ILP and
neuroparsin paralogs identified is comparable (3 - ILP; 4 -
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neuroparsins), suggesting potential functional divergence of the two
peptides. Alternatively, the individual paralogs may impact physiolog-
ical functions via differential (spatial, temporal, and/or conditional)
expression. Their role(s) in Lygus species, however, remain to be
empirically determined.

3.2. RT-PCR amplification of select peptide precursor cDNAs

To expand our initial validation of the putative L. hesperus tran-
scripts/precursor proteins, the ORFs for 31 of the predicted transcripts,
including all of the precursors predicted from the head specific reads,
were targeted for RT-PCR amplification. Amplimers of the expected sizes
were obtained for all of the transcripts (Fig. 4). For a majority of the
cloned products, nucleotide identity with the in silico sequences excee-
ded 99%. Potential variants were identified for the orcokinin (B-type)
product, in which all of the clones exhibited nonsynonymous nucleotide
differences relative to the transcriptomic data, in which Val46 was
changed to Asp and Leu62 to Gln. Similarly, nonsynonymous changes
were observed in the FMRFamide clones with two presumed variants
identified. In variant 1, Pro58 was changed to Leu, His190 to Ser, Alal71
to Ser, and Asp196 to Asn. In variant 2, two conserved substitutions were
identified; Phe193 to Tyr and Asp198 to Glu. These changes likely reflect
allelic variation found in the heterogenous stock colony, and because
they affect the predicted precursor related peptides, would not be ex-
pected to impact the biological activity of the encoded FMRFamides. In
the PCR amplified AST-CC product, a non-conserved substitution (Leu8
to Pro) was identified, but it had no effect on prediction of the signal
peptide region. For the ALP variants, the longest sequence (ALP v1;
MT210014), which is differentiated from the other variants by inclusion
of all presumptive exons, is not represented in the expanded tran-
scriptomic datasets (Tassone et al., 2016). A search of the earlier data
(Hull et al., 2014) revealed the presence of the variant
(GBRD01011935.1 and GBRD01011927.1) with no nucleotide changes
between the cloned and predicted sequences. Additionally, although
some of the ALP transcriptomic datasets indicated a C-terminal Glu,
clones amplified using an antisense primer designed to a site in the 3’
UTR failed to confirm the variable sequence, suggesting it is either an
assembly artifact or that the corresponding transcript is low abundance.

3.3. Newly predicted peptide precursors

3.3.1. Peptides that function in ecdysis and development

The canonical peptidergic pathway that regulates development and
ecdysis consists of five central peptide families: prothoracicotropic
hormone (PTTH), ecdysis-triggering hormone (ETH), eclosion hormone
(EH), crustacean cardioactive peptide (CCAP), and bursicon (de Oliveira
et al., 2019). However, depending on the species, additional peptide
components have been implicated including orcokinins (OK) (Yamanaka
et al, 2011; Wulff et al., 2017), adipokinetic hormone/corazonin-
related peptide (ACP) (Hansen et al., 2010; Zandawala et al., 2015;
Wahedi and Paluzzi, 2018), and corazonin (Kim et al., 2004; Zitnan
et al., 2007; Hou et al., 2017). Precursors encoding each of these pep-
tides were found either within the initial L. hesperus peptidome (i.e.
CCAP, OK-A, bursicon p) or within the new datasets (Supplemental
Fig. 1).

The L. hesperus PTTH homolog has characteristics typical of other
insect PTTH (Fig. 5A), but like pea aphid PTTH (Barbera and Martinez-
Torres, 2017), is missing one of the seven conserved Cys (i.e. Cys4)
thought to be involved in intra- and intermolecular disulphide bonds.
Despite this deviation, the peptide sequence clustered with other PTTH
annotated peptides that have the full complement of Cys residues
(Fig. 5B). While absent from a number of hemipteran datasets (e.g. N.
viridula, H. halys, and R. prolixus), in the hemipterans in which it has
been identified (N. lugens, BAO00973; D. citri, AWT50619.1; and
C. lectularius, XP_014239433.1) the PTTH transcript encodes a peptide
containing seven Cys. Given the potentially significant conformational
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Fig. 2. Proposed alternative splicing mechanism for the L. hesperus CCHamide and ITP variants. Schematic of alternative promoter usage in which promoters (P1 and
P2) upstream of two different exons yield mature RNA transcripts with differing 5’ ends. Coding sequences for LygheCCHamide variants are shown in the upper
panel. The LygheCCHamide v3 and v4 sequences correspond to nucleotides 1-136 and LygheCCHamide v1 and v2 corresponding to nucleotides —40 through 16. Not
shown is the 78-nt deletion that differentiates LygheCCHa v2 and v4. For the two LygelTP variants, the coding sequences are shown in the lower panel. The LygheITP
v1 sequence corresponds to nucleotides —270 to 61, whereas LygheITP v2 correspond to nucleotide —186 to 184. The two variants are 100% identical across the
remaining 293-nt coding sequence. Predicted signal anchors and signal peptides are shown in grey and pink, respectively. Regions of nucleotide variation are

