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Abstract

The pH-sensitive chloride channels (pHCIs) are broadly expressed in insects,

but little is known about their physiological role, diversity and sensitivity to

insecticides acting on relevant chloride channels. Here we have sequenced 50

transcripts of the pHCI-1 gene from the brain, third thoracic ganglion (T3G) and

midgut of larvae of silkworm Bombyx mori. It was found that >50 variants were

expressed with distinct splicing in the T3G compared to the brain and midgut. Of

the variants detected, variant 9, which was expressed most abundantly in the

larvae, was reconstituted in Xenopus laevis oocytes to characterise its pH- and

ivermectin sensitivity. Variant 9 formed a functional pHCI with half-maximal

activation at a pH of 7.87, and was activated by ivermectin irrespective of the

extracellular pH. This was in contrast to variant 1, which was activated more

profoundly at acidic rather than basic pH. To identify a key determinant for such

differential ivermectin sensitivity, different amino acids in variants 1 and 9 were

swapped, and the effects of the mutations on ivermectin sensitivity were

investigated. The V275S mutation of variant 1 enhanced ivermectin sensitivity,

whereas the S275V mutation of variant 9 caused a reduction in sensitivity. In

homology models of the Bombyx pHCIs, Val275 of variant 1 interacted more
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strongly with Ala273 than Ser275 of variant 9 at the channel gate. This

interaction is likely to prevent ivermectin-induced opening of the channel,

accounting, at least partially, for the differential macrolide action on the two

variants.
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Introduction

Most commercial pesticides modulate neural transmission and thus exhibit
rapid toxicity to pests. One major pesticide target is the pentameric ligand-gated
ion channels (pLGICs) (Nemecz et al., 2016; Sine and Engel, 2006) that mediate
fast-acting neural transmission in insects. For example, neonicotinoids (Matsuda
et al., 2001; Matsuda et al., 2009; Matsuda et al., 2005; Thany et al., 2007;
Tomizawa and Casida, 2003; Tomizawa and Casida, 2005), flupyradifurone
(Jeschke et al., 2013; Nauen et al., 2015), sulfoxaflor (Sparks et al., 2013) and
triflumezopyrim (Cordova et al.,, 2016; Zhang et al., 2017) modulate nicotinic
acetylcholine receptors (nAChRs), while fipronil (Ikeda et al., 2004; Ikeda et al.,
2001) and broflanilide (Nakao and Banba, 2015; Nakao and Banba, 2016)
selectively block y-aminobutyric acid receptors (GABARS). The pLGICs open an
integrated ion channel in response to agonist binding at the orthosteric site.
Each subunit possesses an extracellular N-terminal region containing a cysteine
loop and four transmembrane (TM) domains in which TM2 forms the channel
lining (Nemecz et al., 2016; Sine and Engel, 2006).

While nAChRs and GABARSs play a central role in neural transmission in

vertebrates and invertebrates, glutamate-gated chloride channels (GIluCls)
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(Wolstenholme, 2012), histamine-gated chloride channels (HisCls) (Gisselmann

et al., 2002; Hardie, 1989; Zheng et al., 2002) and pH-sensitive chloride

channels (pHCIs) (Mounsey et al., 2007; Nakatani et al., 2016; Schnizler et al.,

2005) are expressed only in the invertebrate nervous system to maintain

homeostasis. Such invertebrate-specific channels are important targets of safer

insecticides (Bloomquist, 2003; Raymond and Sattelle, 2002), and indeed, a

macrocyclic compound ivermectin that primarily modulates GluCI (Cully et al.,

1994), is used worldwide as an antihelmintic and pesticide (Wolstenholme,

2012). In contrast to GIuCls and HisCls, the role of the pHCI, which now should

be referred to as pHCI-1, in physiology is largely unknown because its native

ligand has not been identified. The pHCI-1 is expressed in the central nervous

system and hindgut, and forms chloride channels in Drosophila, and its chloride

channel is opened in response to shifts in extracellular pH (Schnizler et al.,

2005). Recently, a second pHCI, pHCI-2, has been discovered; it is expressed in

Drosophila Malpighian tubules to control fluid secretion (Feingold et al., 2016).

