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ARTICLE INFO ABSTRACT
Keywords: Salivary glands are vital to tick feeding success and also play a crucial role in tick-borne pathogen transmission.
SIFamide In previous studies of Ixodes scapularis salivary glands, we demonstrated that saliva-producing type II and III acini

SIFamide receptors are innervated by neuropeptidergic axons which release different classes of neuropeptides via their terminals

Ticks . (Simo et al., 2009b, 2013). Among these, the neuropeptide SIFamide—along with its cognate receptor—were
Salivary gland acini & g 8!
Syngarrl}igﬁon postulated to control the basally located acinar valve via basal epithelial and myoepithelial cells (Vancova et al.,

2019). Here, we functionally characterized a second SIFamide receptor (SIFa_R2) from the I scapularis genome
and proved that it senses a low nanomolar level of its corresponding ligand. Insect SIFamide paralogs, SMYa-
mides, also activated the receptor but less effectively compared to SIFamide. Bioinformatic and molecular dy-
namic analyses suggested that I scapularis SIFamide receptors are class A GPCRs where the peptide amidated
carboxy-terminus is oriented within the receptor binding cavity. The receptor was found to be expressed in Ixodes
ricinus salivary glands, synganglia, midguts, trachea, and ovaries, but not in Malpighian tubules. Investigation of
the temporal expression patterns suggests that the receptor transcript is highly expressed in unfed I. ricinus fe-
male salivary glands and then decreases during feeding. In synganglia, a significant transcript increase was
detected in replete ticks. In salivary gland acini, an antibody targeting the SIFa_R2 recognized basal epithelial
cells, myoepithelial cells, and basal granular cells in close proximity to the SIFamide-releasing axon terminals.
Immunoreactivity was also detected in specific neurons distributed throughout various I ricinus synganglion
locations. The current findings, alongside previous reports from our group, indicate that the neuropeptide
SIFamide acts via two different receptors that regulate distinct or common cell types in the basal region of type II
and III acini in L. ricinus salivary glands. Our study investigates the peptidergic regulation of the I. ricinus salivary
gland in detail, emphasizing the complexity of this system.

2019). For instance, the hydrophilic Q134332 residue of the human
orexin-2 receptor (Ox2R) at the GPCR binding cavity is essential for
interacting with the amidated peptide C-terminus (Hong et al., 2021).
The Q%32 residue position is highly conserved among class A GPCRs that
bind peptides in a similar manner. Conversely, if this class A GPCR
residue position is acidic (D>32 or E>32), peptides will bind with the
opposing N-terminus (Tikhonova et al., 2019).

Multiple orthologs of invertebrate and vertebrate GPCRs have been
molecularly characterized and functionally tested following the release
of genomic sequence data from the black-legged tick I scapularis
(Gulia-Nuss et al., 2016). Current research has primarily focused on
identifying neuropeptides and neurotransmitter GPCRs that regulate
tick salivary gland activity (Kim et al., 2018; Mateos-Hernandéz et al.,

1. Introduction

G protein-coupled receptors (GPCRs) constitute the largest family of
transmembrane proteins in the animal kingdom that transduce extra-
cellular signals to activate distinct intracellular responses (Pierce et al.,
2002). In arthropods, GPCRs, along with their ligands, mediate a variety
of major physiological processes, e.g., growth, reproduction, develop-
ment, feeding, molting, homeostasis, metabolism, and behavior (Caers
et al., 2012; Pietrantonio et al., 2018). Of the six GPCR classes, class A
GPCRs (rhodopsin-like) bind peptides at opposing terminal conforma-
tions. Current knowledge on peptide terminal orientation concerns 25
residue positions within the GPCR binding cavity (Tikhonova et al.,
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Abbreviations

E esophagus

EC basal epithelial cell
GC granular cell

IR immunoreactivity

MD molecular dynamics
MIP myoinhibitory peptide
oL olfactory lobe

Ox2R orexin-2 receptor

OsDM  opistosomal dorsomedial neuron

OsVM  opistosomal ventromedial neuron

PcSG protocerebral neurons innervating salivary glands
PcDL protocerebral dorsolateral neuron

PcDM  protocerebral dorsomedial neuron

PdDM  pedal dorsomedial neuron

SIFa_ R  SIFamide receptor

SIFa_R1 SIFamide receptor 1

SIFa_R2 SIFamide receptor 2

2020a; Simo et al., 2011, 2013, 2014b). Tick salivary glands play a
pivotal role during feeding, as a plethora of active saliva components
suppress and modulate the vertebrate host immune responses while
facilitating bloodmeal acquisition (Mans, 2019; Perner et al., 2020; Simo
et al., 2017). Saliva-mediated suppression of local host immune re-
sponses proximal to the tick bite site enables tick-borne pathogens to
either enter the host bloodstream or be acquired by the tick (Simo et al.,
2017). Furthermore, salivary glands act as key osmoregulatory organs
that mediate water homeostasis by eliminating excessive fluid and
waste, thus concentrating the essential nutrients of the bloodmeal for
use in further tick development or fecundity (Kaufman and Phillips,
1973; Kim et al., 2019).

In L scapularis salivary glands, neuropeptides—myoinhibitory pep-
tide (MIP), SIFamide, and elevenin—are delivered via the axons of two
giant protocerebral neurons (PcSG) to the basal regions of saliva-
producing type II and III granular acini (Kim et al., 2018; Simo et al.,
2009b). A cognate receptor for each of these neuropeptides is expressed
in this tissue (Kim et al., 2018; Simo et al., 2013), with Vancova
providing the most detailed description of SIFamide and its receptor
(Vancova et al., 2019). Specifically, immunogold labeling revealed an
association of SIFamide-releasing axons with basal epithelial cells (ECs)
and single myoepithelial cells (MC), both overlying the arm of acinar
valves in type II and III acini. The same report confirmed the expression
of postsynaptic SIFamide receptors (called SIFa_R1 in this study) on both
of these cell types, thus it has been suggested that SIFamide and its re-
ceptor regulate the release of saliva from the acinus to associated ducts
by controlling the acinar valve (Vancova et al., 2019).

The first SIFamide receptor (SIFa_R) was functionally characterized
in Drosophila (Jorgensen et al., 2006) followed by its SIFamide neuro-
peptide ligand, both of which are strongly evolutionarily conserved
across invertebrate taxa (Verleyen et al., 2004). The SIFamide precursor
of many arthropod species, including ticks, contains a sole copy of a
mature neuropeptide, varying by a single amino acid at the N-terminus
among differing species (Simo et al., 2013). Its bioactivity has been
directly linked to various physiological mechanisms e.g. modulation of
sexual behavior, feeding-related physiological processes, hindgut
motility, or sleeping (Dreyer et al., 2019; Martelli et al., 2017; Sellami
and Veenstra, 2015; Simo and Park, 2014; Terhzaz et al., 2007). Over
the last decade, a dramatic expansion of transcriptomic and genomic
sequence data from multiple arthropod species has intensified efforts to
undertake comprehensive bioinformatic analysis of GPCRs. As a result of
these endeavors, a recent study discovered that the genomes of several
arthropods—including I scapularis—contained a gene encoding a
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putative second SIFamide-like receptor (Veenstra, 2021). The same
study hypothesized that the neuropeptide SIFamide and/or its recently
discovered paralogs—SMYamides, that were identified in some insect
species—could serve as the ligands of this receptor.

