N
N

N

HAL

open science

Transcriptome of the synganglion in the tick Ixodes
ricinus and evolution of the cys-loop ligand-gated ion

channel family in ticks

C. Rispe, Caroline Hervet, Nathalie de la Cotte, Romain Daveu, Karine

Labadie, Benjamin Noel, Jean-Marc Aury, Steeve Thany, Emiliane Taillebois,

Alison Cartereau, et al.

» To cite this version:

C. Rispe, Caroline Hervet, Nathalie de la Cotte, Romain Daveu, Karine Labadie, et al.. Transcriptome
of the synganglion in the tick Ixodes ricinus and evolution of the cys-loop ligand-gated ion channel
family in ticks. BMC Genomics, 2022, 23 (1), pp.1-20. 10.1186/s12864-022-08669-4 . hal-03707797

HAL Id: hal-03707797
https://hal.inrae.fr /hal-03707797

Submitted on 1 Jul 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License


https://hal.inrae.fr/hal-03707797
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

Rispe et al. BMC Genomics (2022) 23:463 H
https://doi.org/10.1186/512864-022-08669-4 B M C G e n O m I CS

RESEARCH Open Access

: . : ®
Transcriptome of the synganglion in the tick =
Ixodes ricinus and evolution of the cys-loop
ligand-gated ion channel family in ticks
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Clément Auger”, Elise Courtot®, Cédric Neveu® and Olivier Plantard’

Abstract

Background: Ticks represent a major health issue for humans and domesticated animals. Exploring the expres-

sion landscape of the tick's central nervous system (CNS), known as the synganglion, would be an important step in
understanding tick physiology and in managing tick-borne diseases, but studies on that topic are still relatively scarce.
Neuron-specific genes like the cys-loop ligand-gated ion channels (cys-loop LGICs, or cysLGICs) are important phar-
macological targets of acaricides. To date their sequence have not been well catalogued for ticks, and their phylogeny
has not been fully studied.

Results: We carried out the sequencing of transcriptomes of the /. ricinus synganglion, for adult ticks in different con-
ditions (unfed males, unfed females, and partially-fed females). The de novo assembly of these transcriptomes allowed
us to obtain a large collection of cys-loop LGICs sequences. A reference meta-transcriptome based on synganglion
and whole body transcriptomes was then produced, showing high completeness and allowing differential expression
analyses between synganglion and whole body. Many of the genes upregulated in the synganglion were associated
with neurotransmission and/or localized in neurons or the synaptic membrane. As the first step of a functional study
of cysLGICs, we cloned the predicted sequence of the resistance to dieldrin (RDL) subunit homolog, and functionally
reconstituted the first GABA-gated receptor of Ixodes ricinus. A phylogenetic study was performed for the nicotinic
acetylcholine receptors (nAChRs) and other cys-loop LGICs respectively, revealing tick-specific expansions of some
types of receptors (especially for Histamine-like subunits and GluCls).

Conclusions: We established a large catalogue of genes preferentially expressed in the tick CNS, including the cys-
LGICs. We discovered tick-specific gene family expansion of some types of cysLGIC receptors, and a case of intragenic
duplication, suggesting a complex pattern of gene expression among different copies or different alternative tran-
scripts of tick neuro-receptors.

Keywords: Cys-loop receptors, Tick, Synganglion, Differential expression, Duplication

Background

Like the vertebrate brain, the central nervous system
(CNS) of arthropods performs essential functions, such
as the processing of stimuli, the control of movement and
the regulation of many physiological processes. Whether
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arthropods, or compares the CNS of different arthropod
groups, important similarities but also differences are
evident, and can be related to the specific biology and
evolution of each group [1]. In ticks, a group of haema-
tophagous arthropods belonging to the Chelicerata, the
synganglion constitutes the tick’s central nervous system,
representing the fused ancestral brain and ventral nerve
chord. It consists of a highly consolidated neuronal mass
(cortex) surrounding innumerable axons and dendrites
(neuropile) [2]. As ticks are potential transmitters of
many pathogens and parasites, a better knowledge of the
function of this essential organ could help in understand-
ing interactions between ticks and tick-borne-pathogens
[3], but also provide targets for chemical acaricides [4].
Indeed, to-date, most acaricides have targeted neural
functions, but as with many insect pests, the continued
use of these molecules has generated resistance, prompt-
ing the need to find new methods or targets [5].
Knowledge of the neural biology of ticks is scarce
compared to other invertebrates [2], particularly with
respect to gene expression changes in the synganglion
during blood feeding or after mating [6]. However pro-
gress has been made, notably through the sequencing of
synganglion transcriptomes of several tick species. For
example, a study of expressed-sequence tags of the Rhi-
picephalus sanguineus synganglion has identified differ-
ent neural receptors [7]. Two companion studies of this
study reported the sequencing of synganglion transcrip-
tomes of the American dog tick, Dermacentor variabilis
[8, 9]. A synganglion transcriptome was also sequenced
and annotated for Ixodes scapularis [6]. The above stud-
ies have identified several genes associated with the neu-
ral system and nerve impulse transmission, for example
neuropeptides and proteins associated with neurotrans-
mission. The synganglion transcriptome of the cattle tick,
Rhipicephalus microplus, was investigated with a focus
on predicting genes in the G protein-coupled receptor
family [10], representing potential targets for new acari-
cides [11]. But in each of the above studies, it was impos-
sible to assess the extent to which these gene collections
were synganglion specific, as expression levels were only
measured for synganglion samples, and were not com-
pared to other tissues or the whole body. Recently, how-
ever, a study of the synganglion transcriptome in the
tick Rhipicephalus microplus described tick neuropep-
tide sequences and demonstrated that they are strongly
over-expressed in the synganglion compared to other tis-
sues [12]. Finally, the Ixodes scapularis ISE6 cell line was
shown to have neuronal characteristics, which provided a
base for investigating neuronal interactions between ticks
and pathogens [3]. In addition, Ligand-gated cys-loop ion
channels (cys-loop LGICs) are key receptors mediating
neurotransmission both in vertebrates and invertebrates.
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Ligand-gated ion channels are major pharmacological
targets of pesticides or acaricides such as macrocyclic lac-
tones, phenylpyrazoles and neonicotinoids [5]. Yet, their
knowledge for ticks is partial in several aspects, includ-
ing sequence reconstruction and annotation, phylogeny,
or function, even though complete genomes of ticks have
been sequenced for Ixodes scapularis [4] (32 sequences
of cysLGICs were found in this study) or five other tick
species [13] (no specific annotation of cysLGICs reported
in this study). The cys-loop LGICs form a superfamily of
subunits that share a similar membrane topology. Indeed,
they comprise one large amino terminal ligand-binding
domain and four transmembrane domains, the second of
these domains determining the ionic pore. The ionic pore
consists of a multimeric assembly of five subunits, which
can be identical or different. Subgroups within LGICs are
determined by the activating neurotransmitter molecules
- acetylcholine, y-Aminobutyric acid (GABA), glycine,
glutamate, or histamine - able to bind and trigger the
opening of the channel gate. In Chelicerata, a first exten-
sive reconstruction and in-depth study of the cys-loop
LGICs was carried out for the two-spotted spider mite
Tetranychus urticae (Acari: Acariformes), a phytopha-
gous parasite, on the basis of its genome sequence [14].
On the basis of its transcriptomes, a similar reconstruc-
tion and phylogenetic study was carried out for the spider
Cupiennius salei [15]. Similar analysis is lacking for ticks,
despite the important implications of this knowledge for
a better understanding of tick neurobiology and for pro-
viding potential targets for their control. The tick Ixodes
ricinus is a widespread species in Europe, where it rep-
resents an increasing human health concern, being the
main potential transmitter of the Lyme disease agent and
of other microbes or parasites [16]. No transcriptome of
the synganglion has been sequenced and no annotation
of the cys-loop LGICs has been yet performed for this
species, to our knowledge.