indicated by yellow boxes. Blue boxes indicate predicted start codons.

effects the missing Cys may have on peptide functionality, we have
termed the L. hesperus peptide as PTTH-like.

The LygheETH precursor is likewise atypical. For most species, the
ETH precursor transcript encodes a >100 amino acid prepropeptide that
is cleaved to yield 2-3 dodecapeptides characterized by an FFL/
IKxxKxVPRL/I-amide C-terminal motif (Roller et al., 2010). In
contrast, the LygheETH precursor is 96 amino acids and consists of one
canonical sequence and one ETH-like sequence that lacks the C-terminal
aliphatic residue and accompanying amidation (Fig. 5C). The presence
of transcripts encoding similar atypical ETH precursors in the sister
species Apolygus lucorum (KAF6207408.1) and Lygus lineolaris
(GCXM01016614.1) suggests that the LygheETH precursor is a true
transcript rather than an assembly artifact.

Two EH paralogs are present in many insect genomes, including
several hemipteran species such as Plautia stali, Acyrthosiphon pisum,
N. lugens, D. citri, and B. tabaci (Huybrechts et al., 2010; Tanaka et al.,
2014; Wang et al., 2018; Li et al., 2020). Likewise, two EH precursor
encoding transcripts were identified in the L. hesperus head dataset
(Supplemental Fig. 1). The transcripts share 51% nt identity, while the
encoded peptide precursors have 34% sequence identity. Both EH1 and
EH2 are predicted to contain signal peptides and the characteristic six
Cys motif (Fig. 5D). Phylogenetic analyses (Fig. S5E) support annotation
of the two L. hesperus peptides, with LygheEH2 likely derived from the
more ancient gene (Veenstra, 2014). Although no functional roles have
been attributed to the second EH, differential expression of the two
genes has been reported in another hemipteran (Wang et al., 2018).

Bursicon is a heterodimeric Cys knot peptide composed of two sub-
units — burscion a and bursicon p. A bursicon f subunit (KX584428) with

the typical eleven conserved Cys residues (Supplemental Fig. 1) was
identified in the initial peptidome and subsequently PCR amplified
(Christie et al., 2017). A transcript encoding a full-length bursicon «
precursor with the conserved Cys motif was identified in the head spe-
cific dataset (Supplemental Fig. 1). A C-terminally truncated variant
with an incomplete Cys motif was also identified in the expanded
transcriptomic data (Tassone et al., 2016); however, that sequence was
embedded in the 3'UTR of a transcript annotated as phosphatidylinositol
4,5-bisphosphate 5-phosphatase A (JAQ15578.1). The chimeric nature
of the transcript coupled with the absence of the truncated variant in
A. lucorum and L. lineolaris genomic/transcriptomic datasets suggests it
is likely an assembly artifact.

OK peptides have recently been linked to ecdysis in R. prolixus (Wulff
et al., 2017; 2018). An OK type A precursor (Supplemental Fig. 1) was
identified previously (KX584426; Christie et al., 2017). In the expanded
dataset, we identified transcripts encoding three additional OK-like
precursors; however, none of the transcripts contained complete ORFs.
Two are N-terminal fragments, whereas the third is a C-terminal frag-
ment (Supplemental Fig. 1). The first 90 nt of the two N-terminal frag-
ments are identical to those in the LygheOK-A precursor; however, the
sequence then diverges from the A-type variant with the two N-terminal
fragments differentiated from each other by a 60 nt insertion. Given the
similarities with the R. prolixus OK-B and OK-C precursors, which are
differentiated by the inclusion of a small exon in OK-C (Wulff et al.,
2017), we have termed the two L. hesperus N-terminal fragments
LygheOK-B (the shorter fragment) and LygheOK-C (the fragment with
the 60 nt insertion). The C-terminal fragment, which shares 40% amino
acid identity with LygheOK-B and LygheOK-C, has been designated
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Kim et al., 2004;

