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ABSTRACT

Human louse Pediculus humanus is a cosmopolitan obligatory
blood-feeding ectoparasite causing pediculosis and transmitting
many bacterial pathogens. Control of infestation is difficult due
to the developed resistance to insecticides that mainly target
GABA (y-aminobutyric acid) receptors. Previous work showed
that Pediculus humanus humanus (Phh) GABA receptor subunit
resistance to dieldrin (RDL) is the target of lotilaner, a synthetic
molecule of the isoxazoline chemical class. To enhance our un-
derstanding of how insecticides act on GABA receptors, two
other GABA receptor subunits were cloned and characterized:
three variants of Phh-grd (glycine-like receptor of Drosophila)
and one variant of Phh-Icch3 (ligand-gated chloride channel ho-
molog 3). Relative mRNA expression levels of Phh-rdl, Phh-grd,
and Phh-Icch3 revealed that they were expressed throughout
the developmental stages (eggs, larvae, adults) and in the differ-
ent parts of adult lice (head, thorax, and abdomen). When ex-
pressed individually in the Xenopus oocyte heterologous
expression system, Phh-GRD1, Phh-GRD2, Phh-GRD3, and
Phh-LCCH3 were unable to reconstitute functional channels,
whereas the subunit combinations Phh-GRD1/Phh-LCCHS,
Phh-GRD1/Phh-RDL, and Phh-LCCH3/Phh-RDL responded
to GABA in a concentration-dependent manner. The three

heteromeric receptors were similarly sensitive to the antagonistic
effect of picrotoxin and fipronil, whereas Phh-GRD1/Phh-RDL
and Phh-LCCH3/Phh-RDL were respectively about 2.5-fold and
5-fold more sensitive to ivermectin than Phh-GRD1/Phh-LCCHS3.
Moreover, the heteropentameric receptor constituted by Phh-
GRD1/Phh-LCCH3 was found to be permeable and highly sensi-
tive to the extracellular sodium concentration. These findings pro-
vided valuable additions to our knowledge of the complex nature
of GABA receptors in human louse that could help in understand-
ing the resistance pattern to commonly used pediculicides.

SIGNIFICANCE STATEMENT

Human louse is an ectoparasite that causes pediculosis and
transmits several bacterial pathogens. Emerging strains devel-
oped resistance to the commonly used insecticides, especially
those targeting GABA receptors. To understand the molecular
mechanisms underlying this resistance, two subunits of GABA
receptors were cloned and described: Phh-grd and Phh-Icch3.
The heteromeric receptor reconstituted with the two subunits
was functional in Xenopus oocytes and sensitive to commer-
cially available insecticides. Moreover, both subunits were tran-
scribed throughout the parasite lifecycle.
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Introduction

Human louse (Pediculus humanus, order Phthiraptera) is a
cosmopolitan obligatory blood-feeding ectoparasite. There are
two main ecotypes of human louse with nearly identical ge-
nomes (Olds et al., 2012): the head louse Pediculus humanus
capitis causing pediculosis, a major public health concern,
and the body louse Pediculus humanus humanus (Phh),
transmitting Rickettsia prowazekii responsible for epidemic
typhus, Borellia recurrentis responsible for relapsing fever,
and Bartonella quintana causing trench fever (Badiaga and

ABBREVIATIONS: aa, amino acids; bp, base pairs; CDS, coding sequence; Ct, cycle threshold; E, exon; GIuCl, glutamate chloride; GRD, gly-
cine-like receptor of Drosophila; LCCH3, ligand-gated chloride channel homolog 3; LGIC, ligand-gated ion channel; nACh, nicotinic acetylcho-
line; ORF, open reading frame; PCR, polymerase chain reaction; Phh, Pediculus humanus humanus; qPCR, quantitative PCR; RACE, rapid
amplification of cDNA ends; RDL, resistance to dieldrin; RT-PCR, reverse transcription PCR; TEVC, two-electrode voltage-clamp; TM, trans-

membrane; TSS, transcription starting site; UTR, untranslated region.
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Brouqui, 2012; Amanzougaghene et al., 2020). Historically,
massive epidemics of relapsing fever and of typhus have af-
fected Africa and Eurasia, and these diseases have recently
reemerged in Europe by travelers and increasing numbers of
refugees from endemic regions (Bechah et al., 2008; Hoch
et al., 2015; Wilting et al., 2015; Antinori et al., 2016; Osthoff
et al., 2016; Hytonen et al., 2017; DE LA Filia et al., 2018).

Chemical insecticides were widely applied to eliminate hu-
man louse, leading to emergence of strains resistant to the
most commonly used pediculicides such as carbaryl (carba-
mates), pyrethrin (pyrethroids), and ivermectin (Clark et al.,
2013; Amanzougaghene et al., 2020; Mohammadi et al.,
2021). Furthermore, the use of organochlorides (lindane) was
prohibited due to high toxicity to humans and the environ-
ment (Sangaré et al., 2016). Deciphering the mechanisms of
action of insecticides on human louse could help to prevent
resistance. To this end, laboratory-reared human body louse
is a good model, since the individuals of the colony have
never been exposed to chemical products and have not devel-
oped resistance.

Pentameric transmembrane Cys-loop ligand-gated ion chan-
nels (LGICs) are the major pharmacological targets of insecti-
cides (Tong et al.,, 2021). Among them, y-aminobutyric acid
(GABA) receptors are traditional drug targets for organochlor-
ides (dieldrin), phenylpyrazoles (fipronil), picrotoxin, and the
macrocyclic lactones (ivermectin). GABA receptors of insects
share common molecular features: long N-terminal extracel-
lular domain constituting the GABA binding site, Cys-loop
motif of 13 amino acids (aa), and four transmembrane do-
mains (TM1-TM4) forming the pore of the ion channel with
TM2 containing the molecular determinants of ion selectiv-
ity (Kozuska and Paulsen, 2012). In human cells, hundreds
of combinations of GABA receptor subunits exist, leading to
highly variable conductance for different ions, activation/
desensitization times, and GABA ECs, (concentration required
to mediate 50% of the maximum current in electrophysiology
assay). The activity of human GABA receptors is modulated
by different agonists and antagonists like benzodiazepines
or barbiturates (Sallard et al., 2021). Because of this diversity,
it has been shown that ivermectin is not toxic for humans
(Johnson-Arbor, 2022).