To study the interactions between ion channels and
pesticides, i.e. between the nicotinic receptors of ace-
tylcholine (nAChRs) and neonicotinoids, and between
GABA receptors and other molecules, and to evaluate
possible adverse effects on non-target species, systems
of ex-vivo expression constitute an approach of choice.
However the heterologous expression of some ion chan-
nels such as cholinergic receptors remains challenging.
This has been succesful in some arthropods using the
alpha subunits of the target species combined with ver-
tebrate beta subunits (making hybrid receptors), whereas
a first non-hybrid arthropod receptor using alpha and
beta units from the target species, was obtained for the
salmon louse Lepeophtheirus salmonis [17]. For arach-
nids, the first functional characterization of an alpha-type
receptor was done for the brown dog tick Rhipicephalus
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sanguineus, but in vitro expression patterns were unre-
liable [18]. In the tick I ricinus, the microtransplatation
of synganglion membranes in oocytes of Xenopus levis
allowed to express nicotinic acetylcholine receptors and
to evaluate their sensitivity to insecticides [19], but inso-
far no cloning of alpha-type receptor has been reported
for ticks. A GABA receptor was first identified in Dros-
ophila melanogaster, the Rdl gene [20], whereas Rdl
homologs were cloned in the ticks Dermacentor variabi-
lis [21] and Rhipicephalus microplus [22] respectively.

In the present study, our principal aims were i) to char-
acterize genes that are specifically expressed (or up-regu-
lated) in the synganglion of the tick Ixodes ricinus and ii)
to carefully reconstruct the sequences of the Ixodes rici-
nus cys-loop LGICs, and to study their phylogeny includ-
ing homologs in Arachnida and other arthropods.

Results

Detection of potential contaminants in the synganglion
libraries

A high percentage of the reads were successfully
assigned by Kraken 2 (~65% in the eight synganglion
libraries, Table S1). The large majority of assignations
were to hard ticks (Ixodidae). A probable contami-
nation of a library (AA library, unfed ticks) by filarial
nematods was noted, with 0.26% of the reads assigned
to Filaroidea. A more detailed analysis of the contigs
(searching homologs to the col gene) suggest that the
species was Cercopithifilaria rugosicauda, a nema-
tode of the roe deer (Capreolus capreolus) transmitted
in Europe by Ixodes ricinus [23]. It is unclear if some
nematodes might have been present inside the dis-
sected synganglia, or if nematode tissues present in
other parts of the tick body contaminated our samples
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during dissection. We also note a potential contamina-
tion by Apicomplexa transmitted by ticks (Babesia sp.).
For Bacteria, there were very low levels of contamina-
tion assigned to Spirochaetes (a group which includes
Lyme disease agent, Borrelliela sp.) and to Rickettsiales,
a group including both pathogens transmited by ticks
(e.g. Anaplasma sp.) and a potential symbiont of Ixodes
ricinus, Candidatus Midichloria mitochondrii [24].
Finally, one library contained viruses associated with
ticks: this was analysed in a previous study where we
obtained a complete genome of an iflavirus [25].

Transcriptome assembly and reference transcriptome
After sequencing a total of 69.7 Gb, the reads of librar-
ies corresponding to synganglions of ticks in “fed” and
“unfed” conditions were assembled separately. Both
assemblies were combined with two more assem-
blies recently obtained for whole ticks transcriptomes,
to obtain a reference meta-transcriptome. Detailed
assembly statistics for the meta-transcriptome and for
its four components are given in Table 1. Numbers of
contigs were>600K for the synganglion assemblies.
The percentage of predicted complete BUSCO genes
were relatively even among these four assemblies, rang-
ing between 90.9 and 92.4%. The meta-transcriptome
contained 70,125 contigs, a sharp decrease compared to
the synganglion transcriptomes, which is explained by
the filtering steps of Drap and the selection of contigs
with a minimum read support, here 1 fpkm (Fragments
Per Kilobase Million). The BUSCO completeness of the
reference transcriptome (96.6%) was higher than any
of the component assemblies, and the number of frag-
mented genes was very low (only 8).

Table 1 Statistics on transcriptome assemblies for /. ricinus, including two previously published datasets (transcriptomes of tick whole
bodies), two transcriptome assemblies obtained for the tick synganglion (this study), and the reference meta-transcriptome obtained
with Drap. Assembly short name (TSA accession for whole body transcriptomes), Tissue, stages, Read type (length and strandedness),
Total sequenced bases, Number of contigs, N50 metric of each assembly, Maximum contig size, Busco completeness metrics, using the
Arachnida odb10 data set (S, single and complete, D, duplicated and complete, F, fragmented, M, missing, %C, percentage of complete

genes)
. bases . max Busco completeness (Arachnida, odb10)
Assembly Tissue Stages/Conditions reads type (Gb) #contigs  N50 size s D F M %C
males, nymphs (fed or oriented
GFvz Whole Body unfed), adult females 2%125 b’ 20.10 179316 875 20233 2213 473 54 194 91.5
(fed or unfed) P
eggs, larvae, nymphs
GIDG Whole Body (14 of unfed) E(’f’;‘é o ”oggﬁgfd' 2152 55046 1979 24178 1852 816 38 228 909
unfed)
SYN-NG Synganglion [1a1e® and adul g)’(‘?géegp 37.08 695033 523 21882 1518 1195 56 165 924
SYN-FSG Synganglion adult females, fed g;j’g(‘)egp 3250 602593 466 33016 1484 1203 58 189 916
meta-
transcriptome - - - 111.29 70125 1915 24178 2314 519 8 93 96.6

1fpkm




Rispe et al. BMC Genomics (2022) 23:463

Clustering of libraries based on read counts

We observed a strong clustering of libraries that corre-
sponded to the same combination of tissue and feeding
status, suggesting that other factors (stage, sex) influ-
enced comparatively less the levels of expression (MDS
plot, Fig. 1). Indeed, the first axis of variation (axis
1, weight of 34%) clearly separated synganglion and
whole body samples, whereas the second factor (axis
2, weight of 17%) separated the unfed and the partially
fed conditions, respectively. Of note, expression levels
were much less influenced by the feeding status in syn-
ganglion libraries, compared to whole body libraries.
Positions of the “fed-synganglion” libraries in the MDS
plot also indicate that these samples were less differen-
tiated from whole-body libraries than the “unfed-syn-
ganglion” libraries (see Discussion). Given our focus
on specific patterns of expression of the synganglion,
we decided to make a differential expression analysis
in two steps: first, we compared all synganglion librar-
ies on one side versus all whole body libraries on the
other side. Second, for the synganglion libraries only,
we made a comparison betwen the “fed” and “unfed”
samples, to evaluate the effect of the feeding status on
expression levels in this tissue.
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Differential expression analysis, comparison synganglion
vs whole body

A total of 8483 genes were up-regulated in the syngan-
glion (Syn+ genes) while 5040 genes were down-regu-
lated (Syn- genes), the remaining 22,592 genes showing
no significant difference between the synganglion and
whole body samples. Therefore ~37% of genes were
found to be differently expressed among tissues. Many
GO term associated with up-regulated genes for the
Biogical Process (BP) and Molecular Function (MF)
categories were consistent with neuronal functions
(Table 2). This is the case of the terms GO:0098632
(cell-cell adhesion mediator activity), GO:1904315
(transmitter-gated ion channel activity involved in reg-
ulation of postsynaptic membrane potential, a GO term
associated with cys-loop LGICs). As for the localiza-
tion of expression (Cellular component, CC), many of
the enriched terms were consistent with post-synaptic
membranes or neurons. We also note the importance
of terms associated with a large family of membrane-
associated proteins, the G protein-coupled receptors. A
mean-difference plot (MD plot) also allowed to visual-
ize genes with a significantly change of expression level
in both tissues (Fig. 2). Among genes with the highest
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Table 2 Top 20 enriched Gene Ontology terms among genes significantly up-regulated in the synganglion, compared to the whole
body. Columns, GO IDs and terms for Molecular Function, Biological Process and Cellular localization; Annotated: number of transcripts
with each GO; Significant: number of genes annotated with this term in the enriched category. Expected: expected number of genes.
WeightO1: level of significance of the enrichment

GO.ID Term Annotated Significant Expected weight01

Molecular Function

GO0:0005515  protein binding 6664 1677 12634  3.5e-19

G0:0098632  cell-cell adhesion mediator activity 49 37 9.3 1.3e-17

GO0:0005509  calcium ion binding 569 177 1079 12e-12
transmitter-gated ion channel activity involved in regulation

G0:1904315  of postsynaptic membrane potential 56 38 106 5.2e-11

GO0:0043565 sequence-specific DNAbinding 830 252 1574  2.3e-10
DNA-binding transcription activator activity, RNA polymerase

G0:0001228  ll-specific 167 66 317 4.8e-10
DNA-binding transcription repressor activity, RNA

G0:0001227  polymerase ll-specific 127 53 241 2.5e-09

GO0:0004930 G protein-coupled receptor activity 212 115 402 1.1e-08

G0:0008528 G protein-coupled peptide receptor activity 71 46 135 1.6e-07

GO0:0005544  calcium-dependent phospholipid binding 34 20 6.5 3.0e-07
DNA-binding transcription factor activity, RNA polymerase II-