Here, we functionally characterized a second I scapularis SIFamide
receptor (SIFa_R2), and along with the previously-identified I. scapularis
SIFa_R1 (Simo et al., 2013), tested their affinity to the endogenous
SIFamide ligand, as well as its insect paralogs. We also investigated the
temporal expression pattern of SIFa_R2 in I ricinus salivary glands and
synganglia over the course of I ricinus female feeding. Lastly, the gen-
eration of an anti-I. ricinus/I. scapularis SIFa_R2 antibody enabled us to
localize the receptor to a specific cell type within L ricinus salivary
glands and synganglia. The present study functionally identifies a sec-
ond SIFaR and suggests its biological function in I ricinus salivary
glands.

2. Materials and methods
2.1. Ticks and experimental animals

L ricinus adults were obtained from the Ixodes rearing facility of
UMR-BIPAR, Maisons-Alfort, France and Parasitology Institute, Ceské
Budéjovice, Czech Republic. Ticks were maintained in plastic vials
containing sterile wood shavings in an incubator (PHCbi, Japan) at
>90% relative humidity at 22 °C with a 12 h/12 h light-dark cycle. Adult
ticks were fed on New Zealand rabbits (Almazan et al., 2018), mice
(Mateos-Herndndez et al., 2020b), or guinea pigs. The protocols using
animals for tick feeding were approved by the ComEth Anse-
s/ENVA/UPEC Ethics Committee for Animal Experimentation, (permit
No. APAFIS #35511-2022022111197802 v2). Within the Parasitology
Institute in the Czech Republic, all laboratory animals were treated in
accordance with the Animal Protection Law of the Czech Republic No.
246/1992 Sb. (regulation 419/2012) and ethics approval No.
13/2021-P and were held in a facility accredited by the Ministry of
Agriculture No. 4253/2019-MZE-17214 and 1643/2019-MZE-17214.

2.2. Sequence analysis and phylogeny

The protein sequences of a putative arthropod SIFa_R2, including
L scapularis sequence (XP_029828900), were described in a recent
publication by Veenstra (2021). BLAST searches of arthropod genomes
or transcriptomes were performed using NCBI databases (www.ncbi.nl
m.nih.gov). For phylogenetic analysis, the ClustalW program from
MEGA11 software was used to align the transmembrane region of
GPCRs, followed by the neighbor-joining tree method, with 500 boot-
strap replications (Tamura et al., 2021). Exon-intron coordinates of
I. scapularis SIFa_R2 open reading frame (ORF) were obtained by
aligning the GenBank ORF sequence XM_029973040 against the
I. scapularis genome in Vectorbase (www.vectorbase.org). Graphical
exon-intron distances were generated using the Exon-Intron Graphic
Marker version 4 (WormWeb.org) and the image was refined in Adobe
Photoshop version 24.0.1 (Adobe Inc.). Graphical visualization of
transmembrane receptor was performed using Protter 1.0 (https://wlab.
ethz.ch/protter/start/). Alignment of putative tick SIFamide receptors
was performed using the MegAlignPro 17.3 tool in DNASTAR (www.dn
astar.com). Identity and similarity between sequences was obtained by
ClustalW analysis (http://npsa-pbil.ibcp.fr). Putative L ricinus SIFa_R1
and SIFa_R2 sequences were obtained from Bioproject PRINA657487
via the NCBI database.

2.3. Functional receptor assays

A putative ORF sequence of I scapularis SIFa_R2 (XP_029828900)
was chemically synthesized and inserted into a pcDNA3.1+ expression
vector following the addition of a Kozak site (GCCGCCACC) before the
translation initiation codon (Biomatik Cambridge, Canada). To express
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L scapularis SIFa_R1 (AGE11606) we used the construct SIFa_R1/
pcDNA3.1+ as generated in Simo et al. (2013). To monitor
ligand-triggered calcium mobilization upon receptor activation as
described in (Mateos-Hernandéz et al., 2020a; Simo et al., 2013) we
transiently expressed the receptor with human cytoplasmic aequorin
(Vernon and Printen, 2002) in Chinese hamster ovary cells (CHO-K1,
Sigma). Bioluminescent assays were performed in opaque 96-well plates
(Nunc) using the Fluostar Omega microplate reader (BMG Labtech).
Obtained luminescent values were analyzed using Excel (Microsoft Of-
fice), and the half maximum response values (ECsop)—including
dose-response curve generation—were calculated using the GraphPad
Prism 5 software package (GraphPad Software, La Jolla California USA).
The ligands used in the assay, I. scapularis SIFamide (AYRKPPFNGSI-
Famide) (Simo et al., 2009b) and SMYamide of Blattella germanica
(NPGVPFRRLPFNGSMYamide), Locusta migratoria (EGIAFQKLPFNGA-
MYamide), and Medauroidea extradentata (YNLRVPMNGGMYamide)
(Veenstra, 2021), and an IMFamide of Bombyx mori (NYKNAPMNGIM-
Famide) (Roller et al., 2008) were synthesized with >80% purity
(LifeTein, USA or Biomatik Cambridge, ON Canada). Negative controls
consisted of mock transfections using only the aequorin reporter. Four
and three biological replicates were performed for SIFa_R2 and SIFa_R1
assays, respectively, with three technical replicates for each ligand. To
confirm the specificity of SIFamide/SIFa_R2 affinity, SIFa_R2 transfected
cells were treated with three other I. scapularis neuropeptide ligands (5
pM concentration) such as: kinin (DTFGPWGamide) (Simo et al.,
2014a), natalisin (SPDGDTPPPGFVGARamide) (Mateos-Hernandez
et al., 2021), and elevenin (LDCRKYPFYYRCRGISA) (Kim et al., 2018).

2.4. In-silico protein-peptide binding and dynamics

Both I scapularis SIFa_Rs protein models were constructed based on
multiple, homologous resolved structures from the Protein Databank
(PDB (Berman et al., 2000); queried by the I-TASSER server (Yang and
Zhang, 2015). Each I-TASSER-predicted tertiary structure was submit-
ted to the HPEPDOCK server, a hierarchical algorithm for in-silico
protein-peptide binding designed for peptide flexibility (Zhou et al.,
2018). The SIFamide peptide was submitted using the primary se-
quences in FASTA format. The top bound structures for each
SIFa_R-peptide complex were chosen for further processing based on two
criteria: (a) the peptide C-terminus was oriented towards the GPCR
binding cavity and, (b) a favorable HPEPDOCK binding score. The
SIFa_R-peptide complexes were then prepared and optimized using the
Maestro software package (Schrodinger, 2021-1). Firstly, the SIFamide
peptide C-terminal amide was added, and the disordered I scapularis
SIFa_R C-termini were truncated and capped with an N-methyl amide
group. Secondly, the hydrogen atoms were replaced, and local mini-
mizations were performed to remove any steric clashes. Thirdly, the
hydrogen-bond networks were optimized with the Protein Preparation
Wizard (Sastry et al., 2013). Lastly, the SIFa_R-peptide complexes were
solvated in a 10 A% orthorhombic box with a TIP3P water model (Jor-
gensen et al., 1983; Mahoney and Jorgensen, 2000), neutralized, salted
with 0.15 M NaCl, and embedded in a phosphatidylcholine (POPC)
bilayer. The CHARMMS36 force field (Huang and MacKerell Jr, 2013)
was used to parameterize the protein-peptide complexes, ions, and
POPC membrane. Molecular dynamic (MD) simulations were all per-
formed with a GPU-accelerated workstation running Desmond software
(Bowers et al., 2006). According to the protein model refinement
designed by (Zhu et al., 2008), each parameterized system was first
refined by running 10 x 5 ns MD simulations using the Desmond default
protocol. The Desmond protocol involves several initial equilibration
steps and a final MD production stage conducted under isotropic con-
ditions with an NPT ensemble coupled with a Nose-Hoover thermostat
(Evans and Holian, 1985) and a Martyna-Tobias-Klein barostat (Martyna
et al., 1994). The temperature was set at 300 K with a RESPA (Tucker-
man et al., 1992) integrator at an inner time step of 2-fs. Images were
captured using the Maestro software package (Schrodinger, 2022-1).
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Residue interactions were inspected using the H-bond contacts plugin
from the Visual Molecular Dynamics program (Humphrey et al., 1996).
The distance cutoff was set at 3.5 A with a 90° angle threshold and
detailed information for residue pairs.

