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Abstract

BACKGROUND: Cockroaches are serious urban pests that can transfer disease-causing
microorganisms as well as trigger allergic reactions and asthma. They are commonly managed by
pesticides that act on cys-loop ligand-gated ion channels (cysLGIC). To provide further information
that will enhance our understanding of how insecticides act on their molecular targets in
cockroaches, we used genome and reverse transcriptase PCR data to characterise the cysLGIC gene

superfamilies from Blattella germanica and Periplaneta americana.

RESULTS: The B. germanica and P. americana cysLGIC superfamilies consist of 30 and 32 subunit-
encoding genes, respectively, which are the largest insect cysLGIC superfamilies characterized to
date. As with other insects, the cockroaches possess ion channels predicted to be gated by
acetylcholine, gamma-aminobutyric acid, glutamate and histamine, as well as orthologues of the
Drosophila pH-sensitive chloride channel (pHCI), CG8916 and CG12344. The large cysLGIC
superfamilies of cockroaches are a result of an expanded number of divergent nicotinic acetylcholine
receptor subunits, with B. germanica and P. americana respectively possessing eight and ten subunit
genes. Diversity of the cockroach cysLGICs is also broadened by alternative splicing and RNA A-to-I
editing. Unusually, both cockroach species possess a second glutamate-gated chloride channel as
well as another CG8916 subunit.

CONCLUSION: These findings on B. germanica and P. americana enhance our understanding of the
evolution of the insect cysLGIC superfamily and provide a useful basis for the study of their function,
the detection and management of insecticide resistance, and for the development of improved

pesticides with greater specificity towards these major pests.

Keywords: cockroach, Blattella germanica, Periplaneta americana, cys-loop ligand gated ion channel,

insecticide target, nicotinic acetylcholine receptor
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1 INTRODUCTION

We are delighted to be contributing a paper as part of a special issue honouring Vincent Salgado and
Tom Sparks. In working on insecticides we have naturally come across both Tom’s and Vincent’s
studies and the resulting wealth of information investigating the actions of various compounds. In
the process of developing our research careers, ‘Salgado’ and ‘Sparks’ have struck us as big names in
the field, whose work is influential, inspirational and aspirational in helping us to push forwards in
our investigations. We hope that the following study, characterizing molecular targets of insecticides
at the genomic and transcript level, will complement well the more functional aspect of Tom’s and

Vincent’s work.

In insects, members of the cys-loop ligand-gated ion channel (cysLGIC) superfamily mediate
both fast excitatory and inhibitory synaptic transmission in the nervous system and may also be
performing non-neuronal roles.? The superfamily includes cation-permeable nicotinic acetylcholine
receptors (NAChRs),? y-aminobutyric acid (GABA)-gated ion channels® as well as chloride channels
gated by glutamate (GluCls),* histamine®® or zinc.” Insect cysLGICs are of considerable interest as
they are targets of effective pesticides.® For example, nAChRs are targets of neonicotinoids and
spinosyns,” 1 GABA receptors are targets of fiproles and isoxazolines!! whilst avermectins act mainly

on GluCls.*

Cockroaches are serious urban pests that can transfer disease-causing microorganisms as
well as trigger allergic reactions and asthma.'?> Management of cockroaches is heavily reliant on the
use of insecticides, including the neonicotinoids imidacloprid and dinotefuran, fipronil and
abamectin, in bait formulations.'®* There have been reports of cockroaches showing resistance to
insecticidal bait containing fipronil, abamectin and imidacloprid'*¢ highlighting the need for
improved knowledge of resistance mechanisms and detection as well as the development of novel
control agents. The use of cockroach neurons have resulted in many instructive studies investigating

the actions of insecticides on cysLGICs in the insect nervous system.}”23 To date, several cockroach
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cysLGIC subunit sequences have been reported. These include the nAChR subunits a1, a2, a3, o4,
a6, a7, a8 and B1 from Periplaneta americana.?> ** 2> Also, fragments of Rdl from Blattella
germanica were analyzed in order to investigate the basis of cyclodiene resistance.?® Characterizing
the full complement of cockroach cysLGIC subunits represents a critical step in identifying key
components of the cockroach nervous system as well pinpointing particular molecular targets
underlying responses to insecticides. Here we have used genome sequences of B. germanica® and P.
americana? as well as reverse transcriptase PCR to provide descriptions of their complete cysLGIC

gene superfamilies.