GO0:0000981  specific 486 180 921 5.3e-07

G0:0004971 AMPAglutamate receptor activity 11 10 21 5.4e-07

GO0:0005244  voltage-gated ion channel activity 110 61 209 5.4e-07

G0:0004984  olfactory receptor activity 15 12 28 5.4e-07

GO0:0015277  kainate selective glutamate receptor activity 20 14 38 9.2e-07

GO0:0008188  neuropeptide receptor activity 35 26 6.6 1.3e-06

G0:0030552  cAMP binding 18 13 34 1.3e-06

GO0:0004383 guanylate cyclase activity 26 16 49 2.0e-06
RNA polymerase Il proximal promoter sequence-specific

GO0:0000978 DNAbinding 257 82 48.7 2.1e-06

GO0:0005096  GTPase activator activity 246 77 46.6 2.1e-06

Biological Process
homophilic cell adhesion via plasma membrane adhesion

GO:0007156  molecules 136 77 2648 2.80E-22
GO0:0007186 G protein-coupled receptor signaling pathway 442 215 86.06 6.10E-20
GO0:0007268 chemical synaptic transmission 612 286 11916 1.40E-17
GO0:0045944  positive regulation of transcription by RNA polymerase II 771 239 150.12 1.80E-17
GO0:0007411  axon guidance 385 167 7496 7.50E-17
GO:0007165  signal transduction 3588 1106 698.62 2.10E-16
G0:0007218  neuropeptide signaling pathway 47 34 915  5.70E-15
G0:0070593  dendrite self-avoidance 75 43 146  4.40E-13
GO0:0034765  regulation of ion ransmembrane transport 228 105 4439 B8.00E-13
GO0:0007155  cell adhesion 816 300 158.88 7.80E-12
G0:0042391  regulation of membrane potential 260 107 5062 B8.30E-12
GO0:0050877  nervous system process 782 290 152.26 2.30E-10
GO0:0000122  negative regulation of transcription by RNA polymerase Il 563 164 109.62 1.10E-08
GO0:0035556  intracellular signal transduction 1969 602 383.38 1.40E-08
GO0:0048149  behavioral response to ethanol 47 26 915 5.20E-08
GO0:0043113  receptor clustering 60 30 1168 6.00E-08
G0:0045892  negative regulation of transcription, DNA-templated 867 255 168.81 7.50E-08
GO:0008045  motor neuron axon guidance 90 39 1752 1.90E-07
GO:0007612  learning 131 57 2551  2.40E-07
GO0:0110111  negative regulation of animal organ morphogenesis 27 17 5.26 3.50E-07

Cellular Component

GO0:0005886  plasma membrane 3677 1195 73453 <1e-30
G0:0030054  cell junction 1061 387 21195 <1e-30
GO0:0045211  postsynaptic membrane 281 154 56.13 6.00E-24
G0:0005887  integral component of plasma membrane 935 368 186.78 1.00E-23
G0:0030425  dendrite 515 207 102.88 4.40E-16
GO0:0043005 neuron projection 1224 489 24451 5.20E-15
GO0:0030424  axon 686 283 137.04 5.30E-15
G0:0098839  postsynaptic density membrane 57 38 1139 B.60E-15
GO0:0014069  postsynaptic density 279 129 5573 2.10E-12
GO0:0098978  glutamatergic synapse 206 87 4115 2.20E-12
G0:0043204  perikaryon 138 62 2757 2.50E-11
GO0:0042734  presynaptic membrane 121 61 2417 4.10E-10
GO0:0031594  neuromuscular junction 120 57 2397 4.90E-10
GO:0008076  voltage-gated potassium channel complex 27 20 539  2.00E-09
G0:0043025 neuronal cell body 483 183 96.49  3.50E-09
GO0:0016021  integral component of membrane 4100 1093 819.03 3.80E-09
G0:0043195  terminal bouton 99 52 1978 4.20E-08
G0:0005604  basement membrane 90 40 1798 1.20E-07
GO0:0099056  integral component of presynaptic membrane 37 22 7.39  1.60E-07

G0:0043194  axon initial segment 16 13 3.2 2.40E-07
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Fig.2 MD plot allowing to visualize expression differences between synganglion and whole body, for all genes. On the y-axis, log-fold change

(FC) between the expression level in the synganglion and in the whole body, measured in counts per million (cpm). On the x-axis: log count per
million of reads averaged across all libraries, indicating overall level of expression Dots in red correspond to genes that are significantly up-regulated
in the synganglion (logfold change >2 and P-adjusted value <0.05); dots in blue correspond to genes that are significantly down-regulated in

the synganglion (logfold change <2 and P-adjusted value <0.05); dots in gray are genes with an expression level not signicantly different among
tissues. Three outliers with among the highest values of logfold-change are distinguished (blastx description betwen parentheses): 1 (Putative
apoptosis-promoting rna-binding protein tia-1/tiar rrm superfamily), 2 (Putative beta-amyloid-like protein), 3 (Microtubule-associated protein tau), 4

over-expression in the synganglion, we note the cases of
three genes of interest (Putative apoptosis-promoting
rna-binding protein tia-1/tiar rrm superfamily, Puta-
tive beta-amyloid-like protein, Microtubule-associated
protein tau). Most of the cys-loop LGICs were charac-
terized by a strong over-expression in the synganglion
(Fig. 3): this included the GABA-1 (Rdl) receptor, and
the eight nAChRs. We note that three of the nAChRs
(betal, alphal and alpha2) had very high and roughly
equal levels of expression in the synganglion, suggest-
ing a possible co-expression and that these three genes

could form heteromeric receptors. By contrast, the
levels of expression of some of the histamine recep-
tors were not significantly different between the syn-
ganglion and whole body samples respectively, as was
the case of Igl, the homolog of CG7589, CG6927, and
CG11340 (forming the clade Insect group 1, in the
house-fly).

For the MF category, GO terms enriched in genes
down-regulated in the synganglion (# =5040) included
several linked terms (associated to the same genes): the
first three categories (Iron ion biding, heme binding,

(See figure on next page.)

Fig. 3 Comparison of expression counts for synganglion and whole body, for the cys-loop LCICs. Expression was measured in counts per million
reads (cpm) with RSEM. Expression counts were averaged for all synganglion libraries (y-axis) and for all whole body libraries (x-axis). Colors of dots
indicate if genes were found to be significantly up-regulated in the synganglion (red), down-regulated in the synganglion (blue) or with no sig.
Difference (grey). The dotted-line corresponds to y =x. For both axes, a logarithmic scale was used. Corresponding accessions are listed in Table S6
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GO.ID

Term

Annotated Significant Expected weight01

Molecular Function

G0:0005515  protein binding
GO0:0098632  cell-cell adhesion mediator activity
GO0:0005509  calcium ion binding
transmitter-gated ion channel activity involved in regulation
G0:1904315  of postsynaptic membrane potential
GO:0043565  sequence-specific DNAbinding
DNA-binding transcription activator activity, RNA polymerase
G0:0001228  ll-specific
DNA-binding transcription repressor activity, RNA
G0:0001227  polymerase ll-specific
GO0:0004930 G protein-coupled receptor activity
GO0:0008528 G protein-coupled peptide receptor activity
GO0:0005544  calcium-dependent phospholipid binding
DNA-binding transcription factor activity, RNA polymerase II-
GO0:0000981  specific
GO0:0004971  AMPA glutamate receptor activity
GO0:0005244  voltage-gated ion channel activity
G0:0004984  olfactory receptor activity
G0:0015277  kainate selective glutamate receptor activity
GO:0008188 neuropeptide receptor activity
G0:0030552  cAMP binding
G0:0004383  guanylate cyclase activity
RNA polymerase Il proximal promoter sequence-specific
GO:0000978  DNAbinding
GO:0005096  GTPase activator activity
Biological Process
homophilic cell adhesion via plasma membrane adhesion
GO:0007156  molecules
GO0:0007186 G protein-coupled receptor signaling pathway
GO:0007268  chemical synaptic transmission
GO0:0045944  positive regulation of transcription by RNA polymerase Il
G0:0007411  axon guidance
GO:0007165  signal transduction
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aromatase activity) were indeed often found for genes
belonging to the cytochrome P450 family (Table S2).