2.5. Tissue-specific and quantitative real-time reverse transcriptase PCR
(qRT-PCR)

Total RNA from various organs was extracted using Trizol reagent
(Invitrogen) from four-day-fed L ricinus females: salivary glands, syn-
ganglia, ovaries, trachea, midguts/hindguts, Malpighian tubules, and
carcasses (ventral cuticle with legs, muscles, and fat bodies). The ob-
tained RNA was reverse transcribed to ¢cDNA using Superscript III
(Invitrogen) and was used for classical PCR amplification. The primers
used were 5-TACTCGGTCGTGTTCGTCGT-3' for forward and 5'-
GATCCATGGTCCAAAGAGAT -3’ for reverse. The primer positions
within the alignment of I ricinus sifarl and sifar2 ORFs (identity of
57.9%) as well as sequence and sequencing chromatograms (Eurofins) of
the sifa r2 PCR amplicon are shown in Supplementary Fig. 1 A, B. For
gqRT-PCR, either unfed, 1-, 3-, 5-day-fed, or fully engorged I. ricinus fe-
males were dissected. At each time point, RNA was extracted from ten
synganglia using Trizol reagent (Invitrogen), and from six pairs of sali-
vary glands using the RNA micro kit (Qiagen). Reverse transcription was
performed with Superscript III (Invitrogen) for salivary glands and the
Transcriptor High-Fidelity cDNA Synthesis Kit (Roche) was used with
synganglia RNA. qRT-PCR was performed using SYBR premix Ex Taq
(Roche) in five and three biological replicates for synganglia and sali-
vary glands, respectively, in a LightCycler 480 II (Roche) or a Quant-
Studio 6 Flex RT-PCR system (Applied Biosystems). The amplicons of
sifa_r2 in the qRT-PCR were verified by melting curves (Supplementary
Fig. 1 C). The ribosomal protein S4 was used as a reference gene (Koci
et al., 2013). The relative mRNA level was quantified using the AACt
method, and expressed as a fold difference (Livak and Schmittgen,
2001). AACt values were calculated in Microsoft Excel and final graphs
and two tailed t-test statistics were obtained using GraphPad Prism 5
(GraphPad Software, La Jolla California, USA).

2.6. Wholemount immunohistochemistry

For wholemount immunohistochemistry we followed our previously
validated protocols for tick tissue described by Simo et al. (2009a).
Briefly, I. ricinus synganglia and salivary glands were dissected from
either unfed or partially-fed I ricinus females in phosphate buffered
saline (PBS; 137 mM NaCl, 1.45 mM NaH,POg4, 20.5 mM NayHPO4, pH
7.2) and fixed with 4% paraformaldehyde for 2 h at room temperature
(RT), then washed with PBS + 0.5% Triton X-100 (PBST). Tissues were
incubated with an anti-I. ricinus/I. scapularis SIFa_R2 affinity-purified
anti-guinea pig antibody. Antibody was generated for this study by
immunizing the guinea pig with an antigen targeting an epitope
(C-SNTRTSMTAGRRKDSRMSD) on the carboxy-terminus of the I ricinus
SIFa_R2 linked to keyhole limpet hemocyanin, followed by affinity pu-
rification (Lifetein, USA). After washes in PBST, the specimens were
incubated for 2 day at 4 °C with goat anti-guinea pig 488
Alexa-conjugated secondary antibodies (Life Technologies) diluted at
1:1000. For double staining, samples were incubated with a mixture of
polyclonal anti-rabbit anti-SIFamide antibody (Terhzaz et al., 2007) and
anti-I. ricinus/I. scapularis SIFa_R2, then followed by incubation with a
mixture of goat anti-rabbit 594 Alexa-conjugated and goat anti-guinea
pig 488 Alexa-conjugated secondary antibodies (Life Technologies).
Negative controls included pre-adsorption of SIFa_R2 antibody with its
corresponding antigen. Specifically, antibody was incubated with 250
pg/ml of antigen for 24 h at 4 °C and was then used for immunohisto-
chemistry as described above. Another negative control comprised a
substitution of SIFa_R2 antibody with respective guinea pig pre-immune
serum (Supplementary Figs. 2 and 3). The specificity of SIFa_R2 anti-
body was also characterized by immunostaining in CHO cells transfected
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with sifa r2 followed by positive and negative controls as described
above. To exclude any possible cross reactivity of anti-SIFa_R2 and
anti-SIFa_R1 antibodies, CHO cells transfected either with sifarl or
sifa_r2 were used for immunocytochemistry (Supplementary Fig. 4).

Samples were incubated with DAPI before mounting in Prolong
Antifade Diamond Mountant (Life Technologies) and analyzed by
inverted confocal microscopy using a Leica DMI8 with a z-stack tool.
Assembled z-stacks were adjusted in Adobe Photoshop version 24.0.1
(Adobe Inc.). For I. ricinus synganglion neuronal cells, nomenclature was
used as per (Simo et al., 2009a).

2.7. Immunogold labeling

Salivary glands were isolated from unfed female I. ricinus and fixed in
4% formaldehyde with 0.1% glutaraldehyde in 0.1 M HEPES for 1 h at
RT. After washing in HEPES bulffer, specimens were embedded in 15%
gelatin, cryoprotected in 2.3 M sucrose for 72 h at 4 °C before plunging
into liquid nitrogen. Ultrathin cryosections were cut at —100 °C, and
picked up with 1.15 M sucrose/1% methylcellulose solution (25 cp,
Sigma). Sections were incubated for 1 h at RT in 1% fish skin gelatin
(FSG) and labeled with an anti-guinea pig SIFa_R2 antibody diluted 1:40
in FSG for 1 h at RT. Control sections were incubated with guinea pig
pre-immune serum. After washing in FSG, the sections were incubated
with anti-guinea pig IgG coupled with 5 nm gold nanoparticles (BBI)
diluted 1:40 in FSG for 1 h at RT. Sections were washed in HEPES,
postfixed for 5 min in 1% glutaraldehyde diluted in 0.1 M HEPES,
washed in dH2O, and then contrasted/embedded using a mixture of 2%
methylcellulose and 3% aq. uranyl acetate solution (9:1). Samples were
observed using a JEOL 1400 TEM.