2 MATERIALS AND METHODS

2.1 Identification of cysLGIC subunits from B. germanica and P. americana

To identify putative cockroach cysLGIC subunits, we used tBLASTn? to screen the B. germanica
genome assembly or transcript sequences (available at the United States Department of Agriculture
https://i5k.nal.usda.gov/webapp/blast/) and the P. americana genome or transcript sequences
(available at the NCBI National Center for Biotechnology Information
https://blast.ncbi.nlm.nih.gov/Blast.cgi) with every member of the Acyrthosiphon pisum or Tribolium
castaneum cysLGIC superfamilies.?> 3 Candidate cockroach cysLGIC subunits were identified based
on their considerable sequence homology with previously characterized subunits particularly in the
N-terminal ligand-binding domain and the four transmembrane regions. In some cases, the
cockroach cysLGIC sequences were corrected based on protein sequence alignments or reverse-
transcriptase PCR sequence data (see supporting information Tables 1A and 1B for accession

numbers of the cockroach cysLGIC subunit sequences).

2.2 Insects
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Adult male cockroach P. americana used for RT-PCR experiments were maintained under standard
laboratory conditions (28 °C with 12 h light / 12 h dark photo-cycle, food and water ad libitum).

These cockroaches come from a laboratory-maintained strain that is susceptible to insecticides.

2.3 Reverse transcription polymerase chain reaction

To study cysLGIC subunits expressed in the P. americana central nervous system and confirm coding
sequences identified in the cockroach genome, RT-PCR was carried out on the terminal abdominal
ganglion (TAG), which was removed from the nerve cord of cockroaches as previously described in
Benzidane et al.2 The Nucleospin RNA kit (Macherey Nagel, Diiren, Germany) was used to extract
total RNA from TAG following the manufacturer’s instructions and 500 ng of sodium acetate/ethanol
purified RNA was reverse transcribed using the RevertAid H Minus First Strand cDNA Synthesis Kit
(Thermo Fisher Scientific, Waltham, MA, USA). The PCR amplification reactions were performed with
KOD hot start polymerase (Novagen) and specific cysLGIC primer sets (see Supporting information
Table 2) using the following thermocycling conditions: 2 min at 95°C then 35 cycles of 20 sec at 95°C,
10 sec at optimal annealing temperature of primers (between 50 to 65°C) and 20 sec/kb at 70°C
before being held at 10°C. The PCR products were finally purified using NucleoSpin Gel and PCR

clean-up kit (Macherey Nagel, Diiren, Germany) then directly sequenced (Eurofins).

2.4 Sequence analysis

Sequence of PCR products were translated to their respective protein sequences then the multiple
protein sequence alignments were constructed with Clustal X23! using the slow-accurate mode with
a gap-opening penalty of 10 and a gap-extension penalty of 0.1 and applying the Gonnet 250 protein
weight matrix. The protein alignments were viewed using GeneDoc
(http://www.nrbsc.org/gfx/genedoc/index.html), which was also used to calculate identity and
similarity values between subunit sequences. Signal-peptide cleavage sites were predicted using the

SignalP 3.0 server®? and membrane-spanning regions were predicted using the TMpred program
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(http://www.ch.embnet.org/software/TMPRED_form.html). The PROSITE database®® was used to

identify potential N-glycosylation and phosphorylation sites.

Phylogenetic trees were constructed with MEGAX software®* using the Maximum Likelihood method
and Dayhoff matrix based model. The tree with the highest log likelihood after 1000 bootstrap

replications is shown.

3 RESULTS

3.1 The B. germanica and P. americana cysLGIC superfamilies consist of 30 and 32 subunit

members, respectively

Using tBLASTN, 30 and 32 cysLGIC subunit genes were identified in the genomes of B. germanica and
P. americana, respectively. These are notably large insect cysLGIC superfamilies considering that the
previously identified superfamilies from genomes of Drosophila melanogaster,®® Apis mellifera,®
Tribolium castaneum,® Nasonia vitripennis,®” Acyrthosiphon pisum,? Aedes aegypti*® and Aethina
tumida® consist of 21-26 genes.! An alignment of P. americana protein sequences shows that the
cockroach subunits possess features characteristic to members of the cysLGIC superfamily® (Figures
1 and 2). These include: (i) an extracellular N-terminal domain containing distinct regions (loops A—F)
that form the ligand-binding site;*! (ii) the dicysteine loop (cys-loop) consisting of two disulphide
bond-forming cysteines separated by 13 amino-acid residues; (iii) four transmembrane regions
(TM1-4); (iv) a highly variable intracellular loop between TM3 and TM4. As with other cysLGIC
subunits, the cockroach sequences also possess potential N-glycosylation sites in the extracellular N-
terminal domain, which can affect receptor maturation, channel desensitization and conductance,**
43 and putative phosphorylation sites in the TM3-TM4 intracellular loop, which regulates several