Four subunits of GABA receptors have been described in
insects: resistance to dieldrin (RDL), glycine-like receptor of
Drosophila (GRD), ligand-gated chloride channel homolog 3
(LCCH3), and CG8916 (Buckingham et al.,, 2005). Among
them, the genes encoding GRD and LCCH3 subunits were
identified in Drosophila melanogaster (Harvey et al., 1994),
Laodelphax striatellus (Wei et al., 2017), Chilo suppressalis
(Jia et al., 2019; Huang et al., 2021), Apis mellifera (Henry
et al., 2020), and Blattella germanica (Jones et al., 2021).
Although GRD and LCCHS did not form functional homomeric
channels, their coexpression reconstituted heteropentameric
cationic selective channel in D. melanogaster, A. mellifera, and
Varroa destructor (Gisselmann et al., 2004; Ménard et al.,
2018; Henry et al., 2020). In human louse, we recently charac-
terized Phh-RDL that constituted a homopentameric anion-
selective receptor with higher affinity to lotilaner (isoxazoline)
and lower affinity to ivermectin (Lamassiaude et al., 2021).
However, the functionality of GRD and LCCHS3 has never been
investigated in the order Phthiraptera.

In this explorative study, the molecular characterization of
the two GABA receptor subunits Phh-GRD and Phh-LCCH3
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is reported for the first time. The relative expression levels of
Phh-grd, Phh-lcch3, and Phh-rdl were assayed in different
parts and throughout the developmental stages of human
body louse. Moreover, the functional expression and pharma-
cological characterization of the heteropentameric receptors
constituted by Phh-GRD1/Phh-RDL, Phh-LCCH3/Phh-RDL,
and Phh-GRD1/Phh-LCCHS3 in response to GABA, picrotoxin,
fipronil, and ivermectin were investigated.

Materials and Methods

Reagents. All reagents are of molecular biology grade. Chemicals
including GABA, acetylcholine, glutamate, glycine, aspartate, hista-
mine, serotonin, picrotoxin, fipronil, and ivermectin were purchased
from Sigma-Aldrich (Saint-Quentin-Fallavier, France). GABA, ace-
tylcholine, glutamate, glycine, aspartate, histamine, and serotonin
were directly dissolved in the recording solution, whereas picrotoxin,
fipronil, and ivermectin were first prepared at 10 mM DMSO and
then diluted in recording solution to the final concentrations in which
DMSO did not exceed 0.1%.

Isolation of RNA and Synthesis of First Strand cDNA. Hu-
man body lice were reared in the BioMAP laboratory as previously
described (Lamassiaude et al., 2021). Total RNA was extracted from
30 mg of adult lice using NucleoSpin RNA plus extraction kit (Ma-
cherey-Nagel, Hoerdt, France) according to the manufacturer's in-
structions. For RACE (rapid amplification of ¢cDNA ends)-PCR
(polymerase chain reaction), the ¢cDNA ends were amplified from
5 ug of RNA using Gene Racer kit (Invitrogen, Thermo Fisher Scien-
tific, Courtaboeuf, France) according to the manufacturer’s instruc-
tions. Each 5 and 3’ RACE-PCR was performed with gene-specific
primers and nested gene-specific primers binding to a site at short
distance apart (Fig. 1; Table 1). The thermal cycling conditions were
94°C for 5 minutes, then 35 cycles of 94°C for 30 seconds, 58°C for
30 seconds, and 72°C for 1 minute and final extension at 72°C for
5 minutes. For reverse transcription PCR (RT-PCR), 0.5 ug of RNA
was reverse transcribed with a mixture of oligo dT and 5 RACE-
PCR gene-specific primers and the superscript III reverse transcrip-
tase (Invitrogen). Full-length Phh-grd and Phh-lcch3 transcripts were
amplified using 1 ul of cDNA and 10 pmol of two gene-specific primers
(Table 1) using GoTaq DNA Polymerase (Promega, Charbonnieres-les-
Bains, France) according to the manufacturer’s instructions. After
migration on agarose gel, the PCR products were purified using Nucleo
Spin Gel and PCR clean-up kit (Macherey-Nagel) according to the
manufacturer’s instructions. All RACE-PCR, RT-PCR and PCR prod-
ucts were cloned in pGEM-T Easy Vector (Promega) and sequenced by
Eurofins Genomics (Ebersberg, Germany).

Sequence Analysis and Phylogeny. All cloned sequences were
compared with the putative sequences deposited in Vector Base with
Geneious Software (Biomatters, Auckland, New Zealand) and Basic
Local Alignment Search Tool (BLAST; U.S. National Library of
Medicine, Bethesda, MD) (https:/blast.ncbi.nlm.nih.gov/Blast.cgi).
Deduced amino acid sequences of full-length Phh-GRD and Phh-LCCH3
were obtained from ExPASy translate (Swiss Institute of Bioinformatics,
Lausanne, Switzerland) (https:/web.expasy.org/translate/); signal peptide
cleavage sites were predicted using the SignalP 5.0 server (DTU Health
Tech, Lyngby, Denmark, https:/services.healthtech.dtu.dk/service.php?
SignalP-5.0) (Petersen et al., 2011); and transmembrane domains were
identified using the TMHMM program (https:/services.healthtech.dtu.dk/
service.php?TMHMM-2.0). Multiple sequence alignments were done by
Clustal Omega algorithm (www.clustal.org/lomega/) (Madeira et al., 2019),
then viewed and annotated by Jalview software (https:/www jalview.org/).
All aa sequences of GABA receptor subunits of A. mellifera: Am-GRD
(NP_001292813.1), Am-LCCH3 (XP_026298403.1), Am-RDL (AJE68941),
D. melanogaster: Dm-GRD (NP_524131.1), Dm-LCCH3 (NP_996469.1),
Dm-RDL (NP_523991), L. striatellus: Ls-GRD (KX355313), Ls-LCCH3
(KX355312), Ls-RDL (BAF31884.1); Nasonia vitripennis: Nv-GRD
(NP_001234887.1), Nv-LCCH3 (NP_001234895.1); Tribolium castaneum:
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Fig. 1. Genomic and transcript organization of Phh-grd (A) and Phh-lcch3 (B). Exons are represented by black boxes in expanded views of the
contigs DS235886 with the annotated Phh-grd CDS (A, top drawing) and DS235842 with the annotated Phh-lcch3 CDS (B, top drawing). The
numbers indicated on DS235886 and DS235842 correspond to the final annotation of the genes. Positions of the primers are indicated by white
arrows; 5’ and 3’ extremities are indicated by black arrows. On the bottom drawings are shown the final organizations of the Phh-grd (A) and

Phh-lcch3 (B) transcripts.