Comparison fed vs unfed ticks

A total of 2243 genes were up-regulated in the fed con-
dition (Fed+ genes), whereas 2305 genes were down-
regulated (Fed- genes) - for the remaining 35,667
genes, the expressions levels did not differ significantly
between the fed and unfed samples. This amounted
to ~11% of genes differently expressed among feed-
ing conditions. The functional profiles of Fed+ genes
showed notably an enrichment in genes associated
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with the metabolism of chitin and with the cuticle
(Table S3), whereas Fed- genes were enriched in a vari-
ety of GO terms (Table S4), several of them being also
enriched in the Syn+ category defined in the Syngan-
glion vs Whole body comparison (e.g. terms associ-
ated with the synapse and with the plasma membrane).
Among Syn+ genes, 1362 were Fed- whereas only 79
were Fed+.

Phylogeny of AChRs from ticks and other Arachnida
The ML phylogenetic study of tick nAChRs, including
outgroups from other Arachnida and from an insect,

-
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D. melanogaster, allowed us to define eight clades with
strong bootstrap support (Fig. 4). Because genes of this
family have been named and numbered independently
in each species, and due to duplication or gene loss in
different branches, a consistent naming system valid for
all species is impossible, so we numbered clades based
on orthogroups in Arachnida. Four clades named al-4
were related to four genes in D. melanogaster (Dmelal,
Dmela2, Dmela3 and Dmelf32), but there was no one-to-
one orthology between the genes from Arachnida and
from D. melanogaster respectively. For example the al
and a2 clade were co-orthologous to Dmelal whereas
the a3 clade of Arachnida was orthologous to the pair
of co-orthologs Dmela2 and Dmela3. The a6 and
B1 clades were orthologous to D. melanogaster co-
orthologs Dmela5-6-7 and Dmelf1l, respectively. A
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second beta-type clade of Arachnida genes, named (2,
was present both in ticks and other Arachnida but had
no homologs in the genome of the house-fly nor in other
insect genomes. This was also the case of a clade of
alpha-type copies, that we named o5. Last, we identified
a group of divergent nAChR genes (characterized by very
long branches) comprising both the sequence Dmelf3
and sequences found in the spider Parasteatoda tepidari-
orum, but apparently without orthologs in ticks.

Phylogeny of the non-AChR cysloop-LGICs

The numbers of different cysLGICs in I ricinus and
other representative arthropods are summarised in
Table 3: the total was 21 in the house-fly, while 54 genes
were found in the house spider (P, tepidariorum) and 46
in I ricinus. Based on our phylogenetic tree supported

Table 3 Numbers of cys-loop LGICs in D. melanogaster and in three Chelicerata, the house spider P tepidariorum, the mite spider T.

urticae and the tick /. ricinus

D. melanogaster P tepidariorum

Nicotinic Acetylcholine
reagptors (NACHRs)

alphal-2-3-4 group
betal group
alphab group
beta2 group
acr26-like group
Divergent nAChRs

- OO0 W-=>A

GABA-gated ion channels

Rdl

Grd
Lcch3
CG8916
Other

O = = a

Other Cysloop LGICs

Histamine-gated
Group 12344
Glutamate-gated
pHC

Insect group1
Glycine group

O W= = a N

Total cysloop LGICs

1. urticae l.rignus
9 3 4
2 1 1
4 3 1
2 0 1
1 1 1
5 2 0
1 3 1
1 0 1
2 0 1
1 0 1
2 0 1
10 4 18
0 4 0
5 6 6
3 1 1
2 0 1
4 1 5
54 29 44
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by high bootstrap values, we could define eight major eral Arachnida groups, but not in D. melanogaster,
clades of non-AChR cysloop-LGICs in Arachnida, GABA-4, corresponding to homologs of the CG8916
comprising ticks and predatory mites (Parasitiformes, gene in D. melanogaster, and GABA-5, representing
e.g. Galendromus occidentalis), plant-feeding mites “GABA and glycine-like receptor” (grd) homologs.
(Acariformes, e.g. Tetranychus urticae) and spiders Of note, Rdl in I ricinus was characterized by three
(Fig. 5): alternative isoforms: their sequences were identi-
cal except in a stretch of 154 amino acids, which did

i) GABA-group: five different sub-groups were found, align well but showed several substitutions, suggest-
including GABA-1, corresponding to the “Resistant ing the presence of alternative exons. We analysed

to dieldrin” (Rdl) homologs, GABA-2, correspond- the genomic data of I scapularis and identified a trip-

ing to “ligand-gated chloride ion channel homolog lication of an exon, which explains the presence of

3” (lcch3), GABA-3 which was represented in sev- these alternative transcripts (Fig. S1).
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ii) pH-sensitive chloride channels (pHCIl): a single
homolog was identified for I ricinus, compared to
three in P, tepidariorum.

iii) “insect group 1”: this clade comprised three copies in
D. melanogaster, with one homolog in I ricinus and
two in P, tepidariorum.

iv) Glutamate gated chloride channels: within this
group, we could distinguish one “conserved” sub-
clade - one homolog in I ricinus (Glul) but multiple
copies in P, tepidariorum (2) or T urticae (5) - and
one “divergent” subclade represented in L ricinus (5
copies) and P, tepidariorum (3 copies).

v) Glycine receptors were represented by multiple cop-
ies in several groups of Arachnida, with 5 copies in 1.
ricinus.

vi) Histamine-gated chloride-channels (HisCl): three
copies in I ricinus (His1, His2 and His3) were found
to be homologous of the genes HisCl1 and HisClI2 in
D. melanogaster.

vii)  other clades: we found three more clades repre-
sented only in Arachnida, or only in ticks, all charac-
terized by long branches, i.e. by divergent sequences.
This was the case of a clade with one copy in L rici-
nus (His 12): this clade grouped robustly with the
Histamine clade, so we named it “Divergent hista-
mine 1”7 A second clade, related to these genes, but
with lower bootstrap support (<80) comprised genes
in I ricinus (His16—17-18), and also three genes in P
tepidariorum: we named it “Divergent histamine 2"
The third clade, characterized by particularly diver-
gent sequences, comprised as many as 14 copies in
L ricinus (named His4 to His15) for which we found
no homolog in other Arachnida. In our phylogeny,
this group branched with the gene CG12344 from D.
melanogaster, but with low bootstrap support. Based
on the genomic organization in I scapularis (Fig.
S2) we found that eight of these copies (His4-His11)
formed a cluster of tandem copies immediately adja-
cent to genes of the conserved HisCl clade (1. scapu-
laris sequences homologous to Hisl, His 2 and His3).
This very close physical proximity suggest that all
of these copies probably emerged through tandem
duplication, and that the digergent clade (His4 to His
11 and His 13 to His15) and His-gated subunits have
a common ancestor. We then named it “Divergent
histamine 3"

Evolution of cysLGICs in ticks

For a finer-scale study of each sub-group of the cys-
LGICs, we also made phylogenies including homologs
from other tick species (Fig. S3). For GABA, «Insect
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group 1», and phCl, we found a pattern of one-to-one
homology between ticks and other organisms, with no
genic expansion in ticks. For GABA-1 (Rdl), however,
some of the tick species are represented by two different
sequences, but we found for both I ricinus and I scap-
ularis that they correspond to alternative transcripts
(Fig. S1). Two sequences were also present for respec-
tively the ticks Dermatocentor silvarum and Rhipiceph-
alus microplus, differing at the same characteristic sites
(for example the Ala®"! to Ser mutation at the second
position of the M2 segment of RDL). We also note that
Galendromus occidentalis (Acari: Parasitiformes), an
outgroup of ticks, also retain the same polymorphism
among three copies of GABA-1. For GluCls, Glycine
and Histamine receptors, we found genic expansions in
all tick species compared to other organisms. This was
particularly the case in the His group, with multiple
duplications in the different tick species, whereas long
branches in the expanded sub-clades indicate an accel-
erated evolution of these sequences.

Functional expression of Rdl in Xenopus laevis oocytes
A full-length cDNA was obtained by RT-PCR, using the
primers designed using the Rd! contig. The correspond-
ing cRNA was then micro-injected into Xenopus laevis
oocytes in order to monitor the potential functionnal
expression of the RDL receptor. When challenged with
100 uM GABA,

the micro-injected Xenopus oocytes responded with
robust currents in the pA range (Fig. S4A), providing
functional evidence of the expression of RDL. To fur-
ther characterize this effect, the GABA concentra-
tion-response relationship was obtained by applying
increasing concentrations of GABA (range 1-300 uM).
The GABA concentration-response curve revealed
an ECy, value of 19.95uM (log EC;, =—4.7+0.035,
n =18), with current amplitudes normalized to the
maximal response obtained to 300uM GABA (Fig.
S4B).