Of the pHCI-1 variants found in Drosophila, variant A was described as

being activated by ivermectin at acidic as well as basic pH (Schnizler et al.,

2005), whereas the Bombyx variant A was activated by ivermectin more
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profoundly at acidic rather than basic pH (Nakatani et al., 2016). This raises the

following questions: 1) whether the pH-dependent ivermectin sensitivity of the

pHCI-1 is found in all variants in Bombyx; and 2) what structural feature

underpins the differences between the Drosophila and Bombyx pHCI-1 variants.

The aim of this study was to clarify how the pHCI-1 gene transcript diverges

in Bombyx and whether all of the variants exhibit similar ivermectin sensitivity.

We isolated and sequenced 50 pHCI gene transcripts from the brain, T3G and

midgut of Bombyx larvae, to characterise a major variant in terms of the

response to pH shifts and ivermectin sensitivity. In addition, we mutated variants

1 and 9 to elucidate a determinant of the differential ivermectin action.

Materials and methods

Chemicals

22,23-Dihydroavermectin Bla (lvermectin), penicillin, streptomycin and

sodium pyruvate were purchased from Sigma-Aldrich (St. Louis, Missouri, USA),

while 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), gentamycin,

NaCl and KCI were purchased from Nacalai Tesque (Kyoto, Japan). CaCl, and

MgCl, were purchased from Wako Pure Chemical Industries (Osaka, Japan).
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Cloning of pHCI cDNAs from silkworm larvae

Total RNA was extracted from the brain, third thoracic ganglion (T3G) and
midgut of silkworm larvae (p50 strain) using TRIzol reagent (Thermo Fisher
Scientific, Waltham, MA USA), and mRNA was purified using TURBO DNase
(Thermo Fisher Scientific). To generate silkworm larva cDNA, a reverse
transcription reaction was performed using PrimeScript™ RT Reagent Kit
(Takara Bio, Shiga, Japan). First-round PCR of full-length cDNA was amplified
with the KOD -Plus- DNA polymerase (Toyobo, Osaka, Japan) using
pHCI_Forward_1 (Forward: GAGTGCTGAAGACAGCAAACGCGA) and
pHCI|_Reverse_1 (Reverse: ACAGTACCTCCGAATGTCACACCA) primers by
32 cycle reactions of 94°C 15 s, 55°C 30 s and 68°C 2 min. Second-round PCR
was performed using KOD -Plus- polymerase with BmpHCI_5 (Forward:
CGGGGTACCGCCGCCATGGGTTGGTCATGCGTCG) and BmpHCI_3
(Reverse: CCGCTCGAGTTAAGAAAACGCTTTGTAGTGAATG) primers by 32
cycle reactions of 94°C 15 s, 58°C 30 s and 68°C 2 min. DNA bands were
purified by agarose gel electrophoresis and cloned into the TOPO vector
(Thermo Fisher Scientific) for automated sequencing using the 3130xI Genetic

Analyzer (Thermo Fisher Scientific).
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When pHCI variants were expressed in Xenopus laevis oocytes, cDNAs

were cloned into the pcDNA 3.1 (+) vector (Thermo Fisher Scientific) and each

cRNA was prepared as described in the next section. cDNAs were mutated by

PCR with PrimeSTAR Max DNA Polymerase (Takara Bio) using forward and

reverse primers (Supplementary Table 1) by 10 cycle reactions of 98°C 10 s,

55°C 5 s and 72°C 2 min, followed by Dpnl digestion to remove templates.

Escherichia coli was then transformed with the PCR product to obtain mutated

plasmid DNAs. All mutant cDNAs were sequenced to confirm their structures.

Preparation of cCRNAs

The pcDNA 3.1 (+) vector harbouring the BmpHCI cDNAs was digested by

Xhol and cRNA was transcribed from the linearized vector using a MMESSAGE

MMACHINE T7 Ultra Kit (Thermo Fisher Scientific). cRNA solutions were

dissolved in RNase-free water at 1 mg/ml and stored at —80°C before use.

Two-dimensional clustering analysis

Two-dimensional (2D) hierarchical clustering was conducted to identify

coordinated networks in exon selection. The Z scores of the sequence detection
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abundance were correlated with the three tissues, and illustrated by R software

(R Core Team, R Foundation for Statistical Computing, Vienna, Austria, 2015).