Te-GRD (XP_015834304.1), Tc-LCCH3 (NP_001103251.1), Tc-RDL
(NP_001107809.1); and V. destructor: Vd-GRD (KY748054.1), Vd-
LCCH3 (KY748055.1), Vd-RDL (KY748050.1), and Phh-RDL (QRX-
38896.1) were obtained from the National Center for Biotechnology In-
formation (NCBI) database (https:/www.ncbi.nlm.nih.gov). The phylo-
genetic tree was constructed by Molecular Evolutionary Genetics
Analysis Version 7.0 (MEGAT7) software (https://www.megasoftware.
net/) (Kumar et al., 2016) using the Neighbor-Joining method, and the
bootstrap values were calculated on 1050 replicates. The evolutionary
distances were computed using the Poisson correction method and are
in the units of the number of aa substitutions per site. Phh-f1, a subu-
nit of nicotinic acetylcholine (nACh) from human louse, was used as an
out-group to root the tree.

TABLE 1

Expression Vector Cloning and Synthesis of cRNA. The
full-length Phh-grd variants and Phh-lcch3 were amplified using
GoTaq polymerase (Promega) and cloned in the pTB207 expression
vector using the In-Fusion HD Cloning Kit (Takara Bio Europe SAS,
Saint-Germain-en-Laye, France) as described (Lamassiaude et al.,
2021). Recombinant plasmids were purified using E.Z.N.A. Plasmid
DNA Mini Kit (Omega Bio-Tek, Inc., Norcross, GA), and correct clon-
ing was confirmed by sequencing (Eurofins Genomics). cRNAs were
obtained from plasmids linearized by Mscl (Thermo Fisher Scientific)
using mMessage mMachine T7 transcription kit (Thermo Fisher Sci-
entific) following the manufacturer's instructions. cRNA concentra-
tions were measured by spectrophotometry (NanoDrop; Thermo
Fisher Scientific), and integrity of cRNAs was confirmed by running

Primers used for 5' RACE, 3' RACE, and amplification of full-length Phh-grd and Phh-lcch3

Primers

Sequences (5'-3')

Phh-grd 5 RACE first PCR
Phh-grd 5" RACE nested PCR
Phh-grd 3' RACE first PCR
Phh-grd 3' RACE nested PCR
Phh-grd full forward

Phh-grd full Xhol forward®
Phh-grd full reverse

Phh-grd full Apal reverse®
Phh-lech3 5 RACE first PCR
Phh-lcch3 5 RACE nested PCR
Phh-lcch3 full Xhol forward®
Phh-lcch3 full Apal reverse®

CGAAATCGGGCCCATGCTTC
CGGGCCCATGCTTCGTACC
GACTTTATCAAGATGGACGAGTTC
GGACGAGTTCTTTATTCCAGC
ATTTTCCGTGGTGGAATTTTTTTTC
CTGGCGGCCGCTCGAGATGGCGTCGATGTTCGGA
GAATACATAGTAAAAATAAATAAAT
GAATACATAGTAAAAATAAATAAATGGGCCCGAGCTTGATCTGGT
CGTTGTCGTGAAACGCATACC
TTTCAGCAAAATCACCCGCC
CTGGCGGCCGCTCGAGGGAATGATGATGCAATGCAGC
GCAATGAGTAGTAAATATTTATACGGGGCCCGAGCTTGATCTGGT

“Primers Xhol and Apal were designed with extensions (in italic) for recombination with the expression vector PTB207 linearized by Xhol and Apal.
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500 ng in 1% agarose gel in TAE buffer (40 mM Tris-acetate—1 mM
EDTA).

Quantitative PCR. Total RNA extraction and ¢cDNA synthesis
were done as described in section “Isolation of RNA and synthesis of
first strand cDNA” from 30 mg of nits, L1, L2, and L3 larvae stages,
as well from heads, thoraxes, and abdomens of adult lice. Applying
comparative cycle threshold (Ct) experiment 2°“Y, 100 ng of cDNA
was added to 10 ul of SYBR Green Master Mix (Thermo Fisher Sci-
entific) and 10 pmol of gene-specific primers (Table 2) in a final vol-
ume of 20 ul. The quantitative PCR (qPCR) was performed with
primary denaturation at 95°C for 10 minutes followed by 40 cycles of
95°C for 15 seconds and 60°C for 1 minute using the StepOnePlus
Real-Time PCR System (Applied Biosystems, Thermo Fisher Scien-
tific) following the conditions recommended by the manufacturer. Ac-
tin was used as endogenous control, and a melt curve cycle (95°C for
15 seconds, 60°C for 1 minute, and 95°C for 15 seconds) was added
to confirm specific amplification.