Zitnan et al., 2007; Hou et al., 2017). The L. hesperus homologs of each

have the conserved features characteristic of each peptide family

ACP and corazonin have likewise been implicated in regulating
ecdysis and/or development in some insect species (Hansen et al., 2010;

Wahedi and Paluzzi, 2018; Zandawala et al., 2015;

adipokinetic hormones, B) eclosion hormones, C) insulin-like peptides, and D) neuroparsins. Blue boxes indicate putative start codons, red boxes indicate

Fig. 3. Gene expansion/duplication of L. hesperus peptide precursor coding sequences. Nucleotide sequence alignments of peptide precursor transcripts for A)
stop codons.

terized by a slight variation of the reported I/LDxI/LGGGN/VLxI/L/V
consensus sequence (Sterkel, et al., 2012), with seven predicted peptides

in the LygheOK-B and LygheOK-C precursors and five in the LygheOK-D

LygheOK-D. The three precursors contain OK-B type peptides charac-
precursor (Supplemental Fig. 1).
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Fig. 4. RT-PCR based amplification of select peptide precursor-encoding tran-
scripts from mixed sex L. hesperus heads. All amplimers were subcloned and
sequence verified. A 500-bp fragment of L. hesperus actin was amplified as a
positive control. Shown are the negative images of representative 2% agarose
gels stained with SYBR safe. The bottom gel image consists of peptide precursor
transcripts identified in the head specific dataset. Abbreviations are based on
Yeoh et al. (2017).

(Fig. 5F) with a probable pyroglutamate residue occurring immediately
after the signal peptide, a decapeptide (ACP) or undecapeptide (cor-
azonin) with a C-terminal amidation signal, and a C-terminal precursor
peptide with two conserved Cys (Supplemental Fig. 1)

3.3.2. Peptides that impact insect gut physiology

The interplay of numerous peptides (e.g. proctolin, kinins, sulfakinin,
FMRFa-like peptides, diuretic hormones, periviscerokinin, RYamides,
and ITP/ITPL) affect diverse aspects of insect gut physiology including
myotropic activity, satiety, and osmotic balance (Audsley and Weaver,
2009; El Asrar et al., 2020). Transcripts encoding precursors for many of
these peptides, including a number with atypical nonconsensus se-
quences, were identified in the new datasets.

Proctolin is a potent myotropic peptide that regulates gut motility (El
Asrar et al., 2020). The L. hesperus transcript encodes a typical proctolin
precursor, with the consensus pentapeptide sequence (RYLPT) bounded
by a signal peptide and a dibasic cleavage site as well as a C-terminal
precursor peptide (Supplemental Fig. 1).

Kinins (also referred to as leucokinin or myokinin) are pleiotropic
peptides typically characterized by a C-terminal pentapeptide Fx;xoWG-
amide (x; corresponds to Ser, Phe, His, Asn, or Tyr and x3 is Ser, Pro, or
Ala) that impact multiple aspects of gut physiology (Sangha et al., 2020;
El Asrar et al., 2020). The Lyghekinin precursor encodes nine kinin or
kinin-like peptides (Supplemental Fig. 1), which is less than that re-
ported for B. tabaci (Li et al., 2020) and R. prolixus (Bhatt et al., 2014),
but more than for A. pisum (Huybrechts et al., 2010) or N. lugens (Tanaka
et al., 2014). Eight of the Lyghekinins have a typical C-terminal motif
(7x FNSWG-amide; 1x FYAWG-amide) and one unique peptide, FQSWG-
amide (Fig. 6A), which is also encoded by the A. lucorum kinin precursor
(KAF6199581.1). This specific motif appears to be poorly distributed
throughout the Insecta as the only other FQSWG-amide peptides listed in
the DINeR insect neuropeptide database were limited to a proturan
species (Yeoh et al., 2017). An atypical FSxWA-amide kinin previously
suggested to be distributed throughout the Heteroptera (Lavore et al.,
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2018), is not present in the L. hesperus precursor.