Expression of Bombyx pHCls in Xenopus oocytes

Ovaries were excised from anaesthetized female X. laevis as previously
described, in accordance with the U.K. Animals (Scientific Procedures) Act, 1986
(Ihara et al., 2003; Matsuda et al., 1998; Nakatani et al., 2016; Shimomura et al.,
2002; Shimomura et al., 2006). The oocytes were treated with collagenase
(Type IA, Sigma-Aldrich) in Ca®*-free standard oocyte saline (Ca**-free SOS)
with the following composition (mM): NaCl 100, KCI 2.0, MgCl, 1.0 and
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) 5.0 (pH 7.6).
Oocytes were then transferred to SOS containing 100 mM NacCl, 2 mM KClI, 1
mM MgCl,, 1.8 mM CaCl, and 5 mM HEPES (pH 7.6) to remove follicle
membranes, and were injected with 50 nl of cRNA solution. cRNA-injected
oocytes were incubated for four days in SOS supplemented with penicillin (100
units ml™), streptomycin (100 pg mi™), gentamycin (20 pg mi™) and sodium

pyruvate (2.5 mM) prior to electrophysiological experiments.

10
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Voltage-Clamp Electrophysiology

Two-electrode voltage-clamp electrophysiology was performed as

previously described (lhara et al., 2003; Matsuda et al., 1998; Nakatani et al.,

2016; Shimomura et al., 2002; Shimomura et al., 2006). Oocytes were perfused

with the SOS. The voltage-clamp set-up was established using a GeneClamp

500B amplifier (Molecular Devices, Sunnyvale, California, USA) at a holding

potential of -80 mV, and membrane currents induced in response to a pH shift

or ivermectin were recorded using Clampex 8 software (Molecular Devices). The

current data were digitized by a Digidata 1200 A/D converter (Molecular

Devices) and analyzed using Clampfit 9 software (Molecular Devices).

Data analysis

The reversal potential for the pH shift-induced response of pHCI was

determined by normalising the peak current response at each membrane

potential by that measured at —100 mV and then drawing the normalized peak

current amplitude—membrane potential relationship. The reversal potential was

determined not only in normal SOS (CI: 107.6 mM), but also in low-chloride SOS

(Cl: 37.6 mM) where some of the NaCl was substituted with Na isethionate.

11
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The peak current amplitude of each response to the pH shift from pH 6.0

was normalized by the peak current amplitude of the response induced by the

shift to pH 9.0, while the peak amplitude of each response to various

concentrations of ivermectin was normalized by the peak amplitude of the

response to 10 uM ivermectin. Each data was obtained as mean + standard

deviation of the mean (n = 4 or 5 oocytes from two female frogs). The normalized

response was fitted by non-linear regression using Prism software version 6.05

(GraphPad, La Jolla, California, USA), according to the following equation where

Y is the normalized response, Imax is the normalized maximum response, pHsg

is the pH giving the half-maximal response and ny is the Hill coefficient:

— Imax
1 + 10(ogpHso—[ADnH"

Drug application

Ivermectin was stored as a 100 mM dimethyl sulfoxide (DMSOQO) stock

solution at —20°C until use, and the stock solution was diluted with SOS to

prepare test solutions. lvermectin was applied in SOS to oocytes expressing the

Bombyx pHCls by increasing the concentration up to 1 uM, but tested on

different oocytes at higher concentrations to prevent from irreversible effects.

12
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Homology modelling of pHCls

Homology models of the pHCI variants were constructed using MODELLER

(Webb and Sali, 2014). To build the models, the amino acid sequences of pHCI

were aligned with those of Caenorhabditis elegans GluCl a (PDB: 3RHW) (Hibbs

and Gouaux, 2011) when unaligned amino acids in the TM3-TM4 linker were

omitted. Bound ivermectin was treated as bulk residues. The models were

visualized using PyMOL software (Schrddinger, New York, USA).