Functional Expression and Pharmacology of Receptors.
Defolliculated oocytes of Xenopus laevis (Ecocyte Bioscience, Dortmund,
Germany) were injected individually with 30 ng of cRNA of Phh-
grd1,Phh-grd2, Phh-grd3, Phh-lcch3, Phh-rdl, Phh-grd1/Phh-lcch3,
Phh-grd2/Phh-lcch3, Phh-grd3/Phh-lcch3, Phh-grd1/Phh-rdl, or Phh-
lech3/Phh-rdl using a Drummond Nanoject IT Microinjector (Dominique
Dutscher SAS, Bernolsheim, France) and maintained for 3-5 days at
19°C in incubation solution (100 mM NaCl, 2 mM KCl, 1.8 mM
CaClp.2H0, 1 mM MgCle.6H;O, 5 mM HEPES, and 2.5 mM
C3H3NaO;3 at pH 7.5 with 100 U/ml penicillin and 100 pg/ml strepto-
mycin). Two-electrode voltage-clamp (TEVC) was used to measure cur-
rents generated by the application of increasing concentrations of
GABA (0.3, 1, 3, 10, 30, 100, and 300 uM in recording solution:
100 mM NaCl, 2.5 mM KCI, 1 mM CaCl,.2H50, and 5 mM HEPES at
pH 7.3). The membrane potential was clamped at —60 mV and current
signals were recorded with an oocyte clamp OC-725C amplifier (War-
ner Instruments, Holliston, MA) and analyzed by pCLAMP 10.4 Soft-
ware (Molecular Devices, San Jose, CA). Normalized peak current
amplitudes were plotted against the corresponding concentrations of
GABA. Acetylcholine, glutamate, glycine, aspartate, histamine, and se-
rotonin were tested at 30 uM on Phh-GRD1/Phh-LCCHS3 to verify its
specificity for GABA. To analyze the ion selectivity of the channel consti-
tuted by Phh-GRD1/Phh-LCCHS, reverse potential-ion concentration re-
lationship was obtained by applying voltage ramps (—60 mA to +60 mA)
in the presence of 100 M GABA using recording solution with decreas-
ing concentrations of Na™ (100, 75, 50, 25, 12.5, and 0 mM) by the re-
placement of NaCl with tetra-ethyl ammonium chloride. The change in
reversal potential was plotted against the concentrations of sodium.

The effect of antagonists (10 M picrotoxin, 1 uM fipronil, or 1 uM
ivermectin) was evaluated on Phh-RDL, Phh-GRD1/Phh-LCCHS3,
Phh-GRD1/Phh-RDL, and Phh-LCCH3/Phh-RDL by preincubation of
each antagonist alone for 90 seconds followed by their coapplication
with 100 uM GABA for 10 seconds. The observed responses were nor-
malized to the response induced by 100 uM GABA alone performed
before challenging with the antagonist.

Statistical Analysis. Statistical comparisons were performed
with Prism 7 (GraphPad Software, Inc., San Diego, CA) using one-
way ANOVA test followed by Tukey’s multiple comparisons test. The

TABLE 2
Primers designed for qPCR for Phh-grd, Phh-lcch3, Phh-rdl, and f-actin

119

Characterization of GRD and LCCH3 from Human Louse

sample size and the number of experiments were determined accord-
ing to the previous results on Phh-RDL (Lamassiaude et al., 2021). A
power of the test >80% was calculated a posteriori with a statistical
tool of AnaStats (https://www.anastats.fr/) when differences were ob-
served between the groups. The study is explorative and the P values
are descriptive.

Results

Identification of Phh-grd and Phh-lecch3 Transcripts.
Using tBLASTn with Apis mellifera, Am-grd (NM_
001305884.1), and Am-lcch3 (NM_001077812.1) as query
against the whole genome sequence of P. humanus humanus
in VectorBase, Phh-grd (XM_002433141.1; PHUM 616750)
and Phh-lcch3 (XM_002430956.1; PHUM 507170) subunit
genes located respectively in the super contigs DS235886 and
DS235842 were identified. The coding sequences (CDSs) of
1272 bp (base pairs) for Phh-grd and 1404 bp for Phh-lcch3
are organized in 9 and 10 exons (E) encoding proteins of 423
aa and 467 aa, respectively. Confusingly, no signal peptide is
annotated on the putative protein sequence of both subunits.

To characterize 5’ and 3’ ends of Phh-grd and Phh-lcch3,
RACE-PCR was done on total RNA extracted from adult lice
using primers binding to the putative E2 (5') and E6 (3') of
Phh-grd and E3 (5') and E8 (3') of Phh-lcch3 (Fig. 1). For
Phh-grd 5 RACE, two transcription start sites (TSSs) were
identified at positions 766932 and 780980 (Fig. 1A). In both
cases, the transcripts have the same 5’ end organization: an
extension of 29 bp in the 5’ direction of the annotated E1 (be-
coming E3) and two extra 5 exons of 198 bp (E2) and
54 bp (E1). It is important to note that in the transcribed E2,
162 bp did not match with the genome of human body louse.
Indeed, at the genomic level, these 162 bp are located in a
stretch of undefined nucleotides, suggesting a mistake in se-
quencing/assembly of the whole genome (Fig. 1A; N?2%). Re-
sults of 3’ RACE of Phh-grd revealed two possible sites for
the end of transcripts after and inside putative exon 9. These
alternative transcripts were found in many clones and fur-
ther confirmed by results of transcriptomics (unpublished
data). The RACE-PCR result of Phh-lcch3 showed a modified
position of E1 (Fig. 1B), including single TSS at position
430552 and single end of transcript at position 435043. Dif-
ferences were observed in the lengths of putative and tran-
scribed E4 (27 nucleotides shorter), E5 (26 nucleotides
longer), and E9 (61 nucleotides longer) (Fig. 1B).

Based on the sequence analysis of RACE-PCR products, pri-
mers were designed to amplify and clone three full-length cod-
ing sequences of Phh-grd (Phh-grdl1, Phh-grd2, and Phh-grd3)
and one full-length coding sequence of Phh-lcch3. Phh-grd
transcripts were 1869 bp, including a 5 untranslated region