RYamides, a group of recently identified peptides typically charac-
terized by a C-terminal FFxxxRY-amide, have been postulated to play a
role in fluid balance in Drosophila melanogaster (Collin et al., 2011).
While most RYamide precursors yield two RYamides, the LygheRYamide
transcript encodes only a single FYMGSRY-amide peptide (Supple-
mental Fig. 1). The L. hesperus precursor also has an unusual non-
amidated peptide, SSIFWTGSRYN, that differs from the reported
consensus sequence at position 2 with a Ser rather than Gly (Fig. 6B).
This difference is found in other heteropterans and the degree of
phylogenetic conservation has been postulated as an indicator that the
non-amidated peptide serves a physiological role (Lavore et al., 2018).

Sulfakinins (SK) function as satiety signals that inhibit insect feeding
(Audsley and Weaver, 2009; Nagata, 2016). The SK precursor typically
encodes two peptides with a conserved heptapeptide core (ie. D/
EYGHMRF-amide) that contains a sulfated Tyr. The L. hesperus precur-
sor is predicted to yield two SKs (Supplemental Fig. 1). LygheSK1 has a
pyroglutamate N terminus and the typical DYGHMRF-amide C terminus.
The presence of an N-terminal pyroglutamate in SK1 has been previously
confirmed by mass spectrometry for R. prolixus (Ons et al., 2011) and
Cimex lecturis (Predel et al., 2017). In contrast, LygheSK2 is character-
ized by a unique DYGYMRF-amide motif that appears to be typical of
heteropterans (Fig. 6C). Although both Tyr sites in SK2 can potentially
be sulfated, only the N-terminal Tyr has been confirmed to be sulfated in
C. lecturis (Predel et al., 2017).

The role of the diuretic hormone 44 (DH44) family of peptides, also
referred to as corticotropin releasing-factor (CRF)-related diuretic hor-
mones, in regulating osmotic balance through fluid excretion/diuresis is
well established (Schooley et al., 2012). Typical of DH44 precursors, the
LygheDH44 sequence has a C-terminal amidation signal and is
embedded between precursor related peptides downstream of a pre-
dicted signal peptide (Supplemental Fig. 1). Comparison of the
L. hesperus peptide with other DH44s (Fig. 6D) reveals sequence diver-
gence at Ser8 (typically an aliphatic residue), Ser16 (typically a charged
residue), and Asn29 (typically a charged residue). The role these resi-
dues may have in peptide biofunction remain to be determined.

The FMRFamide-like peptides (FaLPs), which predominantly affect
visceral muscle contractility (Audsley and Weaver, 2009), are charac-
terized by a C-terminal FxRF-amide (x = Met, Ile, or Leu) sequence with
multiple peptides encoded in a single precursor transcript. The presence
in the L. hesperus precursor (Supplemental Fig. 1) of only four FaLP, all
with unique C-terminal ends, appears to be uncommon among hemip-
terans, which typically contain multiple copies of a FaLP motif (Fig. 6E).
The four L. hesperus FaLPs include two uncommon variations of the FaLP
C terminus - FMRYamide and IMRFamide. Although two sequence
variants (MT210021 and MT2100212) for the LygheFalLP precursor
were cloned, the significant nucleotide sequence identity (98.5%) be-
tween the two suggests the differences are the result of allelic variation
rather than gene duplication.