13
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Results

Variations of cDNAs of pHCls in Bombyx mori larvae

Full-length cDNAs of the Bombyx pHCI gene consisting of 17 exons (Figure

1A) from the brain, 3TG and midgut of the silkworm larvae were amplified by

PCR and sequenced. Consequently, 51 variants of the pHCI gene transcripts

were found to be generated by alternative splicing at exon 11 as well as partial

deletions at exon 15, 16 and 17 (Figure 1B, Supplementary Table 2). Variant A,

which is referred to as variant 1 in this study, was detected in the brain, as

previously reported (Nakatani et al., 2016). Neither exon 11a, nor 11b, was used

to yield some variants (Figure 1B), resulting in a lack of TM1 and part of TM2

(Figure 1B). Variant 9 (Figure 1B) was expressed most abundantly in all three

organs investigated. It possessed all of the TM domains, as well as the

N-terminus ligand-binding domain, as for variant 1 (Figure 1B).

To understand exon selection tendency in Bombyx, 2D clustering analysis

was conducted for exons vs tissues. The clustering indicated that exon selection

within the T3G was distinct to that seen in the brain and midgut (Figure 2).

14
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Characterisation of variant 9 expressed in Xenopus oocytes

Since variant 9 was expressed most abundantly in Bombyyx, it was

reconstituted in Xenopus oocytes and characterized in terms of its functionality

as a pHCI and difference in nature from variant 1. In response to extracellular pH

shifts from pH 7.6 to 9.0, inward currents were induced in Xenopus oocytes

expressing variant 9 (Figure 3A). The reversal potential for the peak current

amplitude of variant 9 at an extracellular chloride ion concentration of 107.6 mM

was —-23.7 mV, close to the theoretical equilibrium potential for the chloride ion of

-24.9 mV. Reducing the extracellular chloride concentration to 37.6 mM shifted

the reversal potential to 1.5 mV, which was also similar to the equilibrium

potential of 1.6 mV (Figure 3B).

The peak current amplitude of the pHCI response was enhanced in a

pH-dependent manner and was maximal at pH 9.0 (Figure 3C, D). The pH giving

a half-maximal response (pHso) was calculated by non-linear regression to be

7.87 £0.27 (n = 4) (Figure 3D). No substantial difference in pHso was observed

between variant 1 (Nakatani et al., 2016) and 9.

15
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Actions of ivermectin on variant 9 expressed in Xenopus oocytes

A macrolide compound, ivermectin, activates pHCI as well as GluCls. Thus,

the compound was tested on variant 9 at four different pHs. Ivermectin induced

inward currents in oocytes expressing variant 9 with a similar ECs at all pHs

tested (Figure 4A, B, Table 1), in contrast to its action on variant 1 which was

more profound at acidic pHs (Nakatani et al., 2016).

Effects of mutations on ivermectin sensitivity of variants 1 and 9

There are different amino acids between variants 1 and 9 (Figure 5A), of

which one, or a combination of these, is likely to underpin differential ivermectin

sensitivity. Hence, the different amino acids of variant 1 were mutated to the

corresponding amino acid of variant 9 and vice versa, and the effects of this on

the action of ivermectin on the mutants expressed in Xenopus oocytes were

investigated at an extracellular pH of 5.5 and 8.5. At pH 5.5, ivermectin activated

not only variant 9, but also variant 1, as reported previously (Nakatani et al.,

2016). Hence, no clear impact of site-directed mutagenesis was observed

(Supplementary Figure 1). At pH 8.5, however, the V275S mutation of variant 1

enhanced the ivermectin-induced response, while the inverse S275V mutation of

16
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variant 9 reduced it (Figure 5B, C), demonstrating that the residue 275

influences sensitivity to the macrolide at the alkaline pH.

To understand the role of Ser/Val275 in determining ivermectin action,

homology models of variants 1 and 9 were constructed (Figure 6). The amino

acid at position 275 was located at the channel gate and remote from the

ivermectin binding site (Figure 6A). Both Val275 of variant 1 and Ser275 of

variant 9 had direct contact with Ala273, but the interaction with Ser275

appeared to be weaker than that with Val275 (Figure 6B).