Primers Sequences (5'-3') Amplicon Sizes (bp)
Phh-grd forward GGTTTGGAAGCAAGAACGGAC 155
Phh-grd reverse CCGAAATAACATTCACCCGAACCG
Phh-lcch3 forward GGGTATAACCACGGTACTAAC 171
Phh-lcch3 reverse CTTGCTCCCCAATATGTATAG
Phh-rdl forward GCGAAAAAGTAGATTTATGGCG 174
Phh-rdl reverse GTACCTCCTTTGGAATGAGC
p-actin forward TGCCACATGCTATTCTCCGT 60
B-actin reverse CGGCAGTGGTAGTGAATGAA
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Fig. 2. Multiple sequence alignments conducted in Clustal Omega, then viewed and annotated by Jalview software. (A) Alignment of deduced
amino acid sequences of Phh-GRD1, Phh-GRD2, and Phh-GRD3 with the sequences of Vd-GRD (KY748054.1), Am-GRD (NP_001292813.1), Tc-
GRD (XP_015834304.1), Dm-GRD (NP_524131.1), and Phh-RDL (QRX38896.1). (B) Alignment of deduced amino acid sequences of Phh-LCCH3
with the sequences of Vd-LCCH3 (KY748055.1), Te-LCCH3 (NP_001103251.1), Dm-LCCH3 (NP_996469.1), Am-LCCH3 (XP_026298403.1), and
Phh-RDL (QRX38896.1). Transmembrane domains (black frames); signal peptides of Phh-GRDs and Phh-LCCH3 (gray frames); C-C loops (ar-
rows); GABA binding loops (A-F, black lines); conserved motifs for ion selectivity (AD at positions -1’ and —2’ and F at position 13’ for Phh-GRDs,
SA at positions -1’ and -2’ and T at position 13’ for Phh-LCCHS3, asterisks); mutations F148Y and E206G in GABA binding site of Phh-GRD
(highlighted in red); mutations R100D, S165G, and F193Y in GABA binding site of Phh-LCCH3 (highlighted in green); and mutation S117P of
Phh-GRD2 and mutations W295C, K365R, Y366C, and G374R of Phh-GRD3 (highlighted in black) are indicated.

(UTR) of 75 bp, a CDS of 1771 bp, and a 3'UTR of 23 bp, en- contig DS235886 from positions 781055 to 793502 (Fig. 1A).
coding 622 aa. Phh-GRD was transcribed from the entire open The cloned mRNA sequence of Phh-lcch3 had 1569 bp with a 5
reading frame (ORF) composed of 10 exons and located on UTR of 25 bp, a CDS of 1521 bp, and a 3’ UTR of 23 bp,



encoding 506 aa. The entire ORF of 10 exons was located on
contig DS235843 from positions 430552 to 435018 (Fig. 1B).

Sequence and Phylogenetic Analysis of Phh-GRD
and Phh-LCCH3. The multiple sequence alignment of de-
duced aa sequences of Phh-GRD1, Phh-GRD2, and Phh-GRD3
with those well described of other insects/mites revealed that
all variants possessed all of the typical features of LGICs: four
TM domains, C-C loops, and the signal peptide missing in the
putative sequence (Fig. 2A). Sequence analysis showed the
presence of AD at positions —1’ and —2’ (aa 306 and 307) and F
at position 13’ (aa 321) as indicators of sharp cation selectivity
of resulting channel, as described in many reports (Galzi et al.,
1992; Corringer et al., 1999; Keramidas et al., 2004; Henry
et al., 2020) (Fig. 2A). Phh-GRD2 showed the single mutation
S117P in the loop D compared with Phh-GRD1 and Phh-
GRD3, whereas Phh-GRD3 revealed mutations W295C (in
TM1), K365R, Y366C, and G374R compared with Phh-GRD1
and Phh-GR2. Alignment of deduced aa sequences of the
cloned Phh-LLCCHS3 sequence with those of other insects/mites
showed that, as for Phh-GRD, all of the characteristic features
of Cys-loop LGICs could be found (Fig. 2B). The aa D was re-
placed by an R at position 100 located in the GABA binding site
of Phh-LCCHS3. The presence of SA at positions —1 and -2’ (aa
282 and 283) and T at position 13’ (aa 301) rendered the Phh-
LCCHS3 subunit as moderate in terms of ion selectivity in con-
trast to the sharp anion selectivity of Phh-RDL (QRX38896.1)
(Supplemental Fig. 1). Comparison with the Phh-RDL sequence
also highlighted some aa differences in the GABA binding site
of Phh-GRDs (F148Y-loop A and E206G-loop B) and Phh-
LCCH3 (R100D-loop D and S163G and F193Y-loop B)
(Supplemental Fig. 1). Sequences of the cloned Phh-GRDI,
Phh-GRD2, Phh-GRD3, and Phh-LCCH3 were deposited in
NCBI GenBank under the accession numbers OM128123,
OM128124, OM128125, and OM128126, respectively.

As expected, phylogenetic analysis revealed that both Phh-
GRD and Phh-LCCHS3 clustered in separate clades and ex-
hibited closer relationships to their orthologs from relevant
organisms rather than other GABA subunits of P. humanus
humanus (Fig. 3). Phh-GRD showed 67%, 66%, 65%, 60%,
and 58% identities with Nv-GRD, Am-GRD, Tc-GRD, Ls-
GRD, and Dm-GRD, respectively; whereas Phh-LCCH3 was
81%, 76%, 76%, 73%, and 70% identical to Tc-LCCH3, Am-
LCCH3, Ls-LCCH3, Nv-LCCH3, and Dm-LCCHS3, respec-
tively. Vd-GRD and Vd-LCCHS3 of the mite V. destructor
were more distant from Phh-GRD and Phh-LCCHS3 (46% and
69% identities, respectively).