Periviscerokinins (PVKs), initially defined as cardioacceleratory
factors (e.g. cardioacceleratory peptide 2b, CAP2b) based on their
bioactivity in Lepidoptera (Tublitz and Truman, 1985a; 1985b), were
subsequently shown to also affect Malpighian tubule ion transport (Kean
et al., 2002). PVKs are encoded by the capability (capa) gene, which
typically generates a precursor transcript that contains a pair of 9-10
amino acid PVK peptides characterized by a PRV-amide C terminus and
a single tryptopyrokinin peptide with a C-terminal WFGPRL-amide.
Proteolytic processing of the LyghePVK precursor is predicted to yield
one classic PVK, a typical tryptopyrokinin peptide, and a unique 11
amino acid PVK-like peptide with a PRS-amide C-terminus (Supple-
mental Fig. 1). Although also present in A. lucorum (KAF6216557.1),
this latter peptide appears to be unique among hemipteran PVKs with
the C-terminal Ser position most frequently occupied by an aliphatic
amino acid (Fig. 6F). Similar variation in peptide length has been
observed in number of hemipteran PVK peptides (Ahn and Choi, 2018),
and the encoding gene has undergone duplication in some species such
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Fig. 5. L. hesperus peptides associated with ecdysis and development. A) Alignment of PTTH peptide sequences. Alignment was performed with predicted signal
peptides excluded. The seven conserved Cys residues potentially involved in intra- and intermolecular disulphide bonds are indicated. The Lgyus PTTH-like peptide
lacks Cys4 (red box). B) Neighbor joining tree of PTTH phylogenetic relationships. The optimal tree with the sum of branch length = 7.6 is shown. Bootstrap values
(1000 replicates) are shown next to the branches. The tree was rooted using the PTTH-related Trunk sequences from D. melanogaster and T. castaneum. C) Alignment
of mature ETH peptide sequences. The L. hesperus and A. lucorum ETH2 sequences lack typical C-terminal Gly amidation signals (red box). D) Alignment of EH
sequences. Alignment was performed with predicted signal peptides excluded. The six conserved Cys residues are indicated with the Cys-Cys pairing shown according
to the biochemically determined pattern for M. sexta. E) Neighbor joining tree of EH phylogenetic relationships. The optimal tree with the sum of branch length = 5.2
is shown. Bootstrap values (1000 replicates) are shown next to the branches. The LygheEH2 sequence sorted to the more ancestral EH clade. F) Alignment of mature
corazonin and ACP peptides. In all alignments, potential amidation sites are indicated by arrowheads and potential pyroglutamate residues are indicated by asterisks.
Accession numbers of proteins used in the phylogenetic analyses are listed in Supplementary Table 3 and those used in the alignments are listed in Supplemen-

tary Table 5.

as R. prolixus (Paluzzi et al., 2008; Paluzzi and Orchard, 2010). A
PVK-like transcript (GBRD01017626.1) was also identified in the data-
sets mined for the previous L. hesperus peptidome; however, that pre-
cursor lacks the predicted signal peptide suggesting potential transcript
misassembly.

Although the antidiuretic activity of ITP on locust hindgut has been
well-documented (Coast et al., 2002), the role of ITPL in fluid reab-
sorption is less clear (Wang et al., 2000). ITP/ITPLs are characterized by
six conserved Cys and are 72 (ITP) to 79 amino acids (ITPL) in length.
The two peptides are generated via alternative splicing of the ITP gene
with an internal exon that encodes a stop codon retained in ITPL, but
which is spliced out in ITP (Dircksen, 2009). This splicing profile is
conserved in the L. hesperus transcripts as the exon encoding the ITP C-
terminus is present in the ITPL 3'UTR (Fig S2). As indicated earlier,
alternative splicing of the LygehITP/ITPL transcripts also impacts the 5’
UTR and potentially results in the addition of a signal anchor upstream
of the typical signal peptide in ITPL v1 (Fig. 2). Unlike many insect ITPs,
the putative LyghelTP lacks a typical C-terminal amidation signal
(Fig. 6G). In contrast, the two LygheITPL variants have the characteristic
-IKQ/HLHGAE/Dxxx C-terminus (Yu et al., 2016).

3.3.3. Other peptides with known function

Adipokinetic hormones (AKH) are 8-10 amino acid peptides that
regulate energy metabolism (Nassel and Zandawala, 2019). Peptides in
the AKH family are typically characterized by an N-terminal pyroglu-
tamate, C-terminal amidation, and an aromatic acid at positions four
and eight with the bioactive peptide immediately downstream of the
signal peptide and a potential intermolecular disulfide bond in the C-
terminal precursor related peptide. Two LygheAKH precursor tran-
scripts were identified in our datasets (Supplementary Fig. 1). The two
transcripts have 94% nucleotide identity (Fig. 3A) and 79% amino acid
identity, suggesting gene duplication rather than allelic variation.
Although the presence of multiple AKH encoding transcripts is not
without precedence (Roller et al., 2008; Kaufmann et al., 2009; Veen-
stra, 2019), it seems to be limited among hemipterans with no evidence
for duplication in transcriptomic data for N. lugens (Tanaka et al., 2014),
B. tabaci (Li et al., 2020), N. viridula (Lavore et al., 2018), or D. citri
(Wang et al., 2018). Multiple sequence alignment of LygheAKH1 and
LygheAKH2 with other hemipteran AKH revealed divergence in aro-
matic acid usage at position four with both L. hesperus peptides incor-
porating Tyr rather than the more frequent Phe (Fig. 7A). A search of the
DINeR insect neuropeptide database (Yeoh et al., 2017) underscored the
uniqueness of this substitution among the 50 hemipteran AKH sequences
deposited.