Discussion

A meta-transcriptome of high completeness, enriched

by synganglion transcriptome sequencing

Our work is based on the high throughput sequencing
of a synganglion transcriptome, a first for the tick Ixodes
ricinus, but also on the combination of these data with
two previous assemblies of tick whole body transcrip-
tomes. This allowed us to obtain a meta-transcriptome
of very high completeness (>96% BUSCO completeness),
an essential step for comparing expression levels in the
synganglion and in the whole body. This approach elimi-
nated a large part of the noise associated with de novo



Rispe et al. BMC Genomics (2022) 23:463

RNA-Seq assemblies (our two assembled synganglion
transcriptomes each had >600K contigs), as we obtained
a compact reference assembly with ~70K contigs only.
This reduction, due to the filtering of contigs with very
low read support, could be associated with a loss of infor-
mation, but high completeness metrics of the meta-tran-
scriptome indicate that this risk was reduced. Overall, it
appears that our newly acquired transcriptomic data for
the synganglion has greatly improved the level of com-
pleteness of the meta-transcriptome, thanks to the inclu-
sion of many transcripts that are highly specific to the
synganglion.

High expression specificity and neuronal signature

of the synganglion

The DE study comparing synganglion and whole body
samples showed a strong association between genes up-
regulated in the synganglion and neuronal/neurotrans-
mission functions. A potential bias, especially given
that we used ticks sampled from the wild, could be the
presence of pathogens or parasites which might interact
with the synganglion and alter expression patterns [3].
As patterns of contamination might have been unequal
among libraries, this could have biased our comparisons.
However, the strong clustering of libraries by tissue and
condition suggests that this factor has not played a major
role in expression patterns. A second possible limita-
tion of our approach is that the tissues we dissected and
determined to be the synganglion could have been con-
taminated by adjacent tissues or cells, for example due to
the particular organisation of this tissue which is crossed
by the oesophagus and surrounded by the fat body.
Although it is difficult to rule out this possibility entirely,
the high specificity and distinct functional profile of the
synganglion libraries indicate that contamination must
have been limited. Enriched categories in the syngan-
glion include neuropeptides, ion channels, etc., many of
which were either completely absent or represented by
partial sequences in transcriptomes obtained from the
whole body or other tissues. A large majority of cysloop-
LGICs were also upregulated in the synganglion, which is
expected for these ion channels known to be expressed in
neurons, which are particularly concentrated in the CNS.
This overexpression concerns even divergent sequences
of the cysLGICs (in the GluCls, or His-gated groups
expanded clades), suggesting that these subunits are
active mainly in the tick CNS. For the His-gated group,
however, we note the exception of Hisl2 (“divergent
Histamine-1” clade) which was downregulated in the
synganglion. A few of the cysLGIC genes were not differ-
entially expressed (Synganglion vs Whole body compari-
son), including the homolog of ‘Insect group 1’ (a group
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comprising CG7589, CG6927, and CG11340 in D. mela-
nogaster). This is consistent with a study that showed that
IG1 is non-neuronal in this species [27].

Although our study focused primarily on one class of
ion channels, the cys-loop LGICs, our assemblies (the
synganglion assemblies as the meta-transcriptome) pro-
vide rich material for gene discovery in many functional
groups associated with neurotransmission or neuronal
functions in general. For example, we found that several
of the genes with the highest log-fold variation in expres-
sion in the synganglion have vertebrates homologues
which have been extensively studied for their association
with Alzheimer’s Disease: this is the case for the APP-
like peptide (APPL) and of tau protein [28], as well as a
homolog of TIA-1, a gene associated with the develop-
ment of tau protein [29]. Interestingly, a putative tau
homolog was also identified in the synganglion transcrip-
tome of another tick species, Dermacentor variabilis,
where it has been reported to be strongly up-regulated
upon initiation of blood feeding (unfed versus partially-
fed ticks) [8].

In addition to this, in our study, a contig identified as
Cathepsin B was among the most strongly downregu-
lated genes in the synganglion. Cathepsin B has been
shown to have complex interactions with Alzheimer’s
Disease and to be involved in the degradation or produc-
tion of Abeta, as reviewed in [30]. In D. melanogaster,
APPL has been shown to be restricted to the nervous sys-
tem, and the authors hypothesized that a neural-specific
function encoded by the APP gene has been selectively
maintained along evolution [31]. In the tick synganglion,
the strong up-regulation (tau, APP, TIA1) or down-regu-
lation (CathB) illustrates the interest of arthropod mod-
els to study the expression profiles of these genes, their
interactions and their evolution.

Profiles of downregulated genes in the synganglion

For a complete understanding of tick neurobiology, it
is also interesting to assess which genes are downregu-
lated in the synganglion. Genes in this category showed
enrichment in terms associated with iron binding, heme
binding, and aromatase activity, in particular. In a previ-
ous study [26] where we investigated expression in the
whole body of the tick, comparing fed and unfed con-
ditions, genes downregulated during feeding (i.e. sig-
nificantly more expressed in the whole body of unfed
ticks than of fed ticks) were particularly enriched in the
same first three terms. We found that these terms were
co-occurring in the same genes, most of which of the
cytochrome P450 (cytP450) family. This suggests that one
group of cytP450 tends to be particularly expressed in
the whole body of unfed ticks, but is expressed at a much
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lower level both in the whole body of partially fed ticks
and in the synganglion of ticks of all conditions.

Differentiation between the “fed” and “unfed” state

Our design allowed to compare the expression levels
in the synganglion of respectively unfed ticks (males or
females) and partially fed female ticks. The transcrip-
tomes of these two conditions were comparatively less
differentiated than the synganglion and whole body
samples (11 and 36% of DE genes in the two compari-
sons, respectively). Although the lower percentage of
DE genes could be in part explained by a question of
statistical power (only eight samples were used in this
comparison, three for fed ticks and five for unfed ticks),
the study of all samples still indicates a lower influence
of the feeding status than of the tissue (synganglion or
whole body). Up-regulated genes upon feeding (fed+
genes) were enriched in chitin-associated proteins, a
result that appears surprising given the absence of cuti-
cle in this tissue. In a previous study of expression in the
whole-body [26], cuticle associated proteins were also
the most up-regulated genes upon feeding, suggesting
that an increased expression of cuticle-related products
upon feeding is pattern shared between different tissues,
including the synganglion. To determine the intersec-
tion of changes upon feeding (in the synganglion) and of
genes of expression among tissues (synganglion vs whole
body), we counted the genes that were both differentially
expressed in the fed vs unfed comparison and up-regu-
lated in the synganglion: with this filtering, up-regulated
genes in the fed condition were down to 79 (from 2243)
whereas down-regulated genes were down to 1362 (from
2305). This suggests that extremely few genes up-reg-
ulated in the synganglion were Fed+, and then that the
‘cuticle’ signature of Fed+ genes is not specific to the syn-
ganglion, but is a global pattern in the tick body. By con-
trast, a relatively large fraction of genes were at the same
time Syn+and down-regulated in the synganglion upon
feeding. Consistently, Fed- genes had functional profiles
relatively similar to Syn+ genes (which can be seen com-
paring Table 2 and Supplementary Table 4). Overall, this
indicates that the expression profile of the synganglion
of unfed ticks has a more distinct profile (compared to
the whole body) than the synganglion of feeding ticks.
We observed this precise pattern for most of the cys-
loop LGIC gene (most of them being Syn+), since their
expression levels were often comparatively lower in the
fed samples than in the unfed samples, as was the case
of GABA-1 (Rdl), Glu-6, PhCl for example. We propose
that the synganglion overall activity could be lowered
when ticks are fixed on a host and start to feed, due to
the down-regulation of several functions associated with
mobility or sensorial activities related to host-search,
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for example. This can be compared to another study of
the synganglion of unfed, part-fed and replete ticks [8]:
in this study, expressions profiles of the latter two stages
were relatively similar, whereas the unfed state had the
most dissimilar profile, and the “replete” stage showed a
decline in expression and specificity of expression, which
was linked to a possible shift from active stages of the
tick life-cycle (host search, feeding, mating) to late stages
(oviposition, senescence and death). Whereas our design
allowed to compare only two time-points (respectively
unfed and partially-fed ticks), previous RNA-Seq based
studies point to a more complex picture where expres-
sion patterns change sequentially along the blood-meal
[32, 33]. For unfed ticks, we also expect that the time
since the last meal (i.e., the age of ticks) could also be
an important factor. Future studies, where these factors
would be controlled (age of unfed ticks, different phases
of the blood-meal, presence/absence of pathogens) will
be necessary to more fully apprehend metabolic changes
in the tick CNS in the life-cycle of these organisms.