Expression of Phh-grd, Phh-lcch3, and Phh-rdl
along Developmental Stages. To determine the expression
levels of Phh-grd, Phh-lcch3, and Phh-rdl in human body louse,
mRNA from nits, L1, 1.2, and L3 larvae stages and adult tissues
was extracted and transcribed into cDNA, then submitted to
qPCR by using specific primers. P. humanus humanus [-actin
was used as reference to normalize the expression of the tran-
scripts. It is important to note that the expression of this
housekeeping gene, supposed to be stable, was highly variable
in the different developmental stages. So, the levels of expres-
sion of the subunits could be compared within a stage but not
between the stages. Even the differences were not statistically
different; Phh-RDL was slightly more expressed than Phh-
GRD and Phh-LCCHS3 in nits (Fig. 4A), whereas it was the
contrary in larvae (Fig. 4B) and in the different tissues of
adults (i.e., head, thorax, and abdomen) (Fig. 4C).
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Fig. 3. Evolutionary relationships of Apis mellifera Am-LCCH3
(XP_026298403.1); Drosophila melanogaster Dm-LCCH3 (NP_996469.1);
Laodelphax  striatellus Ls-LCCH3 (KX355312), Nasonia vitripennis
Nv-LCCH3 (NP_001234895.1); Pediculus humanus humanus Phh-LCCH3
(OM128126);  Tribolium  castaneum Tc-LCCH3 (NP_001103251.1);
Varroa destructor Vd-LCCH3 (KY748055); Am-GRD (NP_001292813.1);
Dm-GRD (NP_524131.1); Ls-GRD (KX355313); Nv-GRD (NP_001234887.1);
Phh-GRD (OM128123); Tc-GRD (XP_015834304.1); Vd-GRD (KY748054);
Am-RDL (AJE68941); Dm-RDL (NP_523991); Ls-RDL (BAF31884.1);
Phh-RDL (QRX38896.1); Tc-RDL (NP_001107809); and Vd-RDL (KY7-
48050). Phh-$1 (unpublished sequence) was used to root the tree. The per-
centage of replicate trees in which the associated taxa clustered together in
the bootstrap test (1050 replicates) are shown next to the branches. The tree
is drawn to scale, with branch lengths in the same units as those of the
evolutionary distances used to infer the phylogenetic tree. The evolutionary
distances were computed using the Poisson correction method and are in the
units of the number of amino acid substitutions per site. The analysis
involved 21 amino acid sequences. All positions containing gaps and missing
data were eliminated. There was a total of 365 positions in the final dataset.
Evolutionary analyses were conducted with MEGA7 tool.

Functional Receptors Expressed in Xenopus laevis
Oocytes. To investigate the functionality of receptors consti-
tuted by Phh-GRD and Phh-LCCHS, their respective cRNAs
were injected into oocytes of Xenopus laevis, and currents in re-
sponse to GABA were recorded using TEVC. In contrast to
Phh-RDL (Lamassiaude et al., 2021), none of the cloned Phh-
GRD and Phh-LCCHS3 variants was able to constitute a GABA-
responsive homomeric receptor. However, Phh-GRD1 was able
to reconstitute a functional receptor when coexpressed with
Phh-LCCHS, as illustrated by the current traces obtained in re-
sponse to increasing concentrations of GABA, with the maximum
amplitude obtained at 100 M (Fig. 5A). The —log concentration
of GABA required to obtain 50% of the maximum response (—log
ECsp) was 5.226 + 0.012 M (Fig. 5B). No current was recorded
with the application of acetylcholine, glutamate, glycine, aspar-
tate, histamine, and serotonin (Supplemental Fig. 2), indicating
that the receptor reconstituted by Phh-GRD1/Phh-LCCHS is
selectively gated by GABA. On the contrary to Phh-GRD]1,
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Phh-GRD2 and Phh-GRD3 were not able to reconstitute a
functional heteromeric receptor with Phh-LCCH3 (Fig. 5C).

It was shown previously by Ménard et al. (2018) that het-
eromeric GABA receptors could have RDL subunits. We thus
tested different Phh-RDIL—containing combinations. Both
Phh-GRD1/Phh-RDL and Phh-LCCH3/Phh-RDL were func-
tional, as current traces were recorded in the presence of
GABA (Fig. 6, A and B). The —log EC54 of 5.076 + 0.029 uM
for Phh-GRD1/Phh-RDL and 5.025 + 0.032 uM for Phh-
LCCH3/Phh-RDL (Fig. 6C) was similar to the —log ECsg
of Phh-RDL homomers reconstituted in Xenopus oocytes
(5.014 + 0.029 uM; Fig. 6C) but was slightly higher than that
calculated for Phh-GRD1/Phh-LCCH3 (5.226 + 0.012 uM;
Fig. 5B).

It is well known that homopentameric receptors consti-
tuted by RDL are anion selective, but few reports have cate-
gorized the heteropentameric receptors GRD/LCCHS3 as
cation selective (Gisselmann et al., 2004; Henry et al., 2020).
Here we tested the sodium permeability of the heteropenta-
meric receptor Phh-GRD1/Phh-LCCHS3. As expected, this re-
ceptor was found to be permeable and highly sensitive to the
change in the extracellular sodium concentration. Indeed, a
shift of 38 mV in reversal potential resulted from changing
sodium concentration from 100 to 0 mM (Fig. 6D).

Finally, the antagonist effect of insecticides was studied on
Phh-GRD1/Phh-LCCHS3. Fipronil and ivermectin were tested
at 1 uM, whereas picrotoxin was tested at 10 uM, based on
their antagonist effect on Phh-RDL (Lamassiaude et al., 2021).
No current was recorded during the preincubation period of
10 seconds before their coapplication with GABA, whereas
10 uM of picrotoxin almost completely abolished the GABA-
elicited currents (91.1% + 2.4% inhibition) and 1 M fipronil
and ivermectin inhibited 72.7% + 1.1% and 44.7% + 4.1% of
the signal, respectively (Fig. 7A), demonstrating their antago-
nist effect. In addition, picrotoxin equally antagonized the re-
ceptors constituted by Phh-RDL, Phh-GRD1/Phh-LCCHS,
Phh-GRD1/Phh-RDL and Phh-LCCH3/Phh-RDL (Fig. 7B).
Similarly, fipronil blocked all tested receptors with almost the
same potency (70%—-80% inhibition of GABA current, Fig. 7C).
In contrast, ivermectin antagonized the receptors in the follow-
ing order: Phh-LCCH3/Phh-RDL > Phh-GRD1/Phh-RDL >
Phh-RDL > Phh-GRD1/Phh-LCCH3 (Fig. 7D).