aspects of receptor function such as desensitization, aggregation and conformation changes.**4®
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A comparison of sequence identities between P. americana and T. castaneum cysLGIC
subunits (Tables 1 and 2), as well as the use of phylogenetic trees (Figures 3, 4 and 5), indicate
orthologous relationships between the cockroach, beetle and aphid (A. pisum) subunits. In order to
maintain consistent nomenclature and to facilitate comparisons between different insect species,
cockroach subunits were named after their tribolium counterparts.’® For example, the B. germanica
or P. americana orthologues of T. castaneum nAChRal, RDL and CG12344 were designated Bgeral,
BgerRDL, Bger12344 or Pameal, PameRDL, Pame12344, respectively. Phylogenetic analysis indicates
that an early duplication event lead to one branch evolving into the nAChR subunits whilst the other

branch generated the remaining subunits (Figure 3).

3.2 Cockroach nicotinic acetylcholine receptor subunits

In the genomes of B. germanica and P. americana, 17 and 19 candidate nAChR-subunit encoding
genes were identified, respectively (Figures 1, 3 and 4). This is larger than other insect nAChR gene
families described, such as from D. melanogaster (10 subunits),*” Anopheles gambiae (10),*8 A.
mellifera (11),% A. tumida (12),*° A. pisum (11),°° Bombyx mori (12),°* T. castaneum (12),* Ae.
aegypti (14)%® and N. vitripennis (16).3” Both B. germanica and P. americana possess typical core
groups of nAChR subunits that are highly conserved in different insect species, these being a.1-0.8
and B1 (Figure 4). As is the case for Dal, Da2, Da3, Da4, DB2 and their orthologues in other insect
species,’ the corresponding cockroach subunits (a1-4 and a8) have an insertion in loop F (Figure 1),
which may contribute to interactions with the neonicotinoid, imidacloprid.>> The Bgeroa.1, Bgera2
and Bgeroa8 genes are located within 686 kb of each other, although not as tightly clustered together
as the corresponding genes in the D. melanogaster (Dal, Da2 and DB2) and An. gambiae (Agamal,
Agama? and Agamas8) genomes, where they are found within 220 kb.*® It is unknown whether the
orthologous genes in P. americana are similarly arranged as its genome is still at scaffold assembly
stage and the scaffolds are not of sufficient length to determine whether they are in proximity to

each other. The Pamea7 and Pamef31 subunits, however, as well as Bgera7 and Bgerf31, were found
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within 420 kb of each other. Clustering of the equivalent subunits have also been seen in the
genomes of A. mellifera, An. gambiae and T. castaneum > *®4° RT-PCR of P. americana cDNA
generated amplification products of all the core group subunits, indicating that these subunits are

transcribed in cockroaches.

B. germanica and P. americana possess eight and ten divergent nAChR subunits,
respectively. This is notably larger than in other genomes such as those of Ae. aegypti, An. gambiae,
A. mellifera, A. pisum, A. tumida, B. mori, D. melanogaster, T. castaneum and N. vitripennis, which
possess between 1 and 7 divergent subunit genes.3%37-3% 4751 Of the divergent nAChR subunits
present in B. germanica, two are of the o subtype and six are B whereas there are one o, and nine 3
in the P. americana genome (Figures 3 and 4). As with one of the tribolium divergent subunits,
Tcasa9, Bgeral0 possesses an atypical FXCC amino-acid motif (Supporting information Table 1),
instead of the highly conserved YxCC found in loop C, which may result in unusual ligand-binding
properties.> In addition, the cockroach divergent subunits, with the exception of a9, lack the GEK
motif characteristic of nAChR subunits, which precedes TM2 (Figure 1), and has an important role in
ion permeation and selectivity.>® This raises the possibility that these subunits may form nAChRs
with distinct ion channel characteristics. As is common for insect divergent nAChR subunits, several
cockroach subunit genes are found clustered together in the genome indicating recent gene
duplication events. Thus, Bgera10 and Bger37 are found within 63 kb of each whilst Pamef37 and
Pame9 are located within 53 kb. Also, Bger33, Bger34, Bger35 and Bger36 are all found within 50
kb whereas an extra duplication event appears to have expanded this gene cluster in P. americana
where Pamef33, Pamef4, Pamef5, Pamef6 and Pame[38 are all located within 50 kb. RT-PCR
amplification products were seen for the of P. americana divergent nAChR subunits (except for 37,

9 and B10), indicating that several of the cockroach divergent nAChRs are expressed.