A B
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3. Results
3.1. Phylogenetic and sequence analyses of SIFa_R2

Using sequences extracted from the recent study by (Veenstra, 2021),
homology searches of available databases confirmed the presence of
both SIFa R1 and SIFa R2 in various invertebrate taxa. Phylogenetic
analyses of these sequences showed two clear orthologous clusters, each
containing either SIFa_R1 or SIFa_R2 proteins (Fig. 1A). Both type 1 and
2 SIFa_Rs from five different tick species (I ricinus, I. scapularis, Der-
macentor silvarum, Rhipicephalus sanguineus, and Rhipicephalus microplus)
were also divided into these two distinct clusters.

The sifa_r2 ORF from I. scapularis consists of three exons (445 bp, 102
bp, and 772 bp) interrupted by two introns (~51,340 bp and 9679 bp)
(Fig. 1B). The I scapularis SIFa_R1 and SIFa_R2 proteins are composed of
400 and 422 amino acid residues, respectively (Supplementary Fig. 5).
Other than the incomplete sequences of SIFa_R1 from R. sanguineus and
SIFa_R1 and SIFa_R2 from R. microplus at their N-terminals, all tick
SIFa_R sequences contained typical motifs for seven transmembrane
alpha-helical structures (Fig. 1C and Supplementary Fig. 5). The
evolutionarily conserved E/DRY/F motif in the C-terminal region of the
third transmembrane domain, that is typical for class A GPCRs (Calkins
et al., 2019), showed differences among SIFa_R1 and SIFa_R2 protein
sequences. Specifically, the SIFa_R1 sequence of all five tick species
analyzed possessed an unconventional conserved DRC motif, while a
conventional DRF motif was found in the SIFa_R1 sequences of all other
arthropods. On the other hand, a DRY/F motif was common in tick
SIFa_R2 sequences, while DRA, ERW, or ERC motifs were identified in
other arthropods (Supplementary Fig. 6). The predicted SIFa_R2 protein
sequence (XP_029828900) from the I scapularis genome contig
(DS784791) shared 98.8% identity with SIF_R2 from I ricinus (Gene-
Bank accession number BK061563) (Supplementary Fig. 7). The
sequence identity of two SIFa_R paralogs from four hard tick species was
between 42 and 44%, and when strongly similar amino acid residues

ATG *
[* Exon 1 Exon 2 Exon 3 1
—ZE 02— ,» — R —

/4
340

| ~51 967 |
99297 161584

mRNA — I

XM_029973040

C

protein
XP_029828900

Fig. 1. (A) Phylogenetic relationships between SIFa_Rs from multiple arthropod taxa, including five tick species. Asterisks indicate deorphanized receptors. (B)
Genomic organization of the I scapularis sifa_r2 ORF (scaffold DS784791 in scale). Three different exons are shown colored in blue, yellow, and light green, and the
horizontal black lines represent introns. The numbers indicate base pair counts for either exons or introns. The ATG and the asterisk indicate the positions of the
initiation and stop codons, respectively. An initial representation was generated using the Exon-Intron Graphic Marker version 4 followed by manual corrections in
Adobe Photoshop. The lower part of the image illustrates a mRNA (XM_029973040) schematic of sifa r2 indicating the proportional length of the exons. (C)
Schematic representation of SIFa_R2 protein (XP_029828900) transmembrane organization using Protter 1.0 software. Blue numbers show transmembrane helices,
and pink highlights the epitope targeted by the anti-SIFa_R2 antibody in this study. GenBank accession numbers of all sequences used are listed in the Supplementary

spreadsheet.
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were taken into account, similarity reached 62-65% (Supplementary
Fig. 5).

3.2. Ligand-receptor interactions

The I scapularis SIFamide showed robust dose-dependent lumines-
cent responses with an ECsg value of 6.8 nM when interacting with the
heterologously expressed I scapularis SIFa_R2 (Fig. 2A). Higher con-
centrations of SIFamide peaked luminescence within the first 3 s, while
the lower concentration triggered responses within 4-8 s after ligand
application (Fig. 2B). Insect SMYamide peptides such as M. extradentata
GMYamide, L. migratoria AMYamide, and B. germanica SMYamide acti-
vated the receptor with ECsg values of 7.9 nM, 58.2 nM, and 150.5 nM,
respectively. IMFamide from B. mori did not show any significant acti-
vation of I. scapularis SIFa_R2 (Fig. 2A, D). We also investigated whether
the previously identified I. scapularis SIFa_R1 (Simo et al., 2013) could
also be activated by insect SMYamides and B. mori IMFamide. SIFa_R1
exclusively interacted with SIFamide with an ECsg value of 326.9 nM,
and no or extremely low responses were detected with insect SMYa-
mides or B. mori IMFamide (Fig. 2C, D, E). In the case of SIFa_R2, the
specificity of the expressed receptors was confirmed by a lack of lumi-
nescent response in mock transfected cells. In addition, the other tested
neuropeptides did not activate SIFa_R2 (for all the ligands tested see
section 2.3. Functional receptor assays).

3.3. I scapularis SIFa_Rs bind the C-terminus of amidated peptides

Peptide terminal orientation within the I scapularis SIFa_R binding
cavity was determined by homology modeling and chemistry assessment
of GPCR peptide-binding residues (Fig. 3A and Supplementary Fig. 8).
The class A GPCR, human Ox2R, was used as a template to construct
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both SIFa R protein models. Based on multiple sequence alignments
from remote homologs, the Phyre2 server (Kelley et al., 2015) also
confirmed Ox2R as ~36% similar to both I scapularis SIFa_R primary
sequences. Among the 25 GPCR peptide-binding residues, 5 Ox2R resi-
dues were conserved in both SIFa_Rs (Fig. 3A). Particularly conserved
was SIFa_R1 Q142332 and SIFaR2 Q164%%? that interact with the
amidated C-terminus of peptides. An additional 5 out of 25 conserved
positions between the SIFa_Rs were also identified among class A GPCRs
that bind amidated C-terminal peptides. Eight positions were expressed
by both C- and N-terminal peptide-binding GPCRs. Two substitutions
expressed by SIFa_R2 (H145%° and E34573%) were juxtaposed with two
Ox2R peptide-binding residues (D115%% and H224°>3%). These respec-
tive I scapularis residue positions were polar (N123%5%) and non-polar
(L32072) in SIFa R1. The remaining 5 GPCR peptide-binding residue
positions were polar substitutions in SIFa_R1 and non-polar in SIFa_R2
(Fig. 3A).