Completeness of cys-loop LGICs

Our synganglion transcriptomes allowed us, thanks
to a careful manual curation, to obtain a remarkably
large and complete collection of cys-loop LGICs com-
pared to previous studies, even when based on com-
plete genome sequences: for example, a compilation of
cys-LGICs in the I scapularis genome [4] reported a
total of 32 genes, less than the 44 found in our study.
In the recent study of five tick complete genomes [13],
no specific compilation of cys-LGICs was reported,
but our phylogenetic studies and the alignments we
obtained indicate that for all these species, the cys-
LGIC record is less complete than in our study, with
several genes entirely missing or having only partial
sequences. This difference may be explained by diffi-
culties associated with assembling and annotating the
complex genomes of ticks, which could be particularly
an issue for genes with a neuronal pattern of expres-
sion, which tend to have an increased gene size both
in vertebrates and invertebrates [34]. Our analysis of
gene models and gene sizes in the genome of I scap-
ularis indeed indicates that some of cys-loop LGICs
have very long gene sizes (e.g. the RDL gene spans
>247 Kb). Such long genes may represent a difficulty
for prediction tools, or may span different contigs or
scaffolds, resulting in incorrect or incomplete gene
models. We hypothesize that this factor could explain
the fact that sequences of the cysloop LGIC predicted
from tick genomes are relatively incomplete, compared
to our transcriptome based sequences. Overall, this
illustrates the high value of high quality transcriptome
data for the tick CNS.
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Tick-specific patterns of duplications for cysLGICs

The inclusion of other tick species in phylogenetic analy-
ses of the different sub-groups allowed us to precise pat-
terns of gene duplication within teh group of ticks. We
found that ticks have a repertoire comparable to other
arthropods for nAChRs and for GABA receptors, but
show gene-family expansions in other categories of
receptors (GluCls, Gly, and even more strikingly in the
His family). In I scapularis (based on its genome) and
L ricinus (based on its transcriptome) we found that an
internal duplication (triplication of an exon) in the gene
GABA-1 (RDL) allows the production of three alterna-
tive transcripts, either with or without a mutation con-
fering resistance to cyclodienes. Interestingly, we found
that several tick species from other genera and and also
an outgroup species (G. occidentalis, Acari: Parasiti-
formes) possess the same polymorphism, which was also
observed in Varroa destructor [35] and in insects (e.g. in
D. melanogaster [36]). This polymorphism is therefore
probably ancient in ticks, and cannot have occurred as
the result of selective pressure caused by synthetic insec-
ticides. We rather hypothesize that as in other groups
[35, 37], it may represent a mechanism enhancing toler-
ance to naturally occuring compounds, probably of plant
origin.

Conclusions

Our new transcriptome data for the tick synganglion,
allowed us to build a high quality reference transcrip-
tome for Ixodes ricinus, strongly enriched in transcripts
specific to or at least strongly over expressed in neurones.
This allowed us reconstructing a large catalogue of the
tick LGICs and uncovering tick-specific patterns of gene
duplication for some groups of these receptors. Based on
these synganglion transcriptomic ressources, we achieved
the first functional reconstitution of a GABA-gated chan-
nel for Ixodes ricinus, made of the RDL subunit. Future
studies will be needed to evaluate the pharmacological
and biophysical properties of RDL and of other neurore-
ceptors, including sensitivity to insecticides.

Methods

Tick sampling

Ticks (Ixodes ricinus) were collected under two condi-
tions, unfed or partially fed. Unfed adult female and
male ticks were collected by the flagging method on
vegetation in Carquefou (Loire-Atlantique, France). Par-
tially fed adult females (estimated before the phase of
rapid engorgement, i.e. at ~5-6days of attachment [38])
were collected in Chizé (Deux-Sévres, France), from roe
deers captured in the framework of a long-term monitor-
ing programme of these mammals in the Chizé Forest, a

Page 14 of 20

biosphere Reserve. The permission to collect ticks from
roe deers of the Forest of Chizé was obtained from the
relevant forest governer body, the Office National de la
Chasse et de la Faune Sauvage (ONCES) and approved by
the Director of Food, Agriculture and Forest (Prefectoral
order 2009-14 from Paris). All methods were carried out
in accordance with relevant guidelines and regulations.

Sample preparation

Ticks were dissected under a stereomicroscope within
2-3days of collection. Whole ticks were washed in
RNase-ExitusPlus " plus water. Synganglia were excised,
rinsed in PBS buffer 1X, and dried by placing them gently
on a clean sheet of paper. Synganglia were then placed in
RNase-free microfuge tubes containing RNA extraction
buffer (RA1 buffer, Nucleospin RNA XS kit, Macherey
Nagel) and stored at —80°C until use. For RNA extrac-
tion, the tubes were gently thawed and tissues were
mechanically disrupted with decontaminated pestles
(3%H202) and eluted in 200pl of RA1. Samples were
prepared for three conditions, unfed females, males, and
partially fed females, each with three replicates (Table 4).
Samples were made with pools of synganglia (n =25 for
unfed females or males, n =10 for partially fed females).
RNA was extracted using the Nucleospin RNA XS kit
(Macherey Nagel, Diiren, Germany), adapted for small
samples, with a 5U DNAse treatment.

RNA dosage and quality

RNA purity was assessed with a NanoDrop (Thermo
Fisher Scientific Inc., Watham, MA, USA). The com-
monly used threshold to consider samples as sufficiently
pure is A280/A260>1.80. Three out of nine samples
were just below that threshold (F03, M0O1 and M02) but
were kept for further analyses. Quantity was assessed
with a Qubit (Invitrogen, Thermo Fisher Scientific Inc.,
Watham, MA, USA): quantities were low in the three
samples mentioned above (they were not even dosable),
but ranged between 68 and 304ng for other samples.
Finally, a further assessment of quantity and quality was
conducted with the 2100BioAnalyzer instrument (Agi-
lent Technologies Inc., Santa Clara, CA, USA): quality
was determined by peak profiles, which was good for
all samples, with a single, clear peak corresponding to
rRNA, but low quantities for three samples, in particular
MO01 and M02. We decided to pool the latter two samples
to make a single library, named M01_02.

Library preparation and sequencing

RNA-Seq library preparations were carried out from
60ng total RNA, or the total volume when not quan-
tifiable (for FO3, M01_02). We used the NEBNext Ultra
II directional RNA library prep kit (NEB, Ipswich, MA,
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Table 4 List of libraries used for the comparison of expression levels in the synganglion and in the whole body. Accession: Accession
numbers of reads (synganglion libraries, generated for the present study, were deposited as BioProject PRJEB40724, whereas whole
body samples correspond to BioProject PRINA395009, produced in a previous work of our group [26]). Feeding condition: ticks were
either unfed (collected on the vegetation) or fed (semi-engorged state of repletion, ticks collected on roe deers for the synganglion
libraries and on mice or rabbits for the whole body libraries). Stage/sex: indicates if ticks were female or male (for adults), or nymphs
(the sex of nymphs could not be determined). Tissue: libraries were obtained from the dissected synganglion (this study) or from tick

whole bodies (already published sequence data)

Library Feeding

name Accession Condition Stage/sex Tissue

FO1 SAMEA7383684 Unfed females Synganglion
FO2 SAMEA7383685 Unfed females Synganglion
Fo3 SAMEA7383686 Unfed females Synganglion
MO01_02 SAMEA7383691 Unfed males Synganglion
MO03 SAMEA7383687 Unfed males Synganglion
FSGO1 SAMEA7383688 Fed females Synganglion
FSGO02 SAMEA7383689 Fed females Synganglion
FSGO03 SAMEA7383690 Fed females Synganglion
N1 SRR5839703 Unfed nymphs Whole body
N2 SRR5839701 Unfed nymphs Whole body
M1 SRR5839697 Unfed males Whole body
M2 SRR5839696 Unfed males Whole body
F1 SRR5839704 Unfed females Whole body
F2 SRR5839708 Unfed females Whole body
F3 SRR5839707 Unfed females Whole body
NG1 SRR5839700 Fed nymphs Whole body
NG2 SRR5839699 Fed nymphs Whole body
NG3 SRR5839698 Fed nymphs Whole body
FG SRR5839710 Fed females Whole body

USA), which allows mRNA strand orientation (sequence
reads occur in the same orientation as anti-sense RNA).
Briefly, poly(A)+RNA was selected with oligo (dT)
beads, chemically fragmented and converted into sin-
gle-stranded cDNA using random hexamer priming.
Then, the second strand was generated to create double-
stranded ¢cDNA. cDNA were then 3’-adenylated, and
Ilumina adapters were added. Ligation products were
PCR-amplified. Ready-to-sequence Illumina libraries
were then quantified by qPCR using the KAPA Library
Quantification Kit for Illumina Libraries (KapaBiosys-
tems, Wilmington, MA, USA), and libraries profiles
evaluated with an Agilent 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA, USA). Each library was
sequenced using 151 bp paired end reads chemistry on a
[lumina HiSeq 4000 sequencer, producing a minimum of
40 million paired-reads for each library.