Bgerad, Pamead, Bgera6 and Pameab have alternatively spliced exons, which are common

to insect a4 and a6 subunits.? Thus, Bgera4 and Pamea4 possesses two alternatives for exon 4
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(denoted exon4 and exon4’)* (Figure 6A), which introduces variation in LoopE and the cys-loop.
Similar to a6 in T. castaneum and other species,*® Bgera6 and Pamea6 have two alternatives for
exon 3 and three alternatives for exon 8 (Figure 6B). Bgera7 and Pamea7 also have alternative
splicing for exons 7 and 8 (Figure 6C), which, so far, has only been reported for the aphid, A. pisum.>°
Here, there are two alternatives for exon 7 in the aphid and cockroach genomes, which introduces
variation in Loop C and the first transmembrane domain. Exon 7b of Bgera7 and Pamea.7 differ by
one amino acid in the region between Loop C and TM1, with a valine being present in P. americana
and a tyrosine in B. germanica. Bgera7 and Pamea?7 also have four alternatives for exon 8 (Figure
6C) whereas A. pisum has three, at a site equivalent to splicing of exon 8 and in the a6 subunit

(Figure 6B), which introduces variation in or near the second transmembrane domain.

In analyzing sequences of P. americana nAChR subunits amplified by RT-PCR, potential RNA
A-to-l editing in a6 was detected as indicated by adenosine in the genomic DNA sequence being
replaced by guanosine in the cDNA sequence (Figure 6D). This results in the recoding of two amino
acid residues within Loop E, effectively removing a putative N-glycosylation site, which is frequently

affected by RNA editing in a6 of other species such as T. castaneum (Figure 6D).> %0

3.3 Cockroach GABA receptor subunits

The genomes of B. germanica and P. americana contain orthologues of the known D. melanogaster
GABA-gated ion channel subunits, RDL and the two GABA receptor-like subunits, GRD and LCCH3
(Figures 3 and 5, Table 2).> % As it is the case for other species, cockroach RDL possesses a PAR
sequence before TM2 (Figure 2) which is important for forming anion channels,> whereas cockroach
GRD and LCCH3 lack this sequence, consistent with drosophila GRD and LCCH3 forming cation-

permeable channels when expressed in oocytes of Xenopus laevis.>

The Rdl genes of B. germanica and P. americana have alternative splicing, similar to that of
many other species such as D. melanogaster,®® T. casteneum ,*° A. mellifera® and A. pisum,?® where

there are two alternatives for exons 3 and 6 (Figure 7A). Exon 6a of Bger RDL and Pame RDL differ by
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one amino acid, in Loop F, with a threonine being present in P. americana and an isoleucine in B.
germanica. In addition, two alternatives for exon 9 in Bger RDL were detected, which introduces
variation at the C-terminal end of the protein, including TM4 (Figure 7A). Alternative splicing of this
exon has so far only been reported for the small brown planthopper, Laodelphax striatellus.>® Exon 9
of Rdl in the genome and transcriptome of P. americana was not observed to have alternatively
spliced variants. Analysis of RNA-seq data identified two variants of P. americana Rdl (variant 1 and
2) with different length intracellular loops between TM3 and TM4 (Figure 7B) arising from
differential use of gt splice donor sites. Variant 2 has an insertion of 21 amino acid residues, which
disrupts a putative protein kinase C phosphorylation site. Insertion of amino acids at this site has
been seen in RDL of diverse species including A. mellifera® and the miridbug, Cyrtorhinus

lividipennis,®* although the actual sequence inserted is species-specific.

3.4 Cockroach GluCls and HisCls

B. germanica and P. americana possess two HisCl genes, HisCl1 and HisCI2 (Figures 3 and 5, Table2),
which are highly conserved in diverse insect species such as D. melanogaster,>® A. mellifera,® T.
castaneum,®® A. pisum® and the butterfly Papilio Xuthus.®? B. germanica and P. americana also
possess a GluCl gene, which again, is highly conserved amongst insects.*3”-®3 This includes
alternative splicing where two alternatives for exon 3 has been observed for B. germanica and P.
americana GluCls (Figure 7C). When compared to the three splice variants identified in T. castaneum
GluCl,* B. germanica and P. americana GluCl exon3a was identical to tribolium exon3a whilst the
second cockroach variant (here denoted exon 3b) was most similar to tribolium exon 3c (Figure 7B).
Exon 3b of Bger GluCl and Pame GluCl differ by one amino acid with an isoleucine being present in P.

americana and a tyrosine in B. germanica.

As with A. pisum,” a second putative GluCl gene was found in the genomes of B. germanica
and P. americana, which were tentatively denoted as Bger GluCl2 or Pame GluCl2, respectively, since

when compared to tribolium cysLGIC subunits, they shared highest sequence identity with Tcas
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GluCl at 33% (Table 2). This level of identity did not change when considering only the N-terminal
extracellular domains without the signal peptide. Phylogenetic analysis shows that the cockroach
GluClI2 subunits do not appear to be closely related to GluCls in other species (Figure 5) although
Bger GluCl2 and Pame GIuClI2 do cluster with Apisum GIuClI2 sharing a considerably high amino acid

identity of 81%. Analysis of RT-PCR data of P. americana cDNA confirmed that GIuCI2 is transcribed.