The low N-terminus primary sequence conservation between
arthropod SIFa_R1s and SIFa_R2s (Supplementary Fig. 5) is represented
by the lack of protein secondary structures (e.g., o-helices and/or
B-sheets) for both I scapularis SIFa_R N-termini (Fig. 3B and Supple-
mentary Fig. 8). The TM domains, however, are highly resolved with an
a-carbon backbone root mean square deviation (RMSD) of 2.5 A
(SIFa_R1) and 2.4 A (SIFa_R2) compared to the peptide-bound Ox2R
(PDB: 7L1U) (Hong et al., 2021). After MD refinement within a POPC
lipid bilayer, the in-silico bound complexes depicted the SIFamide pep-
tide C-terminus as oriented towards the I. scapularis SIFa_R2 cavity (i.e.,
Fig. 3B). The bound complexes were analyzed with PDBePISA (Krissinel
and Henrick, 2007) to detect initial peptide residue(s) forming contacts
with the distinct I scapularis SIFa_R2 residue positions, H>5%/E7-32,
and/or the SIFa_R1 substitutions, N265,17-:32 (Fig. 3A). The backbone of
the non-polar SIFamide peptide residue, F7, interacted with the polar

Fig. 2. Bioluminescent aequorin-based functional

assays of I. scapularis SIFa_R2 and SIFa_R1 in CHO-K1
° cells. (A) Dose-response curves for SIFa_R2 against
SIFamide (red line) and its insect paralogs (dotted
lines). (B) Typical 25 s cellular responses of SIFamide-
mediated calcium mobilization via SIFa_R2 expressed
by CHO-K1 cells. The inset in B shows integrated
values from 0.025 nM-5 pM SIFamide concentrations.
(C) The dose-response curves for SIFa_R1 against the
same ligands as used in (A). (D) ECso (nM) of different
ligands on two different I. scapularis SIFamide re-
ceptors. Peptide sequences are given and the colors of
the letters highlight the physicochemical properties of
B peptide amino acid residues; small hydrophobic (red),

i 3 ,é—"% o ot P W il acidic (blue), basic (magenta), and hydroxyl + sulf-
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Fig. 3. (A) The 25 class A GPCR binding site residue positions are numbered and colored in bold as non-polar (orange), polar (green), acidic (red), and basic (purple).
Bold alignment positions (top) are conserved/similar residues. Arrows indicate residues found among GPCRs binding peptides at the amidated C-terminus
(Tikhonova et al., 2019). Underlined residues indicate different chemistry between the I. scapularis SIFa_Rs (IsSIFa_R) and Ox2R - the human orexin type 2 receptor.
These 25 SIFa_R2 binding site residue positions are also indicated in Supplementary Fig. 5 as asterisks and underlined with neighboring residues in Supplementary
Fig. 8. (B) The MD refined, peptide bound [atoms as spheres: carbon (grey), nitrogen (blue), and oxygen (red)], I scapularis SIFa_R2 predicted structure. Color-coded
from the N-terminus (red) to the C-terminus (purple) and embedded in a POPC bilayer with leaflets indicated. Hydrogen atoms, water molecules, and ions are not
shown. (C) The contacts formed (y-axis; cyan dashes) 25 between the I. scapularis SIFa_R2 binding residues (color-coded in panel A) and the entire SIFamide peptide
during the 500 ns MD (x-axis). The secondary y-axis is the root mean square deviation (RMSD) of SIFa_R2 residue Q1643‘32. (D) The I scapularis SIFa_R2 starting
(grey) and end conformations after 500 ns MD (color-coded as in ‘B’) with labeled peptide termini (N and C) and GPCR TMs. The distance between the SIFamide
C-terminus starting (black) and end conformations (red) is indicated. (E-F) The terminal sidechain carbon distances (y-axis) between interacting residues of SIFamide
peptide and I scapularis SIFa_R2 (legend) during 500 ns MD (x-axis). (G) The I scapularis SIFa_R2 MD end conformation (TMs labeled) with noteworthy residue

interactions shown.

sidechain of SIFa_R1, N123%55 (Supplementary Fig. 9A). Noteworthy are
the potential electrostatic interactions between the SIFa_R2 E3457-32
with the SIFamide peptide residue, R3. These respective sidechain ox-
ygen (E3457-32) and nitrogen (R3) atoms were approximately ~3.6 A
(Supplementary Fig. 9B). There were no initial SIFamide peptide in-
teractions detected regarding SIFa_R1 L320732 or SIFa_R2 H145%65,

A 500 ns MD simulation was subsequently conducted to determine
the in-silico stability of I. scapularis SIFa_R2-peptide interactions. In total,
15 out of 25 SIFa_R2 binding residues maintained interactions with the
SIFamide peptide (Supplementary Fig. 9C). These peptide-GPCR residue
interactions peaked and suddenly dropped approximating 200 ns (cyan
dashes in Fig. 3C). This binding flux coincided with a high sidechain
motion of the SIFa_R2 residue, Q1643"3'2 (grey line in Fig. 3C). After 200
ns, the reduced peptide-GPCR interactions conformed during the
equilibration of Q164%32 deviation (Fig. 3C). Moreover, the Q164332
residue maintained its contacts with the peptide amidated C-terminal
residue, F12, for 30% of the MD (Supplementary Fig. 9C). The apparent
sidechain motion shift and equilibration of SIFa_R2 Ql643‘32 (Fig. 3C)
was caused by the repositioning of the SIFamide peptide, as denoted by a
3.0 A C-terminal deviation between the MD conformations (Fig. 3D).
The a-carbon backbone RMSD for the TM domains between the starting
and end MD conformation was 2.9 A.

A prominent interaction that was strongly maintained throughout
the 500 ns MD (Supplementary Fig. 9C) was between the SIFamide
peptide residue R3 and the I scapularis SIFa_R2 residue E3457-32

(Fig. 3E). Additional contact analysis between the entire complex
detected highly maintained interactions (i.e., >50% of the MD simula-
tion) for peptide-SIFa_R2 residues, A1-E340”%” and K4-E229*7!
(Fig. 3F). The SIFa_R2 negative residues, E229*71and E3457'32, struc-
turally opposed one another, causing an electrostatic “tunnel” for the N-
terminal positive SIFamide residues, R3 — K4 (Fig. 3G). Given the
proximity and interactions of the peptide amidated C-terminal residue,
F12, and the SIFa_R2 Q164%%2 (Fig. 3G and Supplementary Fig. 9C), the
164%32 equilibration shift during the MD simulation (Fig. 3C-D) was
potentially caused by the strongly maintained interactions of R3-
E345732 and K4-E229*7! (Fig. 3E-G).

3.4. The spatial and temporal expression of sifa r2 in salivary glands and
synganglia

Tissue-specific RT-PCR of four-day-fed I ricinus females revealed
expression of sifa r2 in salivary glands, synganglia, midguts (including
hindguts), trachea, ovaries, and carcasses, but not in the Malpighian
tubules (Fig. 4A).

Quantitative RT-PCR of sifar2 in I ricinus salivary glands demon-
strated the presence of the transcript in unfed females with an approx-
imate 70% decrease during the feeding period (days 1, 3, and 5 of
feeding). The mean transcript values were lower in replete females and
represented an approximate 80% drop compared to the levels obtained
in salivary glands at the unfed stage (Fig. 4B). In synganglia, relative
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Fig. 4. (A) Tissue-specific RT-PCR of sifa r2 in different tissues from partially-
fed I ricinus females compared to rps4 ribosomal protein S4 transcript. Note
that midguts represent both the midguts and hindguts, and for the control, no
DNA template was added to the PCR reaction. Full-length gels including
amplicon sizes can be found in Supplementary Fig. 10. (B) Fluctuations of the
sifar2 mRNA in unfed and feeding I ricinus females. The bars in panel B
indicate the standard error for three and five biological replicates of salivary
glands and synganglia, respectively. Asterisks indicate the comparison of the
mean to the value of the unfed stage using a one-way Student’s t-test (P < 0.05).
Data were normalized using the ribosomal protein S4 (RPS4) transcript, and the
expression levels in unfed ticks were assigned a value of 1. FE - fully engorged,
ns — not significant.

sifa_r2 levels during the feeding stages were slightly elevated compared
to the unfed stage. However, a significant increase (~15 fold) was
detected in fully engorged females that dropped from the host (Fig. 4B).
Given the close relationship between I scapularis and I. ricinus species,
we propose that the gene expression data are applicable to both tick
species.