Pigment-dispersing factor (PDF) regulates circadian motor rhyth-
micity (Shafer and Yao, 2014). Among insects, PDFs are C-terminally
amidated octadecapeptides characterized by a consensus sequence of
NSEx;INSLLx,LPKx3x4NDA-amide (x; corresponds to Leu or Ile; x; is
Gly, Ser, or Ala; x3 is Asn, Val, Leu, Ser, or Thr; and x4 is Leu or Met). The
LyghePDF precursor consists of a putative signal peptide, a precursor
related peptide, and then the presumably bioactive peptide (Supple-
mental Fig. 1), which is well-conserved with other insect PDFs (Fig. 7B).

Elevenin, a recently identified peptide conserved across arthropods,
has been linked with cuticular melanization (Uchiyama et al., 2018;
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Wang et al., 2019). Similar to most species (Fig. 7C), the L. hesperus
elevenin peptide is immediately downstream of the signal peptide and is
characterized by two conserved Cys residues and a C-terminal RG motif
that lacks amidation (Supplemental Fig. 1).

Members of the allatostatin C (AST-C) peptide family, which includes
the AST-CC and AST-CCC paralogs (Veenstra, 2016b), were initially
identified based on regulation of juvenile hormone biosynthesis. More
recent studies, however, suggest broader physiological roles for the
peptides (Urlacher et al., 2016; Bachtel et al., 2018; Villalobos-
Sambucaro et al., 2016). AST-C, also referred to as PISC-AST to reflect
the conserved C-terminal segment, is characterized by a pyroglutamate
N terminus, the absence of C-terminal amidation, and a highly
conserved CYFNPISCF motif. AST-CC has the most variable sequence
among the three paralogs, but can be characterized by the absence of
post-translational modification at either terminus and a general C-ter-
minal sequence of CYFNAVS/TC. In contrast, AST-CCC has a predicted
C-terminal amidation site and a general sequence of KQCAFNAVSCF-
amide. As noted by Lavore et al. (2018), many hemipteran peptides
initially annotated as AST-C (e.g. N. lugens, D. citri, A. pisum, T. infestans)
exhibit characteristics that are more consistent with AST-CCC. Similarly,
the AST-C identified in our previous peptidome (i.e. GBHO01019349)
aligns better with AST-CC peptides than AST-C (Fig. 7D). Here, our re-
evaluation of the L. hesperus peptidome allowed identification of an
AST-CCC precursor encoding transcript (Supplemental Fig. 1), the pre-
dicted peptide of which clearly aligns with AST-CCC annotated se-
quences (Fig. 7D). Similar to other hemipterans (Tanaka et al., 2014;
Lavore et al., 2018; Huybrechts et al., 2010; Ons et al., 2011; Traverso
et al., 2016; Predel et al., 2017; Li et al., 2020), no AST-C precursor was
identified in our transcriptomic datasets. This absence may reflect loss of
the AST-C gene, which has been reported for a number of insect lineages
(Veenstra, 2016b).

3.3.4. Peptides with unknown function

The recently identified CNMamides (Jung et al., 2014), which have
yet to be functionally characterized, have a highly conserved peptide
core in hemipterans consisting of YMx; LCHFKCICNM-amide (x; corre-
sponds to Ser, Ala, or Thr). This core is likewise conserved in the pre-
dicted LygheCNMamide (Fig. 8A; Supplemental Fig. 1), a transcript
(GBHO001023260.1) was also identified in the datasets mined for the
previous L. hesperus peptidome.