3.5 Cockroach pHClIs and other cysLGICs

The B. germanica and P. americana genomes possess an orthologue of the pH-sensitive chloride
channel (Figure 5 and Table 2), which was first identified in D. melanogaster.®* The cockroach
genomes also clearly possess orthologues of drosophila CG8916 and CG12344 (Figure 5 and Table 2),
the latter of which may be involved in mediating responses to glycine.®® B. germanica and P.
americana genomes possess two subunits (CLGC1 and CLGC2, Figure 5) belonging to the Insect
Group 1 of cysLGIC subunits. Initially identified in D. melanogaster as CG6927, CG7589 and
CG11340,% members of this group generally show unclear orthologous relationships between
species (Table 2) and are amongst the least studied insect cysLGICs.! However recently, it has been
shown that drosophila CG11340, referred to as hodor, encodes for a zinc-gated chloride channel.” As
with the cockroaches, A. pisum has two subunits in this group? whereas T. castaneum has three

(Figure 5)*° and A. mellifera has one.3®

Interestingly, an additional cysLGIC subunit gene was found in the genomes of B. germanica
and P. americana. Phylogenetic analysis suggests that this subunit is most closely related to GRD or
8916 in other species (Figure 5) sharing comparable levels of identity and similarity with tribolium
GRD and 8916 (Table 2). Evolutionary distance estimates suggests that it is more closely related to
tribolium 8916 (Supporting information Table 3), therefore this subunit was tentatively denoted as

Bger 8916 _2 or Pame 8916_2.

4 DISCUSSION
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4.1 Cockroaches have unusually large cysLGIC gene superfamilies

Cockroaches are pests of urban environments and are commonly managed by pesticides such as
fipronil, imidacloprid, dinotefuran and abamectin,*® which target members of the cysLGIC
superfamily.* 1! Here, we have used the available genome sequences of B. germanica and P.
americana**?’ to characterize the complete cysLGIC gene superfamilies from these major pests.
Consisting of 30 and 32 subunit genes, B. germanica and P. americana, respectively, possess the
largest insect cysLGIC superfamilies so far characterized. Transcriptome analysis of complete and
partial transcripts has suggested that the locust, Locusta migratoria manilensis, may have an even
more extensive cysLGIC gene superfamily with potentially 67 subunit-encoding genes.®” However, it
appears that several sequences identified are of the same subunit and many of the 21 putative
GluCls belong to other ion channel families such as AMPA, kainate or NMDA receptors. The
complement and extent of the locust cysLGIC superfamily, therefore, remains to be clarified.
Expansion in the divergent nAChRs mostly accounts for the large cockroach cysLGIC superfamilies.
Insects usually possess up to three divergent subunits with N. vitripennis being a notable exception
in that it has seven subunits although one of these is a pseudogene.?” B. germanica and P. americana
have the largest sets of divergent nAChR subunits characterized to date, respectively possessing
eight and ten subunits (Figures 3 and 4). RT-PCR analysis has shown that most of these are
transcribed indicating that they may be functional. The functional roles of divergent nAChRs and the
impact of species-specific complements of these nAChR subunits remains to be elucidated.®® For
instance, are the two extra nAChR subunits found in P. americana increasing the
functional/pharmacological repertoire of receptor function when compared to that of B. germanica?
It has been shown that the divergent nAChR subunit, 33, from L. migratoria is part of a high affinity
binding site for imidacloprid® highlighting that these subunits may be involved in species-specific
receptor subtypes targeted by certain insecticides. It would be of interest to see whether divergent
nAChR subunits form part of insecticide targets in cockroaches as well. Also, it would be informative

to determine whether expression of divergent nAChR subunits are altered as part of an adaptation
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mechanism for cockroaches to manage exposure to insecticides, such as with a1l and a2 subunits

when P. americana was exposed to imidacloprid.?

In addition to possessing distinct groups of divergent nAChR subunits, another difference
observed in the cysLGIC superfamilies of B. germanica and P. americana was alternative splicing of
Rdl. Two putative alternatives for exon 9 of Rdl was detected in the genome of B. germanica but not
of P. americana (Figure 7A). Such alternative splicing of this exon has only been reported once
before for L. striatellus where four splice variants affected potency of the agonists GABA and [3-
alanine.”® Perhaps with the extra exon 9 influencing the action of GABA, the functional capabilities of

the GABA receptor is broadened in B. germanica.