17
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Discussion

To elucidate diversity of the pHCI1 gene product in Bombyx, we sequenced

50 cDNAs of the pHCI-1 gene from each of three organs (the brain, T3G and

midgut) of silkworm larvae, and found 51 splice variants. We did not detect any

RNA editing, but cannot rule out the possibility that it may be present in other

tissues and/or at different developmental stages. A similar diversity of pLGICs

was also found with respect to NAChRs (Grauso et al., 2002), GABARSs (Jones et

al., 2009) and GluCls (Furutani et al., 2014; Kita et al., 2014). Notably, diversity

of the Drosophila GABA receptor RDL resulting from alternative splicing and

RNA editing affects the ECso of GABA (Jones et al., 2009), while the differential

splicing-induced variations of GIuCl affects receptor density in membranes

(Furutani et al., 2014). For the Bombyx pHCI, we have found for the first time that

splice variants exhibit differential sensitivity to ivermectin.

Of the 51 variants, 24 lacked TM1 and part of TM2, and are presumed to be

incapable of forming a chloride channel (Nakatani et al., 2016). Nonetheless,

they may work either as dominant negative proteins to impair functionality of the

variants with all TM domains, as is the case for the B3 subunit that negatively

regulates neuronal nAChRs (Broadbent et al., 2006), or as enhancers to assist

18

$202 ‘02 Yo A U0 SfeuInor |1 34SY e 610's jeuino fipdse:w.ieyd 0w WOy papeo Jumo


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on July 24, 2017 as DOI: 10.1124/mol.117.109199
This article has not been copyedited and formatted. The final version may differ from this version.

MOL #109199

in the assembly of the pHCIs containing entire TM1 and TM2. In the future, it is

necessary to test these hypotheses as well as to investigate co-localization of

the TM1-TM2 containing and lacking variants in a single cell. A distinct exon

selection was observed in the T3G compared to the other tissues, which may

reflect a role of the ganglion in the control of leg motility.

Variant 9, which was most abundant in the Bombyx larvae, possesses four

different amino acids from variant 1 that is expressed mainly in the brain (Figure

5A). Variant 9 was activated by ivermectin at all of the pHs tested (Figure 4),

while variant 1 is activated at acidic pHs (Figure 5B, C) (Nakatani et al., 2016).

Ivermectin interacts with the allosteric site formed by TM1, TM2, TM3 and the

TM2-TM3 linker (Collins and Millar, 2010; Hibbs and Gouaux, 2011; McCavera

et al., 2009) to activate GluCls. However, forward (variant 1 to variant 9) and

reverse (variant 9 to variant 1) mutations identified Val275 of variant 1 and

Ser275 of variant 9 as those underpinning the differential action of ivermectin on

Bombyx pHCI (Figure 5B, C). In the homology models, Val275 of variant 1 had

stronger contact with Ala 273 than Ser275 in variant 9 (Figure 6B), thereby

preventing ivermectin-induced activation. This explanation seems plausible, but

we did not take into consideration any effects of pH on the allosteric site

19
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interactions with ivermectin when modelling the Bombyx pHCI. Therefore, it will

be necessary in future to investigate the effects of amino acids at position 275 on

the flexibility of pHCI at the channel gate, as well as on the ivermectin binding to

the allosteric site, using molecular dynamics.

In summary, we have found a high diversity of pHCI gene transcripts in

Bombyx, and such diversity is responsible for the differential action of ivermectin.

In addition, we identified a key determinant of ivermectin sensitivity in the pHCI,

providing new insight into its pharmacology. To understand the role of the pHCI

in maintaining insect homeostasis, it is critical to identify its native ligand.
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Figure legends

Figure 1. Genomic organization (A) and exon selection of variants of pHCI (B)
expressed in the larvae of Bombyx mori. Variants 3, 9, 42 and 44 were
expressed in all the tissues examined, and of these, variant 9 was expressed
most abundantly. Variants 28-51 are presumed to be non-functional as chloride

channels, since they lack TM1 and a part of TM2, due to omission of exon 11.

Figure 2. 2D clustering of Bombyx larvae tissues vs exon selection. When
calculating the Z scores for the exon selection, data for exon 1 (E1), E2, E4, E5,
E7, E8, E12 and E17ii were omitted because all of the transcripts contained
these exons. The color bar represents exon selection frequency in which red and
blue indicate high and low frequency, respectively. The results indicate a distinct

exon selection within the T3G compared to the brain and midgut.
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Figure 3. Characterization of Bombyx pHCI variant 9 expressed in Xenopus

laevis oocytes using two-electrode voltage-clamp electrophysiological recording.