Read cleaning and assembly

Short Illumina reads were bioinformatically post-
processed as in Alberti et al. 2017 [39] to filter out low
quality data. First, low-quality nucleotides (Q<20)
were discarded from both read ends. Then remaining

Illumina sequencing adapters and primer sequences
were removed and only reads >30 nucleotides were
retained. These filtering steps were done using in-house-
designed software based on the FastX package (https://
www.genoscope.cns.fr/fastxtend). Finally, read pairs
mapping to the phage phiX genome were identified
and discarded using SOAP aligner [40] (with default
parameters) and the Enterobacteria phage PhiX174 ref-
erence sequence (GenBank: NC_001422.1). In addition,
ribosomal RNA-like reads were detected using Sort-
MeRNA [41] and filtered out. This set of cleaned reads
were deposited to EBI under the BioProject accession
PRJEB40724. The quality of cleaned reads was evaluated
with fastQC, using MultiQC for visualization [42], all
parameters being satisfactory. Potential duplicates were
removed with the the tool fastuniq (https://sourceforge.
net/p/fastuniq/). The assembly was done with Trinity
(version 2.3.2) [43] with the options normalize-reads
and RF (to account for strandedness). Calculations were
done on the Genotoul Bioinformatics platform, using
100GB of memory. We made two separate assemblies,
for respectively unfed ticks (females and males) and
feeding ticks (females only). This choice was motivated
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by the expectation of different profiles of transcription in
both conditions [44] and of a reduced risk of producing
chimeric contigs compared to a single assembly of all the
reads. Potential presence of pathogens or parasites (bac-
teria, viruses, eukaryotic parasites), or contamination by
other organisms, was assessed using Kraken 2 [45], a k-
mer based taxonomic assignation tool.

Construction of a high quality reference transcriptome

The two assemblies produced for the synganglion tran-
scriptomes were combined with two previously pub-
lished transcriptomes of the tick whole body - assembly
accessions GFVZ [26] and GIDG [46] in the TSA division
of Genbank - to produce a reference meta-transcriptome
(list of libraries in Table 4). The rationale for mixing dif-
ferent sources of transcribed sequences was to obtain the
most complete transcriptome possible, in order to better
evaluate the specificity of transcripts in the synganglion
versus all tissues combined (the whole body). We did not
use other transcriptomes published for specific organs of
1 ricinus, because they have been sequenced a relatively
low coverage and show comparatively low completeness
[26]. To obtain the meta-transcriptome, we used the
DRAP software (RunMeta) [47], a dedicated tool able
to fuse contigs of different assemblies in a unique rep-
resentative contig set. This tool allows to reduce redun-
dancy within and between sets, and to eliminate low
quality contigs with low read support. Completeness of
the different transcriptome assemblies was assessed with
BUSCO (version 4.0.2) [48], using the arachnida_odb10
set of n =2934 conserved genes.

Transcriptome annotation

Annotation of the reference transcriptome was done fol-
lowing the Trinotate pipeline (https://github.com/Trino
tate/Trinotate.github.io) [49]. First, genes were pre-
dicted with TransDecoder. Predict (https://github.com/
TransDecoder/TransDecoder/wiki), a prediction guided
by PFAM-A searches with hmmscan (to recognize con-
served domains) and a homology search with Diamond
[50] blastp (https://github.com/bbuchfink/diamond)
between long peptides and the uniprot_sprot database.
Predicted peptides were then searched with SignalP (to
determine the presence of signal peptides), tmhmm (to
determine if transmembrane domains are present) and
rnammer (to identify rRNA contigs). We also performed
homology searches against the UniRef90 database, with
Diamond blastp (for predicted peptides) and Diamond
blastx (for transcripts). Finally an annotation report was
generated to combine all results, including retrieved
Gene Ontology terms, KEGG [51], Eggnog and Pfam
domains.
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Annotation of cys-loop LGIC genes in the reference
transcriptome

A collection of reference cys-loop LGIC proteins com-
prising genes from D. melanogaster and the mite T. urti-
cae [14] (Acari, Acariformes) was established, to be used
as tblastn queries on the reference meta-transcriptome of
L ricinus. A careful examination of the matches was then
performed, to remove any remaining redundancy. Based
on similarities within contigs and preliminary phyloge-
netic analyses, we identified events of chimerism among
different gene sequences, which occured in the GABA
and nAChR families respectively. For these genes, we
extracted matching reads, which were re-assembled with
CAP3 [52], using stringent parameters. This allowed to
disentangle chimerisms and reconstructing complete
sequences within gene families. Once we achieved the
annotation of cys-loop LGICs and occasional correction
of the inital contigs, these genes were re-integrated in the
meta-transcriptome: to avoid redundancy, the edited and
curated sequences were used and substituted to the cor-
responding initial contigs, and were annotated with the
same Trinotate pipeline.

Read counts and differential expression analyses

Alignment of reads with the meta-transcriptome
including the curated cys-loop LGIC sequences were
performed with Bowtie2(v2.4.1)-RSEM(v1.3.1), using
default parameters. Expression levels were meas-
ured using the “count per million” metric produced by
RSEM. Levels of expression were measured for eight
libraries corresponding to the synganglion (produced
for this study), but also, for comparison, for part of
the “whole body” libraries used to build the reference
meta-transcriptome as described above. Note that the
«whole body» libraries correspond to all tissues of adult
ticks, including the synganglion. Given the small size
of this tissue, we expect however that transcripts from
the synganglion constitute a small fraction of all tran-
scripts, and therefore that the «whole body» represents
an acceptable proxy for a control in the comparison
between the synganglion and other tissues combined.
Libraries from the GIDG transcriptome were not used
because they were not replicated by condition. Read
counts from the BioProject PRINA395009 (GFVZ TSA
assembly) were used, for all libraries except four shown
to be of lesser quality in a previous study: library names
and their accession are given in Table 4. First, to deter-
mine which transcripts were more expressed in the
synganglion, we made a differential expression analysis
(DE) comparing synganglion and whole body librar-
ies, with edgeR and limma [53, 54]. Second, to com-
pare the patterns of expression in the synganglion of
unfed and partially fed ticks (hereafter “unfed” and “fed”
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conditions), we used the read counts from the syngan-
glion libraries only. The same methods were used in both
DE analyses. We used the function gene_to_trans_map
of edgeR, which assigned read counts to the same gene
for contigs defined as isoforms based on their Trinity
name (i.e. contigs that differed only by the final _i suf-
fix). This resulted in 63,194 unique genes. The statistics
of each gene (read count, log-fold -change, significance,
and annotation) were visually explored with the Glimma
package [55]. Criteria for defining an up- or down-reg-
ulated gene were an absolute log-fold change >2 and an
adjusted P-value (adj-P-value) <0.05). The topGO pack-
age was used for the analysis of GO enrichment in genes
up- or down-regulated in the synganglion (the whole
body being taken as the reference) and for the analysis
of enrichment in genes up- or down-regulated in the
synganglion-“fed” libraries (the “synganglion-unfed”
condition being taken as the reference) - (Alexa A, Rah-
nenfuhrer J (2021). topGO: Enrichment Analysis for Gene
Ontology. R package version 2.44.0). Lists of differen-
tially expressed genes for the two comparisons (syngan-
glion versus whole body, and synganglion of fed ticks
versus synganglion of unfed ticks) with their annotation
and read counts are given in Table S5.