4.2 Cockroach and aphid cysLGIC gene superfamilies share unusual features

Recently, a report concluded that, as with A. pisum, P. americana lacks an a5 subunit.?* We
can confirm here that P. americana, as well as B. germanica, do indeed possess a putative a5
subunit, which cluster together with T. castaneum a5 (Figure 4). However, some cockroach cysLGICs
do share features with those particular to A. pisum. For instance, the unusual alternative splicing of
exons 7 and 8 detected in the A. pisum o.7 nAChR subunit>® has also been observed for B. germanica
and P. americana o7 theoretically giving rise to eight different variants (Figure 6C). Expression of
homomeric P. americana a7 has been achieved in Xenopus laevis oocytes with limited success.?® The
splice variant presented in that study corresponds to exon7a+exon8a (Figure 6C). It would be of
interest to see whether the expression of other a7 splice variants, or combinations of them, result in

more robust expression.

Another unusual feature that the cockroach genome shares with that of A. pisum is the
presence of a second putative GluCl subunit, designated as GluCI2 (Figure 5).% It remains to be
determined whether GIuCl2 functions as a glutamate-gated chloride channel. However, in this
regard, it is interesting to note that electrophysiological studies on neurones from P. americana

demonstrated the co-existence of two pharmacologically distinct glutamate-gated chloride
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1970 perhaps as a result of GluCl and GIuCl2 acting as independent glutamate receptors. If

channels,
this is the case, GluCl2, with its low sequence identity to GluCls commonly found in other insects

(Table 2), may be a potential target for the design of novel insecticides with higher specificity

towards cockroaches and aphids.

Analysis of the A. pisum genome revealed the presence of Rdl2, GIuCI2 and pHCI2 genes and
the absence of CG8916, LCCH3 and GRD orthologues (Figure 5).% This led to the suggestion that
genes arising from duplication of Rdl, GluCl and pHCl in evolutionary ancient insects would
eventually evolve into CG8916, LCCH3 and GRD in more recent species.?’ The cockroach cysLGIC
gene superfamilies may provide further insights into this evolutionary process considering it shares
unusual features with the aphid yet possess orthologues of 8916, LCCH3 and GRD (Figure 5). Thus, it
is tempting to speculate that, for instance, duplication of G/uCl produced GluCi2 providing new
genetic material for mutation and functional drift resulting in either CG8916, LCCH3 or GRD.”* In
cockroaches, GluCl2 is retained but in more evolved species this gene duplicate is lost. Phylogenetic
analysis shows that cockroach and A. pisum GIuCl2 do not clearly cluster with other subunits,
including CG8916, LCCH3 or GRD (Figure 5). However, when this analysis is repeated with sequences
consisting only of the N-terminal extracellular domains without the signal peptide, GIuCI2 clusters
with LCCH3 (Supporting information Figure 1), indicating that duplication of G/uCl early on in insect
evolution may have given rise to the LCCH3 gene. In accord with this, evolutionary distance
estimates show that PameGluCl2 is more closely related to tribolium LCCH3 than to TcasGRD or
Tcas8916 (Supporting information Table 3). Analysis of complete cysLGIC gene superfamilies from
other species representing different stages of insect evolution should shed further light on the

evolutionary fate of Rdl2, GluCI2 and pHCI2 identified in A. pisum.

4.3 Conclusions

The characterization of B. germanica and P. americana cysLGICs provides further insights into the

evolution of this gene superfamily in insects. Also, identification of cockroach cysLGIC subunit genes
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will provide an important basis for future studies of these ion channels as well as for the rational
design of insecticides that control cockroaches, ideally with less effect on non-target organisms.
Such studies can include the heterologous expression of certain subunits to determine their
functional/pharmacological properties, which will also provide powerful tools enabling screening for
improved insecticides that show higher selectivity towards particular cockroach receptors.” In
addition, RNA interference, which has been successfully used to study several core nAChR subunits
in P. americana,” may also be applied to the newly identified divergent nAChRs or other cysLGIC

subunits to assess their role in neuronal function and response to insecticides.
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TABLES

Table 1. Percentage identity/similarity between P. americana and T. castaneum nAChR subunit protein sequences.