3.5. Immunostaining of SIFa R2 in salivary glands and synganglion

Positive anti-SIFa_R2 antibody immunoreactivity (IR) was detected
exclusively in the basal regions of both type II and III acini from I. ricinus
females (Figs. 5-8, Video 1 and 2).

Supplementary video related to this article can be found at htt
ps://doi.org/10.1016/j.ibmb.2023.103963

Specifically, in type II acini of unfed females, wholemount immu-
nohistochemistry revealed robust IR in the cytoplasm and likely within
the cell membranes of basally located acinar cells (Fig. 5SA-C, Video 1).
In-depth immunolabeling at the ultrastructural/electron microscopy
level confirmed SIFa_R2 presence in three cellular types within the
acinar basal region surrounding the acinar duct: single MC, ECs, and
large basal granular cells (GCs) (Fig. 5E-K). Immunoreactivity on ECs
and the MC was observed in close proximity to the single large-caliber
electron-dense axon and the single smaller-caliber electron-lucent
axon, that were surrounded by convoluted membranes of ECs and the
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MC (Fig. 5E-G, I, K). Basal GCs were positive in the region adjacent to
the acinar duct (Fig. 5E, H). Interestingly, the large basal axon con-
taining electron-dense vesicles was also positive for SIFa_R2 immuno-
gold labeling (Fig. 5 F, K).

In type III acini of unfed females, wholemount IHC revealed a strong
signal in the region just above the apical side of the acinar valve,
extending basally along the acinar duct (Fig. 6 A-C, Video 2). Immu-
nogold labeling of the basal acinar region confirmed the reaction in the
MC (Fig. 6D-F) and in basal GCs with large nuclei (Fig. 6G-J). At the
region above the acinar valve, the IR in GCs was observed in extremely
close proximity to the large electron-dense axon (Fig. 6 J, K). The axo-
lemma of this axon was also positive with anti-SIFa R2 antibody
(Fig. 6K).

Double staining for SIFa_R2 and SIFamide in salivary glands from
four-day-fed I ricinus females, clearly showed that SIFa_R2-IR was pre-
sent in the cytoplasmic region of six basal GCs in close proximity to
SIFamide-immunoreactive axon terminals (Fig. 7). Here, a strong reac-
tion was observed with the SIFa_R2 antibody in vesicles, presumably
endomembranes belonging to the Golgi complex and/or endoplasmic
reticulum (ER) (Fig. 7A-C). Interestingly, a similar staining pattern was
also observed during the heterologous expression of sifa r2 in CHO cells
(Supplementary Fig. 4). No reaction with SIFa_R2 antibody was
observed in type Il acini from four-day-fed females. A schematic drawing
(Fig. 8) summarizes all SIFa_R2 immunoreactions in salivary gland acini
from unfed and partially-fed females.

In unfed I. ricinus females, the anti-SIFa_R2 antibody recognized nine
pairs of neurons in different regions of the synganglion. In the dorsal
protocerebrum one pair of lateral (PcDL) and three pairs of medial
neurons (PcDM;.3) were detected, while on the ventral side, a single pair
of small medial neurons (PcVM) was detected (Fig. 9 A, B and D). In the
first pedal lobes, two dorsal neurons (Pd;DM) were found in close
proximity to the esophagus (Fig. 9 A, C). In the opistosomal lobe, a pair
of dorsal medial (OsDM) and two pairs of ventral medial (OsVM 1)
neurons were identified (Fig. 9 A, C and D).

4. Discussion

Here, we deorphanized the I. scapularis GPCR protein XP_029828900
and proved its high biological affinity to the SIFamide ligand, thus we
consider it to be a second SIFa_R in the genome of this tick species. We
identified the first I. scapularis SIFa_R1 in our previous study (Simo et al.,
2013), and when taken in tandem with the current results, I. scapularis is
the first arthropod species in which two different SIFa_Rs have been
functionally characterized. Phylogenetic analysis revealed that the two
SIFa_Rs are conserved in the tick lineage and possess a moderate level of
similarity (~65%) within this particular species. The impressively high
level of SIFa_R2 protein identity (98.8%) between I ricinus and
L scapularis supports the allopatric relationship of these two hard tick
species. The identification of a DRC motif in the intracellular extension
of the third transmembrane domain of SIFa_ R1 exclusively within the
tick lineage is a new finding. These highly conserved three-amino acid
residues are well known for their role in GPCR conformation and G
protein recognition. In functionally characterized tick GPCRs such as
kinin, pyrokinin, or periviscerokinin, a common DRY or ERY motif is
featured (Holmes et al., 2000, 2003; Yang and Zhang, 2015; Yang et al.,
2013), while variations in this motif were assigned to the functional
differentiation of allatoregulatory peptides and their receptors in insects
(Verlinden et al., 2015). Thus, the new DRC motifs in tick SIFa_R1 may
be associated with specific physiological role(s) in the tick salivary
gland.

The existence of two different SIFa_Rs in some arthropod taxa was
first suggested by an in silico study, leading to a hypothesis that in species
lacking a SIFamide neuropeptide paralog in their genomes, that SIFa-
mide was the only authentic ligand for both of these receptors (Veenstra,
2021). This appears to be true in ticks, where only the SIFamide neu-
ropeptide and two SIFamide-sensitive receptors have been identified
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(this study and Simo et al., 2013). Moreover, Veenstra (2021) also
suggested that insect SIFamide neuropeptide paralogs with unidentified
receptor(s) could be potential ligands for one or both SIFa R types.
While there is no evidence that SIFamide paralogs exist in the tick
lineage, we tested if paralogs of this neuropeptide from four different
insect species could activate I scapularis SIFa_R2. We experimentally
proved the high biological affinity of various insect SMYamides to
L. scapularis SIFa_R2, supporting the hypothesis that in addition to
SIFamide, SIFa_R2 is an authentic receptor for SIFamide paralogs in
certain arthropod taxa. Interestingly, I. scapularis SIFa_R1 was exclu-
sively responsive to the SIFamide ligand, while SMYamides failed to
activate the receptor. Therefore, we suggest that both SIFa_R types are
authentic receptors for SIFamide, whereas only SIFa_R2 is also sensitive
to SIFamide paralogs. In species harboring both types of ligands along
with both receptors, it would be interesting to investigate whether
SIFa_R2 is a target for SIFamide and/or SMYamide in specific tissues.
The “message-address” hypothesis for GPCR-peptide binding designed
by Schwyzer (1977) was used to describe Ox2R-peptide interactions
(Hong et al., 2021). This hypothesis states that the peptide N-terminus is
crucial in GPCR activation, e.g., the “message”, and the peptide C-ter-
minus enhances receptor activation for downstream signaling, e.g., the
“address”. Concurrently, the positive N-terminal SIFamide residue po-
sitions, R3-K4, may act as the “message” by forming initial electrostatic
interactions with SIFa_R2 E229*7land E345732. The interactions
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Fig. 5. Immunolocalization of SIFa_R2 in unfed
L ricinus female salivary gland type II acini. (A-C)
Wholemount immunohistochemistry. (A) Multiple
type II acini showing immunoreactivity with anti-
SIFa_R2 antibody at basal regions (green, arrows). (B)
Z-stack image series of single type II acinus high-
lighting the immunoreactive basal region (green, ar-
rows). (C) Surface-rendered model of 3D
reconstruction of confocal z-stack images (from B).
The dotted line indicates the acinus boundary. The 3D
movie of image C is available in Supplementary Video
1. (D-K) Transmission electron microscopy image
showing immunogold labeling of SIFa_R2 (5 nm
nanoparticles) in type II acinus. (D-H) Labeling of
SIFa_R2 in the basal region surrounding the acinar
duct (AD). The greenish color in E distinguishes the
basal granular cells (GCs). The inset in D is magnified
in E-H. In F through K, positive immunoreactivity in
different cell types is shown as follows: black arrows —
basal epithelial cells (ECs), aqua blue arrows —
myoepithelial cell (MC), green arrows — GCs, yellow
arrows — axons with electron-dense neurosecretory
vesicles (yellow letter A). Note that only this type of
axon (yellow A) demonstrated positive SIFa_R2
staining (yellow arrows in F and K), while axons with
the electron-lucent vesicles (orange letter A) did not
(F, G). (I-K) Immunoreactivity in ECs (black arrows),
MCs (aqua blue arrows), and axons with electron-
dense vesicles (yellow letter A, yellow arrows) in
the region above the acinar valve magnified in (J) and
in the region close to the acinar lumen (letter L)
magnified in (K). Blue in A-C is DAPI staining for
nuclei. Scale bars are 10 pm (A-C), 5 pm (D), 2 pm (E,
D), 200 nm (F-H, J), and 500 nm (K). For a simpler
rendering see the schematic drawing in Fig. 8.