(A) Inward currents induced in response to a shift in extracellular pH from 7.6 to

9.0. (B) Relationships between inward current amplitude in response to a pH

shift from 7.6 to 9.0 and membrane potential at two different extracellular

chloride concentrations. Each data plot is represented as the mean * standard

deviation of the mean (n = 3). (C) Inward currents induced in oocytes expressing

variant 9 in response to extracellular pH shifts from 5.5 to a range of higher

values. (D) Relationship between the normalized peak current amplitude of the

response of variant 9 and extracellular pH. Each data point represents mean *

standard deviation of the mean (n = 4).
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Figure 4. Actions of ivermectin on Bombyx pHCI variant 9 expressed in Xenopus

laevis oocytes. (A) Inward currents induced by 10 uM ivermectin bath-applied

extracellularly to oocytes expressing variant 9. Horizontal lines indicate the

application of ivermectin. (B) Ivermectin concentration—response relationship

determined at four different extracellular pHs. No substantial differences were

observed in the ECs for ivermectin at the pHs tested. Each data point

represents mean + standard deviation of the mean (n = 4).

Figure 5. Identification of the amino acid(s) underpinning differential ivermectin

action on variants 1 and 9 of the Bombyx pHCI. (A) Amino acid sequence of

variants 1 and 9. The different amino acids between variants 1 and 9 are boxed.

(B) Responses of oocytes expressing wild-type and mutant variants 1 and 9 of

Bombyx pHCI to 10 uM ivermectin at pH 8.5. Horizontal lines indicate the

application of 10 pyM ivermectin. (C) Comparison of peak current amplitude of

the response to 10 uM ivermectin in oocytes expressing the two variants at pH

8.5. Each bar graph represents mean + standard deviation of the mean (n = 5).

An asterisk indicates that the difference of the two response amplitudes

compared is significant by one-way ANOVA (Dunnett’s test, P < 0.05).
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Figure 6. Homology models of variants 1 and 9 of Bombyx pHCI. The models are

illustrated as grey cartoon except for ivermectin, Val275 and Ser275 which are

illustrated as spheres using PyMOL software. Carbons and oxygens of

ivermectin are colored light blue and red, respectively, whereas carbons and

oxygens of Val275 and Ser275 are colored yellow and red, respectively. (A) Side

view of variant 9 with ivermectin bound at the allosteric site. Note that Ser275 is

located at the channel gate that faces the cytoplasm. (B) Bottom view of variants

1 and 9. Both Val275 and Ser275 interact with Ala273. Since Ser275 is sterically

smaller than Val275, it may permit more flexible movement of Ala273 in the

chloride channel opening in response to ivermectin binding to the allosteric site.
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Table 1. pECsp values of ivermectin for variant 9 of Bombyx pHCI determined by

fitting concentration curves at four different pHs.

Extracellular pH

5.5 6.5 7.6 8.5

PECso 5.54+0.03 553+0.04 553+0.04 5.56+0.03

PECso (= -logECsp) values are represented as the mean + standard error of the
mean (n = 4). No substantial differences were observed between the pECs

values when analyzed using one-way ANOVA (Tuley’s test).
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Supplemental Table 1. Primers used for the mutations of pHCI-1 variants 1 and 9.

Primer name

Sequence (5-3")