Subunit Tcasal Tcasa2 Tcasa3 Tcaso4 Tcasa5 Tcasab Tcaso7 Tcasa8 Tcasp1 Tcasa9 Tcasa10 Tcasall
Pameal 75/83 52/67 55/68 52/63 27/44 33/48 33/50 53/66 38/55 15/32 18/35 53/68
Pamea2 52/67 79/86 50/66 47/62 26/46 34/52 35/51 49/65 37/54 14/32 19/36 50/66
Pamea3 54/67 49/64 84/90 67/76 27/44 33/49 32/48 53/65 39/54 14/31 19/34 54/65
Pamea4 51/62 46/61 67/76 85/89 26/43 33/49 32/49 51/65 38/54 14/31 18/33 52/66
Pamea5 29/49 27/48 28/46 27/46 65/75 34/54 31/50 28/48 30/50 16/34 22/42 28/50
Pamea6 32/49 33/50 32/48 32/40 33/52 82/90 65/76 33/50 32/52 16/35 22/41 33/52
Pamea7 34/50 35/51 34/50 33/49 31/51 67/78 77/83 34/50 32/51 15/32 21/40 35/52
Pamea8 54/69 50/67 56/68 54/67 27/45 34/52 34/51 70/79 38/56 14/34 19/36 72/81
Pamef1 38/54 38/54 39/55 38/54 27/45 32/52 32/51 38/54 84/88 14/32 19/36 39/56
Pamea 20/36 19/36 20/36 20/35 21/42 22/41 20/38 20/38 20/38 20/39 50/69 20/39
Pamef32 11/25 11/24 11/25 11/24 10/26 10/26 10/25 12/27 10/25 13/28 16/31 12/26
Pamef3 13/29 13/29 12/28 13/28 16/32 16/32 13/30 13/31 13/30 23/45 18/37 13/31
Pamef34 13/30 13/30 14/29 13/28 16/32 16/32 14/30 14/31 13/28 23/45 18/37 14/31
Pamef5 13/30 14/30 14/29 14/30 15/34 14/31 14/29 14/32 13/30 24/49 20/37 14/32
Pamef36 13/29 14/30 14/28 14/28 16/34 14/31 13/30 15/33 14/31 27/51 20/38 14/32
Pamef37 13/29 12/26 13/27 12/28 17/34 15/29 14/29 14/32 13/29 24/44 20/38 14/31
Pamef38 12/29 12/29 12/27 12/27 13/32 13/30 13/27 12/32 13/30 20/46 19/36 12/31
Pamef39 14/29 12/28 13/28 12/27 18/35 14/30 13/28 14/31 14/29 25/44 17/39 14/31
Pamef10 14/30 14/31 14/30 14/30 19/37 18/34 17/33 16/36 15/32 28/50 18/40 16/35

Proposed orthologues are shown in bold.



Table 2. Percentage identity/similarity between P. americana and T. castaneum non-nAChR subunit protein sequences.

Subunit TcasRDL  TcasGRD  TcasLCCH3 Tcas8916 TcasGluCl TcasHisCll TcasHisCl2 TcaspHCl Tcas12344 Tcas6927 Tcas7589 Tcas11340
PameRDL 83/86 28/42 32/50 25/41 28/42 23/40 24/39 19/38 23/40 18/33 17/33 17/34
PameGRD 29/42 67/74 28/44 37/51 23/37 21/36 20/35 17/31 19/33 18/30 16/29 15/31
PameLCCH3 32/49 26/42 73/83 26/42 25/42 23/39 24/38 17/35 21/38 18/37 18/35 17/35
Pame8916 24/37 36/49 25/39 64/75 20/34 19/31 19/33 16/29 17/30 16/29 15/29 15/30
Pame8916_2 21/35 25/35 20/33 24/37 19/33 16/30 16/27 15/28 15/28 14/26 13/26 14/28
PameGluCl 28/43 22/38 24/43 21/35 83/90 27/44 26/44 26/46 21/39 21/38 20/35 21/39
PameGIluCI2 25/41 21/38 26/42 20/36 33/50 27/45 28/46 26/44 22/39 22/39 21/36 22/40
PameHisCl1 22/39 20/36 23/40 19/33 28/45 81/87 53/67 20/41 28/49 18/34 17/34 19/38
PameHisCI2 23/38 21/37 24/39 19/33 27/46 54/69 79/85 20/38 28/50 17/34 17/34 18/38
PamepHCI 19/37 16/30 18/35 16/30 26/46 21/39 20/39 82/87 18/36 20/35 18/32 20/37
Pamel2344 22/39 20/35 22/38 18/33 22/40 27/49 28/47 20/38 56/74 19/36 18/34 20/38
PameCLGC1 20/37 18/31 20/38 16/32 23/40 19/35 20/36 20/36 19/35 34/51 34/51 30/51
PameCLGC2 19/37 18/33 20/38 17/33 19/38 15/34 17/35 20/36 16/35 34/53 32/50 29/48