Discussion

In this work, we reported the first molecular, functional,
and pharmacological characterization of heteropentameric
GABA receptors in the human body louse. By using RT-PCR
and RACE-PCR, the complete cDNA of Phh-grd and Phh-
lcch3 was cloned, and analysis of the sequences against the
putative genes annotated in the database allowed us to rede-
fine the gene organization. Notably, results of 3 RACE for
Phh-grd exhibited retention of a part of intron 7 and the whole
intron 8 located between TM3 and TM4 of the intracellular do-
main, as for Vd-grd (Ménard et al., 2018). Since these

11 11
Head " Thorax IIAbdomenI

[JActin [JGRD [JRDL [EILCCH3

Fig. 4. Relative expression of Phh-grd, Phh-rdl, and Phh-lcch3
throughout the development stages: nits (A); L1, L2, and L3 larvae (B);

and in head, thorax, and abdomen of adults (C) of human body louse.
Expression of the transcripts was quantified by RT-qPCR, calculated
by the comparative Ct method 2““Y and normalized to the expression
of actin as endogenous control. The differences between expression of
the receptor subunits are not significant (ANOVA test followed by
Tukey’s multiple comparison test).
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Fig. 5. Functional expression of Phh-GRD1/Phh-LCCHS3 but not of Phh-GRD2-3/Phh-LCCH3 receptors in X. laevis oocytes. (A) Current trace obtained
on oocytes injected with cRNA of Phh-GRD1/Phh-LCCH3 in response to GABA in the range of 0.3-300 M. Oocytes were clamped at —60 mV. Applica-
tion time of 10 seconds is indicated by the bars. (B) GABA concentration response curve for Phh-GRD1/Phh-LCCH3 (n = 17 oocytes). Data were nor-
malized to the maximal effect obtained by 100 uM GABA. (C) Means + S.D. of representative current traces obtained on oocytes coinjected with
Phh-GRD2/Phh-LCCH3 (n = 13) and Phh-GRD3/Phh-LCCHS3 (n = 15) in response to 30-300 uM GABA. Oocytes were clamped at —60 mV. Applica-

tion time of 5 seconds is indicated by the bars.

sequences were obtained in all clones and further confirmed
by the transcriptomics project (unpublished data), we hypothe-
size that it would be a wrong annotation of the genome rather
than intron retentions. Results of 5 RACE of Phh-grd re-
vealed an insertion of 54 aa at the N-terminal domain before
the C-C loop. Similar insertions were described in Vd-grd
(Ménard et al., 2018) and Dm-grd (Harvey et al., 1994), but
these insertions are not identical and seem to be species spe-
cific. Interestingly, two in-frame methionine residues were
found at the 5" end of all cloned variants of Phh-grd, and this
is in agreement with what was described in transcripts encod-
ing many membrane-associated proteins in Drosophila (Har-
vey et al., 1994).

None of the Phh-GRDs and Phh-LCCHS3 subunits was able to
reconstitute homomeric functional receptor, in agreement with
the results obtained with these subunits of D. melanogaster,
A. mellifera, and V. destructor (Gisselmann et al., 2004; Ménard
et al., 2018; Henry et al., 2020). Compared with Phh-RDL, able
to form homomeric receptors functional in Xenopus oocytes

(Lamassiaude et al., 2021), aa modifications F148Y/E206G and
R100D/S163G/F193Y (Supplemental Fig. 1) were identified in
the GABA binding site of Phh-GRD and Phh-LCCHS3, respec-
tively. As these aa belong to the seven aa assumed to be essen-
tial for the binding of GABA described in Dm-RDL and
Am-RDL (Ashby et al., 2012; Henry et al., 2020), the lack of cur-
rent upon GABA application is not surprising. When assembled
together, Phh-GRD and Phh-LCCHS respond to GABA, suggest-
ing that the two subunits constitute a heteromeric receptor with
functional GABA binding site. We can so hypothesize that the aa
modifications in the GABA binding site of one subunit were com-
plemented by the corresponding aa of the other subunit. Indeed,
it has been shown that Am-GRD and Am-LCCHS3 were able to
respond to GABA as heteromeric receptor in spite of a tyrosine
at the position 182 of Am-LCCH3 (Henry et al., 2020). The vari-
ant Phh-GRD2 was unable to form a functional heteromeric re-
ceptor with Phh-LCCHS3. It seems that the proline at position
117 was not able to preserve the functionality of serine and was
not complemented by the corresponding position of Phh-LCCHS3.
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Fig. 6. Functional expression of Phh-GRD1/Phh-RDL and Phh-LCCH3/Phh-RDL receptors in X. laevis oocytes. Current trace obtained on oocytes
injected with cRNA of Phh-GRD1/Phh-RDL (A) and Phh-LCCH3/Phh-RDL (B) in response to GABA in the range of 0.3—-300 M. Oocytes were clamped
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GRD1/Phh-RDL, and Phh-LCCH3/Phh-RDL (n = 20, n = 9, n = 7 oocytes, respectively). Data were normalized to the maximal effect obtained with
100 1M GABA. (D) Reverse potential ion-concentration relationship (means + S.D.) for sodium ions of Phh-GRD/Phh-LCCH3-expressing oocytes in the
presence of 100 M GABA and decreasing concentrations of Na* (100 to 0 mM).

For Phh-GRD3, one or more of the mutations W295C, K365R,
Y366C, and G374R might be responsible for the nonfunctionality
of Phh-GRD3/Phh-LCCH3. The mutation W295C is located in
TM1 and the other mutations are in the highly variable intracel-
lular area between TM3 and TM4, but data of the literature on
mutations in the different TM domains of RDL give contradic-
tory information on their importance in the functionality of
GABA receptor. On one hand, Phh-RDL2, unable to form a func-
tional receptor, differed from the functional variant Phh-RDL by
only 20 amino acids, among them a mutation in TM1 (D281V)
that could be responsible for its nonresponsiveness to GABA in
Xenopus oocytes (Lamassiaude et al., 2021). On the other hand,
Cyrtorhinus lividipennis RDL with an insertion of 31 aa between
TM3 and TM4 was much less sensitive to fipronil than the RDL
without insertion (Jiang et al., 2015). Finally, no important dif-
ference in response to GABA, imidacloprid, and fipronil has been
shown between Am-RDL variants with variable sequences in
TM3 and TM4 (Taylor-Wells et al., 2017).