Functional expression of tick neuroreceptors

The coding sequence of Rdl was PCR-amplified using
pecific primers designed based on the synganglion tran-
scriptome assembly (Iri-RDL-FO GGTCAAGGAGGT
CGCTTGCC; Iri-RDL-RO  ACGACAACTTTAAAG
GCGAATGC, Fulri-RDL-ptb-XhoF AGCGATGGCGTT
CAGTTGCTG; Fulri-RDL-ptb-ApaR  GACCGTGTG
CACTATTCGTCG). The Rdl PCR-product was sub-
cloned into the transcription vector pTB-207 [56] using
the In-Fusion® HD Cloning Kit (Clontech™) and cRNAs
were synthesized with the T7 mMessage mMachine kit
(Ambion™). Expression of GABA-RdI in Xenopus laevis
oocytes and two-electrode voltage clamp electrophysiol-
ogy were carried out as described previously [57]. Briefly,
36nL of 700ng/uL Rdl cRNAs were micro-injected into
defolliculated Xenopus oocytes (Ecocyte Bioscience)
using a Drummond Nanoject II microinjector and incu-
bated 3days at 19°C to allow subunit expression. Elec-
trophysiological recordings were performed using an
Oocyte Clamp OC-725C amplifier (Warner Instruments)
under voltage clamp at —60mV and analyzed using the
pCLAMP 10.4 package (Molecular Devices).

Phylogenetic analyses of the cys-loop LGICs

Because nAChRs constitute a divergent group within
cysLGICs, we analysed separately nAChRs and all other
cysLGICs. We included in these phylogenetic analyses
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sequences of Lricinus (from our annotation) and of other
tick species, plus homologs of other Acari and of D. mel-
anogaster Alignments were made with MUSCLE, cleaned
with GBLOCKSs and further edited manually to preserve
conserved blocks. Phylogenetic maximum likelihood
trees were obtained with IQ-TREE [58] the best model
of substitution being determined with Model Finder [59],
and branch support being assessed with 1000 ultrafast
bootstrap replication [60]. Phylogenetic trees were for-
matted graphically with ITOL [61].

Abbreviations

nAChRs: Nicotinic acetylcholine receptors; CNS: Central Nervous System;
cys-loop LGICs: Cys-loop ligand-gated ion channels; cysLGICs: Cys-loop ligand-
gated ion channels; MD plot: Mean_difference plot; MDS plot: Multidimen-
sional scaling plot.
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Additional file 1: Table S1. Taxonomic assignation of the reads with
Kraken 2. First column, taxonomic categories or taxa. Next columns, for
each synganglion library (label in the first line), percentage of the reads
assigned to the corresponding taxon.

Additional file 2: Table S2. Top 20 enriched Gene Ontology terms
among genes significantly down-regulated in the synganglion. Columns,
GO IDs and terms for Molecular Function, Biological Process and Cellular
localization; Annotated : number of transcripts associated with each GO;
Significant: number of genes annotated with this term in the enriched
category. Expected: expected number of genes. Weight01: level of signifi-
cance of the enrichment.

Additional file 3: Table S3. Top 20 enriched Gene Ontology terms
among genes significantly up-regulated in the “fed” conditions. Compari-
son between the “fed”and “unfed” condition, for synganglion libraries only.

Additional file 4: Table S4. Top 20 enriched Gene Ontology terms among
genes significantly down-regulated in the “fed” condition. Comparison
between the "fed”and “unfed” condition, for synganglion libraries only.

Additional file 5: Table S5. Lists of differentially expressed genes with
their annotation and read counts for all libraries. Columns: Gene ID in the
meta-transcriptome, Best BLASTX hit against the SwissProt database, Best
BLASTX hit on theUniref90 database, list of GO terms associated, normal-
ized reads counts in Fragments per Kilobase per Million reads (FPKM) for
each libraries (Synganglion or Whole Body, Fed or Unfed ticks, as precised
by the column title. Below each each library name, the terms «Up»,
«Down» or «NI» respectively indicate up-regulation, down-regulation,

or that the library was not included in the statistical analysis. Sheet A (A

- Syn+ genes): comparison between the synganglion and whole body
libraries, n=8483 genes up-regulated in the synganglion. Sheet B (B — Syn-
genes): comparison between the synganglion and whole-body libraries,
n=5040 genes down-regulated in the synganglion. Sheet C (C - Fed+
genes, Syn libraries only): comparison between the synganglion of fed
ticks and the synganglion of unfed ticks, genes up-regulated in fed ticks.
Sheet D (D - Fed- genes, Syn libraries only): comparison between the
synganglion of fed ticks and the synganglion of unfed ticks, genes down-
regulated in fed ticks.

Additional file 6: Table S6. GenBank accessions of the cysloop LGICs, First
column, short name of each gene as used in the meta-transcriptome. All
sequences were reconstructed in this study and deposited by our group,
based on new synganglion assemblies, except gly-1 and gly-2 for which
we used contigs sequences already published in GenBank.
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Additional file 7: Figure S1. Genomic structure of the gene GABA-1-Rdl,
with three predicted isoforms and their relative expression. A: Reannota-
tion of the gene XP_042145571.1 located on a genomic scaffold of xodes
scapularis, N\W_024609839.1. The gene (drawing not to scale) has a span
of ~247 kbp, on a scaffold of ~92 Mbp. The whole gene is on the minus
frame. Boxes correspond to exons. Grey-filled boxes correspond to exons
which we consider incorrect (over-predictions in both cases, based on
the conserved sequence of GABA-1-Rdl) and by comparison with the
homologous sequence in other tick species. Exons in blue correspond

to a predicted triplication of one exon (exon 7a, 7b, 7c), whereas only
one exon (7b) was annotated for XP_042145571.1. For each numbered
exon, the positions indicate the start and end. Numbers followed by a
star correspond to reannotations and differ from the published sequence.
The translated sequence of each exon is given. B: Alignment of the
translated sequences for the three alternative exons 7, including both the
sequences for /. scapularis based on our reannotation and the homolo-
gous sequences from the /. ricinus alternative transcripts identified in the
synganglion transcriptome (this study). Two trans-membrane domaines
are indicated, and an arrow shows the A->S mutations known to confer
resistance to dieldrin. C: Relative expression (y-axis) of the three isoforms
of GABA-1-Rdl. Expressions was counted as counts per millions with
RSEM, and normalized to evaluate relative expression. In x-axis, different
synganglion libraries produced in this study (described in Table 4). In
blue, red and yellow, estimated relative expression of exon 7a, 7b and 7¢
respectively.

Additional file 8: Figure S2. Genomic organization of Histamine-gated-
like sequences in Ixodes scapularis. We used the Histamine gated-like
sequences obtained from our meta-transcriptome of Ixodes ricinus

to search homologous genes in I. scapularis (homology inferred from
near-identity of protein sequences), and to locate them on the genome.
The figure shows the entire scaffold NW_024609883 (109.621.045 bp)
from the I. scapularis genome, which has homologs to His1 to His12 in

I ricinus. The upper scale indicates positions in Mbp. The lower scale
represents a focus on a smaller region containing clusters of His-like
sequences, with a scale in Kbp. Annotated genes and their orientations
are indicated by filled triangles, with below, the accession of the protein
sequence in I. scapularis, and the name of its homologous sequence in
I ricinus (this study). A star indicates that the gene model is probably
incorrect: XP_042142979 matches with His1 only over the first four
exons, while its remaining sequence appears to represent a chimeric
fusion with a totally different gene, XP_040070355 is missing an N-term,
XP_040070356 is incomplete and matches only the beginning of His3,
whereas XP_040068404 matches only the end of His3 and is in oppo-
site frame of XP_ 040070356 (we interpret this as a likely error of the
genome assembly, the two accession probably representing respec-
tively the start and end of the same gene). Open triangles indicate
regions where no gene has been annotated in /. scapularis, but where
we detected high similarities with /. ricinus genes (for His4 and His9
respectively). For His13 to His18, homologous regions were detected on
different scaffolds.

Additional file 9: Figure S3. Maximum-likelihood phylogenetic trees of
different sub-groups of cys-loop LGICs. Phylogenies includes sequences
from different ticks species (labels and branches in blue) and other
arthropods: P, tepidariorum (house spider), Acariformes, Parasitiformes, and
D. melanogaster. Labels indicate accession numbers of protein sequences
and species name. Accessions of . ricinus are listed in Table Sé. Filled circles
on branches indicate bootstrap support (support increases with circle
width, ranging from 80 to 100). Trees were rooted based on the complete
phylogeny (Fig. 5). A: GABA group, B: «Insect group 1», C: pHCL, D: GluCls,
E: Gly, F: His.

Additional file 10: Figure S4. Concentration-response relationship

of GABA on the . ricinus RDL receptor expressed in Xenopus oocytes. A.
Representative current traces of a single oocyte micro-injected with /ri-rdl
cRNA perfused with increasing concentrations of GABA for 10 seconds
(short bars). The concentration of GABA (uM) is indicated above each
trace. B. Concentration-response curve for GABA on the Iri-RDL chan-
nel. All current responses are normalized to 300 uM and shown as the
mean £ SEM.
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