Proposed orthologues are shown in bold.
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Figure 1. Protein sequence alignment of P. americana nAChR subunits. Dal of D. melanogaster
(Accession Number CAA30172) is included for comparison. N-terminal signal leader peptides are
highlighted by dark grey shading with white text and putative N-glycosylation sites in the N-terminal
extracellular domain are shown in light grey shading with white text. Loops implicated in ligand
binding (LpA-F) as well as transmembrane regions (TM) are indicated. The two cysteines forming the
cys-loop as well as the two adjacent cysteines defining a subunits in loop C are highlighted in black
shading. Casein kinase Il, protein kinase C, tyrosine kinase and cAMP- and cGMP-dependent protein
kinase phosphorylation sites in the intracellular loop between TM3 and TM4 are highlighted by grey

shading.
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Figure 2. Protein sequence alignment of P. americana cysLGIC subunits other than nAChRs. RDL of D.
melanogaster (Accession Number AAA28556) is included for comparison. N-terminal signal leader
peptides are highlighted by dark grey shading with white text and putative N-glycosylation sites in
the N-terminal extracellular domain are shown in light grey shading with white text. Loops
implicated in ligand binding (LpA-F) as well as transmembrane regions (TM) are indicated. The two
cysteines forming the cys-loop are highlighted in black shading. Casein kinase I, protein kinase C and
cAMP- and cGMP-dependent protein kinase phosphorylation sites in the intracellular loop between

TM3 and TM4 are highlighted by dark grey shading.
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Figure 3. Tree showing relationships of the complete complement of B. germanica and P. americana
cysLGIC subunit protein sequences. P. americana subunits are highlighted in bold. Numbers next to
branches signify bootstrapping 1000 times represented as a percentage of trees in which the
associated taxa clustered together. GLIC (Accession number 2XQ3_A), from Gloebacter violaceus, a
bacterial ancestor of cysLGICs, was used as an outgroup. The tree is drawn to scale and the scale bar

represents substitutions per site.
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Figure 4. Tree showing relationships of B. germanica, P. americana, A. pisum and T. castaneum
nAChR subunit protein sequences. Cockroach subunits are highlighted in bold. Numbers next to
branches signify bootstrapping 1000 times represented as a percentage of trees in which the
associated taxa clustered together. GLIC (Accession number 2XQ3_A), from Gloebacter violaceus, a
bacterial ancestor of cysLGICs, was used as an outgroup. The tree is drawn to scale and the scale bar

represents substitutions per site.
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Figure 5. Tree showing relationships of B. germanica, P. americana, A. pisum and T. castaneum non-
AChR subunit protein sequences. Cockroach subunits are highlighted in bold. Numbers next to
branches signify bootstrapping 1000 times represented as a percentage of trees in which the

associated taxa clustered together. GLIC (Accession number 2XQ3_A), from Gloebacter violaceus, a



bacterial ancestor of cysLGICs, was used as an outgroup. The tree is drawn to scale and the scale bar

represents substitutions per site.
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Figure 6. Alternative splicing of exons and RNA A-to-l editing in B. germanica and P. americana
nicotinic acetylcholine receptor subunits. Equivalent alternate exons of P. americana and T.
castaneum cysLGIC subunits are aligned. Unless shown, B. germanica exon sequences are identical
to those of P. americana. (A) Exon 4 splice variants in Pamea4 and Tcasa4. The cysteine residues
forming the cys-loop are marked by asterisks. (B) Splice variants of exons 3 and 8 in Pamea6 and

Tcasab. The second transmembrane region (TM2) is indicated. (C) Splice variants of exons 7 and 8 in



Bgera7, Pamea? and A. pisum a7. (D) RNA A-to-l editing of Pamea6 detected by RT-PCR. Genomic
DNA (gDNA, sequence available at NCBI) as well as cDNA sequences encoding for LoopE are shown.
Residues altered by putative A-to-I editing are highlighted in bold. The amino acid residue affected
by RNA editing in T. castaneum o6 is also shown. Throughout the figure, cockroach residues that
differ from those of the orthologous T. castaneum or A. pisum exon are highlighted in bold and loops

B to E, which contribute to ligand binding, are indicated.
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Figure 7. Alternative splicing of exons in B. germanica and P. americana RDL and GluCl subunits. (A)
Splice variants of exons 3 and 6 of B. germanica, P. americana and T. castaneum RDLs as well as
variants of exon 9 of B. germanica and Laodelphax striatellus RDLs. The fourth transmembrane
region (TM4) is indicated and ‘>’ denotes a stop codon. (B) Variants of P. americana and C.

lividipennis RDLs with intracellular loops between TM3 and TM4 of varying lengths arising from



differential use of splice sites. Potential protein kinase C phosphorylation sites are highlighted in grey
shading. (C) Splice variants of exon 3 of B. germanica, P. americana and T. castaneum GluCls.
Throughout the figure, cockroach residues that differ from those of the orthologous T. castaneum or
L. striatellus exon are highlighted in bold and loops C to F, which contribute to ligand binding, are

indicated.