between the SIFamide amidated peptide C-terminal residue, F12, and
the SIFa_R2 Q1643'32, therefore, act as the “address” during cell
signaling. Follow-up mutation studies should focus on the positive
N-terminal SIFamide and SMYamides residue positions and/or SIFa_R2
E229*7! and E345732, Interestingly, an SIFamide paralog from B. mori,
an IMFamide (Roller et al., 2008)—demonstrating greater sequence
differences to SIFamide than SMYamides to SIFamide (Veenstra,
2021)—did not activate the I scapularis SIFa_R2, nor the SIFa_R1. While
it seems that Bombyx only possesses SIFa_R1 (Veenstra, 2021) in the
genome, it is likely that IMFamide may act via an as-yet unidentified
receptor.

Despite the high nucleotide sequence identity among I. ricinus sifa_r1
and sifa r2 ORFs, the sifa r2-specific amplification allowed us to inves-
tigate the spatial and temporal expression of this transcript as well as to
compare it with the expression profile of the previously identified sifa r1
(Simo et al., 2013). The spatial mapping of L ricinus sifa_r2 expression
revealed its presence in various tick organs including salivary glands and
synganglia. Salivary glands were suggested as a target tissue of axonal
SIFamide in our previous reports (Simo et al., 2009b, 2013). Therefore,
it is not a surprise that sifa r2 was also detected in these tissues. The
presence of sifar2 in L ricinus trachea, ovaries, and carcasses (ventral
cuticle, legs, fat, and tissue debris), indicates that SIFamide may act as a
neurohormone. Interestingly, very weak or no expression was observed
in I ricinus midguts and Malpighian tubules, respectively. These results
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corroborate those obtained in the cockroach Periplaneta americana
(Veenstra, 2021), suggesting convergent evolution of SIFamide
signaling systems in these two arthropod species. Monitoring of sifa r2
temporal dynamics in salivary glands throughout feeding showed the
highest level of the transcript in unfed females, which lowered
approximately 0.6 fold during feeding and 0.8 fold during replete stages.
We speculate that the high transcript level observed in the unfed stage,
along with the robust protein immunodetection of SIFa_R2 around the
acinar valve, indicate a potentially important role for the protein in
unfed salivary gland physiology. Subsequently, likely due to the massive
pre-synthesis in the unfed stage, the transcript level decreases during
feeding, while possible slow receptor protein turnover helps maintain its
continued immunodetection at this stage. In addition, two previous
studies also showed that transcript levels of SIFamide neuropeptide in
L scapularis synganglia do not significantly increase during feeding,
rather they decrease during days three to five of female feeding (Egekwu
et al., 2016; Simo et al., 2013). These observations may be consistent
with the slow feeding period of Ixodes females, in the range from day 1 to
day 5-6 of feeding, where a decreased but constant level of SIFa_R2 and
its ligand perform their physiological role(s). Interestingly, a similar
pattern for unfed and feeding stages was observed for I. scapularis sifa_r1
transcript in our previous study (Simo et al., 2013) indicating the same
temporal needs of both receptors for SIFamide signaling in the salivary
glands. Furthermore, a ~10- to ~15-fold increase of sifa r2 transcript
levels in replete tick synganglia compared to feeding and unfed stages,
respectively, suggests the importance of the receptor in post-feeding
processes, although at this point it is difficult to predict the specific
function of this receptor in the synganglion circuit. Furthermore, the
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Fig. 6. Immunolocalization of SIFa_R2 in unfed
L ricinus female salivary gland type III acini. (A-C)
Wholemount immunohistochemistry. (A) Multiple
type III acini expressing SIFa_R2 at basal regions
(green, arrows). (B) Z-stack image series of a single
type III acinus highlighting the immunoreactivity
(green, arrows). Arrowheads in (B) show the valve
region of the acinar duct. (C) Surface-rendered model
of 3D reconstruction of confocal z-stack images (in B).
The 3D movie of image C is available in Supplemen-
tary Video 2. The dotted line indicates the acinar
boundary. (D-K) Transmission electron microscopy
image showing immunogold labeling (5 nm nano-
particles) of SIFa_R2 in type III acinus. (D-F) Labeling
of SIFa_R2 (aqua blue arrows) in the myoepithelial
cell (MC). Note that the MC is distinguished by a
bluish coloration in D. Insets in D are magnified in E
and F. Axons with electron-dense vesicles (yellow
letter A). (G-K) In basal regions of acinus above the
acinar valve, the labeling was observed in basal
granular cells (GCs, green arrows) with large nuclei
and in the axolemma (yellow arrow) of the axon with
electron-dense vesicles (yellow letter A). Insets in G,
H, and I are magnified in H, I, J, and K respectively.

GCs in H are distinguished by a greenish coloration.
Note that the reaction in GCs was in very close
proximity to the axon (J, K). AD - acinar duct. L —
acinar lumen, mt — microtubules. Blue in A-C is DAPI
staining for nuclei. Scale bars are 10 pm (A-C), 2 pm
(D, G, H), 200 nm (E, J, K), 500 nm (F), and 1 pm (I).
For a simpler rendering see the schematic drawing in
Fig. 8.

distribution of neurons detected by anti-SIFa_R2 antibody appeared not
to overlap with SIFa_R1 neurons described in our previous study (Simo
etal., 2013), suggesting different SIFamide receptor types exert selective
control of certain neuronal cell populations.