BmpHCI_1_R233K_F

BmpHCI_1_R233K_R

BmpHCI_1_S243A_F

BmpHCI_1_S243A_R

BmpHCI_1_V275S_F

BmpHCI_1_V275S_R

BmpHCI_9 K233R_F

BmpHCI_9 K233R_R

BmpHCI_9_A243S_F

BmpHCI_9_A243S_R

BmpHCI|_9_S275V_F

BmpHCI_9_S275V_R

GTTGCCTCAAGGTGGATCTAATCTTCACAAGA

TAGATCCACCTTGAGGCAACTGTAATTACCTCT

GAGATAGAGCTTTTTACTTCACCACAGTATTCATA

AAGTAAAAAGCTCTATCTCTTGTGAAGATTAGATC

CTGCTAGATCTATGATAGGTGTAACAACAATGTTG

CCTATCATAGATCTAGCAGGCACAGCATTCCATTC

AGCTGTCTAAGAGTTGACTTAATCTTTACTAGAGA

AAGTCAACTCTTAGACAGCTGTAGTTACCTCTCCA

AGAGACCGATCTTTCTACTTTACTACAGTATTTAT

AAAGTAGAAAGATCGGTCTCTAGTAAAGATTAAGT

GCCCGTGTGATGATAGGTGTAACAACAATG

TGGCACCGCGTTCCATTCCAGCC




Supplemental Table 2. Accession numbers of variants of Bombyx pHCI-1 gene

transcripts
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Variant name

Accession number

Bm pHCI1 variant 1

Bm pHCI1 variant 2

Bm pHCI1 variant 3

Bm pHCI1 variant 4

Bm pHCI1 variant 5

Bm pHCI1 variant 6

Bm pHCI1 variant 7

Bm pHCI1 variant 8

Bm pHCI1 variant 9

Bm pHCI1 variant 10
Bm pHCI1 variant 11
Bm pHCI1 variant 12
Bm pHCI1 variant 13
Bm pHCI1 variant 14
Bm pHCI1 variant 15
Bm pHCI1 variant 16
Bm pHCI1 variant 17
Bm pHCI1 variant 18
Bm pHCI1 variant 19
Bm pHCI1 variant 20
Bm pHCI1 variant 21
Bm pHCI1 variant 22
Bm pHCI1 variant 23
Bm pHCI1 variant 24
Bm pHCI1 variant 25
Bm pHCI1 variant 26
Bm pHCI1 variant 27
Bm pHCI1 variant 28
Bm pHCI1 variant 29
Bm pHCI1 variant 30
Bm pHCI1 variant 31
Bm pHCI1 variant 32
Bm pHCI1 variant 33

LC259029
LC259030
LC259031
LC259032
LC259033
LC259034
LC259035
LC259036
LC259037
LC259038
LC259039
LC259040
LC259041
LC259042
LC259043
LC259044
LC259045
LC259046
LC259047
LC259048
LC259049
LC259050
LC259051
LC259052
LC259053
LC259054
LC259055
LC259056
LC259057
LC259058
LC259059
LC259060
LC259061



Bm pHCI1 variant 34
Bm pHCI1 variant 35
Bm pHCI1 variant 36
Bm pHCI1 variant 37
Bm pHCI1 variant 38
Bm pHCI1 variant 39
Bm pHCI1 variant 40
Bm pHCI1 variant 41
Bm pHCI1 variant 42
Bm pHCI1 variant 43
Bm pHCI1 variant 44
Bm pHCI1 variant 45
Bm pHCI1 variant 46
Bm pHCI1 variant 47
Bm pHCI1 variant 48
Bm pHCI1 variant 49
Bm pHCI1 variant 50
Bm pHCI1 variant 51

MOL #109199

LC259062
LC259063
LC259064
LC259065
LC259066
LC259067
LC259068
LC259069
LC259070
LC259071
LC259072
LC259073
LC259074
LC259075
LC259076
LC259077
LC259078
LC259078




Supplemental Table 3. Variants of Bombyx pHCI-1 with incomplete

MOL #109199

due to generation of an in-frame stop codon in their MRNAs

structures

Variant
numbers

Amino acid sequences

Detection
(%)

52

MGWSCVVTRAVAFILMLGKISAFTSDIFAAGKSDKEILDNLLKN
TRYDKRLLPPVDGVLTVNVSVLLLSLASPDESSLKYEVEFLLQQ
QWYDPRLRYSNQSHYDYLNAIHHHEDIWLPDTYFIMHGDFKD
PIIPMHFALRIYRNGTINYLMRRHLILSCQGRLNIFPFDDPLCSF
ALESISYEQSAITYVWKNDEDTLRKSPSLTTLNAYLIQNQTIPCP
IKASWRAEGNSLYEEDEELTCNLCQRRFEEQAV