Neuropeptide-like precursor 1 (NPLP1), which was identified via
mass spectrometry-based analyses of the D. melanogaster CNS, is pre-
dicted to encode a number of putative peptides with no conserved C-
terminal motif (Baggerman et al., 2005). Three potential NPLP1-
encoding transcripts (NPLP1 a-c) were identified in the L. hesperus
datasets with two encompassing complete ORFs and the third a C-ter-
minal fragment (Supplemental Fig. 1). The two full-length LygheNPLP1
transcripts are differentiated by a 15-nucleotide deletion in
LygheNPLP1b. The shorter NPLP1c appears to be a product of alterna-
tive splicing with a different exon used for the final 98 nucleotides
including the presumptive stop codon (Fig. 8B). Processing of the
LygheNPLPla and LygheNPLP1b precursors is predicted to generate
twenty non-amidated peptides and four amidated peptides. Despite
limited conservation of predicted peptide C-terminal ends, hemipteran
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Fig. 6. L. hesperus peptides associated with gut physiology. A) Species specific alignment of kinins predicted for five hemipteran species. While highly represented
among the other hemipterans, the FSSWA/G-amide motif is not encoded by the Lyghekinin transcript. B) Alignment of DH44 peptides. Alignment was performed
with predicted signal peptides excluded. C) Alignment of mature RYamide peptides. Positions lacking a C-terminal amidation signal are indicated by a blue box. D)
Alignment of FMRFa peptides predicted in the prepropeptide of five hemipteran species. E) Alignment of peptides encoded by the PVK/CAPA precursor. F) Alignment
of peptides encoded by the SK precursor. G) Alignment of ITP and ITPL peptides. In all alignments, atypical amino acid usage is indicated by red boxes, potential
amidation sites are indicated by arrowheads, and potential pyroglutamate residues are indicated by asterisks. The red arrow in 6G indicates absence of a C-terminal
amidation signal. Accession numbers of the protein sequences used are listed in Supplementary Table 5.
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Fig. 7. L. hesperus peptides associated with unique biological roles. A) Alignment of AKH peptides. B) Alignment of PDF peptides. C) Alignment of elevenin-like
peptides. D) Alignment of peptides from the extended AST-C peptide family. In all alignments, atypical amino acid usage is indicated by red boxes, potential
amidation sites are indicated by arrowheads, and potential pyroglutamate residues are indicated by asterisks. Accession numbers of the protein sequences used are

listed in Supplementary Table 5.

NPLP1 share significant sequence identity (Fig. 8C). Veenstra (2016a, b)
noted the presence of an N-terminal consensus sequence, LARXGXLP (x
= any amino acid), which is likewise well-represented in hemipteran
NPLP1 precursors. Representation of the three other D. melanogaster
NPLPs (i.e. NPLP2-4) in insect lineages is narrower, with an NPLP2
homolog reported in A. mellifera (Hummon et al., 2006) and an NPLP3 in
D. citri (Wang et al., 2018). Consistent with this limited penetrance, no
homologs were identified in any of the L. hesperus transcriptomic
datasets.

Similar to NPLP1, agatoxin-like peptides (ALPs) were initially iden-
tified by mass spectrometry (Sturm et al., 2016), but have since been
found in a number of transcriptomic and genomic datasets (Liessem
et al., 2018; Badisco et al., 2011; Zhu et al., 2017; Benoit et al., 2019;
Sparks et al., 2020; Veenstra, 2016a). ALPs, which share structural
similarities with the agatoxin class of peptide-based spider toxins
(Skinner et al., 1989; Bindokas and Adams, 1989), are characterized by a
~40 amino acid ALP region that contains a C-terminal amidation signal
and eight highly conserved Cys residues. The spacing of these Cys
comprise two sequence motifs, a CxgCxsCC (x = any six amino acids)
principal structural motif and a CxCxgCxC extra structural motif,
commonly found in spider toxins (Kozlov and Grishin, 2005). Through a
combination of data mining and cDNA cloning, we identified multiple
splice variants of the L. hesperus ALP precursor (Supplemental Fig. 1).
Such variability is consistent with previously reported alternative
splicing of the ALP gene (Sturm et al., 2016; Veenstra, 2016a). The
splicing occurs upstream of the ALP encoding portion of the precursors,
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resulting in transcripts differentiated by 66-nt, 39-nt, or 27-nt. The
splicing has no effect on the peptides themselves with both Cys struc-
tural motifs maintained in all variants (Fig. 8D).