Our immunostaining approaches confirmed the expression of
SIFa_R2 on the ECs (type II acini) and the MC (type II and III acini) close
to the apex of the acinar duct. This finding corresponds to results from
our recent study where SIFa_R1 IR was also associated with these two
cell types, both encapsulating large-caliber SIFamide axons with
electron-dense neurosecretory vesicles, as well as overlying the arms of
the acinar valve (Vancova et al., 2019). Thus, our current results support
the assumption that synaptic SIFamide regulates the activity of the
acinar valve via two different surface receptors (SIFa_R1 and SIFa_R2)
expressed by ECs and the MC. In addition, SIFa_R1 was previously
observed on small electron-lucent axons with unknown function, sur-
rounding the large electron-dense SIFamide axons, both encapsulated by
the MC (Vancova et al., 2019). Here, an occasional signal with SIFa_R2
antibody was found on large electron-dense axons or their axolemma.
Presumably these axons correspond to SIFamide-releasing axons, and
we speculate that axonal SIFa_R2 may serve here as an autoreceptor for
the negative feedback loop in signal transduction, as has been shown for
insect neuropeptide receptors (Choi et al., 2012).

A completely novel finding was the association of SIFa_R2 with basal
GCs in both type II and III acini. Previously, we described that SIFamide
axons are in occasional contact with GCs, but postsynaptic SIFa_R1 was
not detected on these cells (Vancova et al., 2019). Thus, our current
results have led to the assumption that SIFamide may target basal GCs
via its second receptor (SIFa_R2). Although the functional significance of
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Fig. 7. Double staining of SIFa_R2 and SIFamide neuropeptide in the basal region of type III acini in four-day-fed I ricinus females. (A) A merged z-stack confocal
image of type III acini (Roman numeral III). (B) Z-stack image series of single type III acinus highlighting the immunoreactive basal region. Note that SIFamide-
immunoreactive axon terminals (red, empty arrows) were in close proximity to the acinar basal granular cells expressing SIFa_R2 (green, arrows). Numbers
(1-6) indicate specific basal granular cells. (C) A micro-rotation of the 3D-reconstructed confocal image of basal acinar cell numbers 4 and 5 (in B). The green color in
C corresponds to staining with anti-SIFa_R2. Empty arrows in the first panel highlight staining with SIFamide neuropeptide (red). Blue is DAPI staining for nuclei.
Scale bar is 10 pm. For a simpler rendering see the schematic drawing in Fig. 8.
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Fig. 8. A schematic representation of I. ricinus salivary gland type II and III acini highlighting their cellular organization and expression of SIFa_R2. The schema was
reconstructed based on wholemount and TEM immunostaining approaches. (A, B) Type II and III acini of unfed female. Insets in A and B are magnified in a section-
type manner. The SIFa_R2 (green) immunoreaction was commonly observed on the basal part of the myoepithelial cell (MC), basal epithelial cells (EC) and basal
granular cells (GC), all in close proximity to SIFamide axon terminals (red, white letter A). (C) A basal region of a type III acinus from a four-day-fed female displaying
SIFa_R2 (green). L — lumen, V - valve, AD — acinar duct. A schema displaying SIFa_R1 in I scapularis salivary glands can be found in Vancova et al. (2019). The 3D
schemas of acini were modified from Simo et al. (2011, 2013).
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the observed immunoreactive SIFa R2 in the Golgi/ER (endomem-
branes) in our study remains enigmatic. SIFa_R2 in endomembranes may
utilize GPCR endosomal signaling (Liccardo et al., 2022) or simply be
undergoing cellular trafficking to or from the cell membrane. In addi-
tion, we speculate that the lack of SIFa_R2 immunoreactivity in type II
acini in partially-fed females may correspond to a stage-specific feature
during the feeding period. Nevertheless, it is important to highlight that
in the current study we use an anti-peptide SIFa_R2 antibody targeting
the intracellular C-terminal of the protein. This approach resulted in
strong but slightly unexpected immunostaining of cell organelle endo-
membranes in both salivary glands from partially-fed females as well as
CHO cells expressing the receptor. Here, a western blot for the mem-
brane protein will be required for further confirmation of antibody
specificity, although our preliminary trial of this technique was incon-
clusive. Therefore, future experimental work to confirm and clarify the
immunolabeling results obtained in current study would be beneficial.

Saliva secretory activity of type II and III acini ensures the tick’s
biological success during both off- and on-host stages (Kim et al., 2014,
2016; Mateos-Hernandéz et al., 2020a; Simo et al., 2017) thus the
presence of SIFamide in axon terminals (Simo et al., 2013) along with
the SIFa_R2 protein (this study) in unfed as well as partially-fed L. ricinus
females suggest the importance of SIFamide control of GCs during both
these periods. At this time, there is little understanding about how
particular acini types functionally contribute to saliva content via their
secretory cells, as the tick research community currently restricts their
analysis to the complex saliva cocktail (Aounallah et al., 2020; Simo
et al., 2017). Although it is generally believed that granular type II and
I1I acini possess similar morphological features, apparent differences in
number as well as types of GCs have been demonstrated (Binnington,
1978; Fawcett et al., 1981; Vancova et al., 2019). Therefore, we spec-
ulate that SIFamide signaling may control basal GCs in either type II or
III acini for the secretion of different substances with distinct biological
functions, although this assumption requires additional experimental
confirmation.

Based on current results and our previous reports (Vancova et al.,
2019) we suggest that in I ricinus type II and III salivary gland acini,
SIFamide released from the axon terminals acts via the two surface re-
ceptor types to regulate different basally located cells: i) both SIFa_R1
and SIFa_R2 control the acinar valve via ECs and MC activity, ii) SIFa_R1
may be implicated in the neuromodulation of axonal projections
adjoining SIFamide axons, iii) SIFa_R2 may act as an autoreceptor in
SIFamide-axon terminals, and iv) SIFa_R2 may regulate the activity of
basal GCs.

The basal parts of type II and III acini are composed of various
convoluted cells surrounding the chitinous acinar duct and valve, as well
as intertwingled neuropeptidergic axons forming synaptic connections
with specific cell types (Vancova et al., 2019). The single PcSG cell
origin of neuropeptide signaling in type II and III acini (Simo et al.,
2009b) has led to the hypothesis that this region is under synchronized
peptidergic control in several hundred types of granular acini. The
acinar basal region has considerable structural complexity as it is tar-
geted by at least three classes of neuropeptides (Kim et al., 2018; Simo
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Fig. 9. Immunolocalization of SIFa_R2 in the syn-
ganglion of unfed I ricinus females. (A) Schematic
illustration of all neurons detected with the anti-
SIFa_R2 antibody. (B) The dorsal anterior part of the
synganglion. (C) The central dorsal region of the
synganglion. (D) The central ventral region of the
synganglion. E — esophagus, OL — olfactory lobes. For
neuron nomenclature, the first two letters refer to the
position of each neuron in a specific lobe of the syn-
ganglion, protocerebral (Pc), pedal 1-4 (Pd1-4),
opisthosomal (Os), and the letters that follow refer to
the anatomical location of the neuron: dorsal (D),
ventral (V), anterior (A), posterior (P), medial (M), or
lateral (L). Scale bar is 20 pm.

et al., 2009b). The intricacy of this apparatus, in tandem with axon
terminal activity and strict regulation of cell-surface protein expression
in postsynaptic cells, suggest that these systems are the crucial regula-
tory mechanisms for synchronized or selective control of
saliva-producing acini in hard tick salivary glands.
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