Sodium permeability of the receptor Phh-GRD1/Phh-LCCH3
was confirmed by recording change in reversal potential with
decreasing concentrations of sodium and high sensitivity of the
resulting channel to changes in Na* concentration (Fig. 6D).
In A. mellifera, Am-LCCH3/Am-RDL constituted anion-selec-
tive channel, whereas Am-GRD/Am-LCCH3 was cation selec-
tive (Henry et al., 2020). The existence of aa AD at positions
-1’ and -2’ and F at position 13’ of Phh-GRD is a good indicator
for cation selectivity of the heteromeric receptor Phh-GRD/
Phh-LCH3. The same motifs were described in Dm-GRD, Vd-
GRD, and Am-GRD, and the cation selectivity of GRD/LCCH3
receptors of the three organisms was confirmed by electrophysiol-
ogy (Gisselmann et al., 2004; Ménard et al., 2018; Henry et al.,
2020). This cation selectivity filter was also described in LGICs
of other organisms, such as EXP-1 of Caenorhabditis elegans and
5HT3 and alpha 7 subunit of nACh receptor mAChRa7) of rat
(Corringer et al., 1999; Wotring et al., 2003). Interestingly, the
introduction of three aa into the TM2 segment of nAChRa7
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multiple comparisons test).

converted the cation-selective channel into an anion-selec-
tive channel gated by acetylcholine (Galzi et al., 1992).
The presence of motifs SA at positions -1’ and -2’ and T at
position 13’ (Fig. 2B) marks Phh-LCCH3 as intermediate
in terms of ion selectivity, meaning that the global anion
selectivity of the heteromeric receptor is determined by
the Phh-GRD subunit. In honey bee, Am-LCCH3/Am-RDL
constituted anion-selective channel, whereas Am-LCCH3/
Am-GRD was cation selective (Henry et al., 2020).

The Phh-GRD1/Phh-LCCH3 heteromeric receptor responded
to GABA in a concentration-dependent manner with slightly
higher sensitivity to GABA than the prototype homomeric
Phh-RDL but with almost the same GABA sensitivity as
Dm-GRD/Dm-LCCH3 and Am-GRD/Am-LCCH3 (Gisselmann
et al., 2004; Henry et al., 2020). The ECs, calculated for the re-
ceptor Vd-GRD/Vd-LCCHS3 of the mite V. destructor was much
more elevated (35 uM) (Ménard et al., 2018). Absence of cur-
rent in response to other potential ligands confirmed selectivity
of Phh-GRD1/Phh-LCCH3 toward GABA. To our knowledge,
the heteromer GRD/RDL had not been investigated in insects
up until now. In the present study, there was no important dif-
ference in response to GABA between the homomer Phh-RDL
and the heteromers Phh-GRD1/Phh-RDL and Phh-LCCHS3/
Phh-RDL, but heteromeric receptors with similar ECsy could

have distinct pharmacology. It is not possible to affirm that
Phh-GRD1/Phh-RDL and Phh-LCCH3/Phh-RDL are really re-
constituted by both subunits and not by Phh-RDL alone. Their
higher sensitivity toward ivermectin is in favor of this hypothe-
sis; however, assays like immune coprecipitation are required
to confirm the existence of heteromers. It has been shown that
the coexpression of LCCHS3 could alter the pharmacological
properties of the RDL receptor. For example, Dm-RDL was pic-
rotoxin sensitive and bicuculline insensitive, whereas Dm-
RDL/Dm-LCCH3 was picrotoxin insensitive and bicuculline
sensitive (Zhang et al., 1995). Interestingly, lower 1C5, for flur-
alaner and fipronil but higher IC5o for dieldrin were observed
in blocking GABA-activated current when two variants of C.
suppressalis RDL were coexpressed in Xenopus oocytes than
when each variant was expressed individually (Sheng et al.,
2018). This points out the fact that reconstitution of receptors
with different variants of the same subunit further complicates
the expression profile of GABA receptors in arthropods.
Concerning in situ expression, Dm-rdl and Dm-lcch3 were
not found in the same tissues of the nervous system of Dro-
sophila (Aronstein et al., 1996). These two subunits were as-
sembled and functional in Xenopus oocytes, indicating that
the functionality of GABA receptors in this heterologous ex-
pression system does not systematically imply their existence
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in vivo. In the case of Phh-grd, Phh-rdl, and Phh-lcch3, re-
sults of relative expression showed that the three subunits
were present in all developmental stages and in the different
parts of the adults (head, thorax, and abdomen). Similar re-
sults were observed in L. striatellus, C. suppressalis, and A.
mellifera, where grd, lcch3, or rdl subunits were detected
during the whole life cycle and in different parts of the in-
sects (Wei et al., 2017; Jia et al., 2019; Henry et al., 2020),
but mainly in larvae of D. melanogaster (Knipple and Soder-
lund, 2010), whereas rdl was essentially found in the head of
Musca domestica (Kita et al., 2019). The relatively similar ex-
pression pattern of Phh-grd and Phh-lcch3 during develop-
mental stages and in different parts could explain their
tendency to form heteromeric cation-selective receptors that
could play an important physiologic role in the nervous sys-
tem of human louse, one of them being their role as excit-
atory mediators during developmental stages of neuronal
wiring or under pathologic conditions (Henry et al., 2020).
Fipronil and ivermectin antagonized all receptors tested here
and killed human lice (Lamassiaude et al., 2021). Relation-
ship between receptor targeting and pediculicide activity
could be confirmed using RNA interference (RNAi) strategy
as shown for L. striatellus, in which injection of rdl double-
stranded RNA (dsRNA) reduced fipronil-induced mortality
(Wei et al., 2015).

In summary, this work allowed us to clone and charac-
terize Phh-grd and Phh-lcch3 subunits of GABA receptors
from human body louse. These results revealed that Phh-
grd, Phh-lcch3, and Phh-rdl were expressed throughout
the developmental stages and in different tissues. At the
functional level, heteromeric receptors constituted by
Phh-GRD1/Phh-LCCH3, Phh-GRD1/Phh-RDL, and Phh-
LCCHS3/Phh-RDL were able to respond to GABA in a con-
centration-dependent manner with variable sensitivities
to picrotoxin, fipronil, and ivermectin. Altogether, these
findings provide major basis for future investigations on
LGICs to understand the mechanisms of action of pedicu-
licides as well as their roles in resistance to insecticides.
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