3.4. LygheALP transcript expression profiling

To date, no biological function has been attributed to insect ALPs.
Thus, to provide potential insights into function, we used RT-PCR to
examine transcript expression across development and in various adult
body segments and tissues. LygheALP expression was, with the excep-
tion of the embryonic stage, constitutively expressed throughout
development (Fig. 9A) and in all adult segments and tissues examined
except ovaries (Fig. 9B). Although tissue-specific splicing is suggested,
more quantitative methods such as real time PCR and/or targeted RNA-
sequencing are needed to more fully explore this possibility.

Structural features shared with spider toxins and expression in hy-
menopteran venom glands (Bouzid et al., 2014; Torres et al., 2014; Liu
et al., 2015) are consistent with a toxin-like function for insect ALPs.
However, direct detection of ALPs in the neuroendocrine systems of
insects from diverse orders (Sturm et al., 2016) and the presence of ALP
transcripts in non-venomous species (Badisco et al., 2011; Liessem et al.,
2018) suggests the physiological role of ALPs extends beyond toxins.
This alternative use also seems to be the case for L. hesperus, in which the
LygheALP transcript is expressed during nymph and adult development
as well as throughout most of the adult body (Fig. 9A,B). The toxin-
associated activities of ALPs, which affect neurotransmitter release via
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Fig. 8. L. hesperus peptides with unknown function. A) Alignment of CNMa peptides. B) Nucleotide sequence alignment of LygheNPLP1 transcript variants. Because
sequence divergence in the variants is restricted to the 3’ end, only nucleotides 973-1209 (i.e. stop codon) are shown. The positions of the predicted stop codons are
indicated by a red box. C) Alignment of NPLP1 peptides. Alignment was performed with predicted signal peptides excluded. D) Alignment of the four LygheALP
precursor peptides. Location of the eight Cys residues highly conserved in ALP across species are indicated. The position of the ALP peptide in the prepropeptide is
demarcated by a yellow dashed box. In all alignments, potential amidation sites are indicated by arrowheads. Accession numbers of the protein sequences used are

listed in Supplementary Table 5.

modification of various receptor-activated and/or voltage-gated chan-
nels (Adams, 2004), could be derived from an ancestral ALP function-
ality associated with ion channel modulation (Mobli et al., 2017).
Ubiquitously expressed cysteine-rich peptides have been reported to
function in pathogen-defense (Undheim et al., 2016; Daly and Wilson,
2018) and regulation of the melanization process (Tsukamoto et al.,
1992; Shi et al., 2006). The absence of ALP transcripts in L. hesperus
ovaries and embryonic tissue could indicate a potential transportation

13

repressor role for the peptides with potential to impede oogenesis and
developmental processes.

4. Conclusions
In silico-based methods of mining transcriptomic datasets have

proven to be invaluable for mass identification and characterization of
neuropeptides from non-model organisms, such as L. hesperus. The
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Fig. 9. LygeALP transcript expression profile. (A) Endpoint RT-PCR amplifi-
cation of LygheALP transcripts across L. hesperus development. Abbreviations:
egg, E; 1st-5th instar nymphs are N1-N5, and adults aged 0, 7, and 20 days post-
eclosion are A0, A7, and A20. (B) Endpoint RT-PCR amplification of LygheALP
transcripts in various adult body segments and tissues. Abbreviations - H, head;
T, thorax; A, abdomen; MG, midgut; HG, hindgut; MT, Malpighian tubule; SD,
seminal depository; O, ovary; AG, accessory gland; T, testes; NT, no template.
Shown are the negative images of representative 3% agarose gels stained with
SYBR safe. The presence of multiple ALP amplimers relative to that seen in
Fig. 4 reflects the resolving power of the higher percentage agarose gel for
differentiating the ALP splice variants.

peptides predicted here significantly expand current resources and
further foundational information that can guide and inform future
integrative approaches that have the potential to enhance our under-
standing of how neuropeptides impact critical physiological processes.
This knowledge can then be applied to uncovering unique targets for
pest control. In addition, the confirmation of expression and transcrip-
tional profiling of ALPs in a non-venomous pest further implicate these
poorly characterized, cysteine-rich peptides in non-toxin associated ac-
tivities and open new avenues of research to characterize their in vivo
biological function.
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