0.67

53

MVVMRRGTRRGLYPHARQNISFYVRHLCRGKVGQRDFGQSS

1.3

54

MGWSCVVARAVAFILMLGKISAFTSDIFAAGKSDKEILDNLLKN
TRYDKRLLPPVDGVLTVNVSVLLLSLASPDESSLKYEVEFLLQQ
QWYDPRLRYSNQSHYDYLNAIHHHEDIWLPDTYFIMHGDFKD
PIIPMHFALRIYRNGTINYLMRRHLILSCQGRLNIFPFDDPLCSF
ALESISYEQSAITYVWKNDEDTLRKSPSLTTLNAYLIQNQTIPCP
IKASWRGNYSCLKVDLIFTRDRAFYFTTVFIPGIILVTSSFITFWL
EWNAVPARSMIGVTTMLNFFYNI

0.67

55

MGWSCVVARAVAFILMLGKISAFTSDIFAAGKSDKEILDNLLKN
TRYDKRLLPPVDGVLTVNVSVLLLSLASPDESSLKYEVEFLLQQ
QWYDPRLRYSNQSHYDYLNAIHHHEDIWLPDTYFIMHGDFKD
PIIPMHFALRIYRNGTINYLMRRHLILSCQGRLNIFPFDDPLCSF
ALESISYEQSAITYVWKNDEDTLRKSPSLTTLNAYLIQNQTIPCP
IKASWRGVTTMLNFFYNI

0.67

56

MGWSCVVARAVAFILMLGKISAFTSDIFAAGKSDKEILDNLLKN
TRYDKRLLPPVDGVLTVNVSVLLLSLASPDESSLKYEVEFLLQQ
QWYDPRLRYSNQSHYDYLNAIHHHEDIWLPDTYFIMHGDFKD
PIIPMHFALRIYRNGTINYLMRRHLILSCQGRLNIFPFDDPLCSF
ALESISYEQSAITYAWKNDEDTLRKSPSLTTLNAYLIQNQTIPCPI
KASWRGNYSCLRVDLIFTRDRSFYFTTVFIPGIILVTSSFITFWL
EWNAVPARVMIGVTTMLNFFTTSNGFRSTLPVVSNLTAMNVW
DGVCMCFIYASLLEFVCVNYVGRKRPLHNVVYRPGENPVTQE
AMAFLQWVKSETPQPACSGEVSDVTATSRKHFALHFHPFEMIS

1.3

57

MGWSCVVARAVAFILMLGKISAFTSDIFAAGKSDKEILDNLLKN
TRYDKRLLPPVDGVLTVNVSVLLLSLASPDESSLKYEVEFLLQQ
QWYDPRLRYSNQSHYDYLNAIHHHEDIWLPDTYFHSMTHCVH

1.3
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LP

58

MGWSCVVARAVAFILMLGKISAFTSDIFAAGKSDKEILDNLLKN
TRYDKRLLPPVDGVLTVNVSVLLLSLASPDESSLKYEVEFLLQQ
QWYDPRLRYSNQSHYDYLNAIHHHEDIWLPDTYFIMHGDFKD
PIIPMHFALRIYRNGTINYLMRRHLILSCQGRLNIFPFDDPLCSF
ALESISYEQSAITYVWKNDEDTLRKSPSLTTLNAYLIQNQTIPCP
IKASWRGNYSCLKVDLIFTRDRAFYFTTVFIPGIILVTSSFITFWL
EWNAVPARSMIGVTTMLNFFTTSNGFRSTLPVVSNLTAMNVW
DGVCMCFIYASLLEFVCVNYVGRKRPLHNVVYRPGENPVTQP
K

1.3

59

MGWSCVVARAVAFILMLGKISAFTSDIFAAGKSDKEILDNLLKN
TRYDKRLLPPVDGVLTVNVSVLLLSLASPDESSLKYEVEFLLQQ
QWYDPRLRYSNQSHYDYLNAIHHHEDIWLPDTYFIMHGDFKE
YSEHSRDPIIPMHFALRIYRNGTINYLMRRHLILSCQGRLNIFPF
DDPLCSFALESISYEQSAITYVWKNDEDTLRKSPSLTTLNAYLIQ
NQTIPCPIKASWRAEGNSLYEEDEELTCNLCQRRFEEQGNYS
CLKVDLIFTRDRAFYFTTVFIPGIILVTSSFITFWLEWNAVPARSM
IGVTTMLNFFTTSNGFRSTLPVVSNLTAMNVWDGVCMCFIYAS
LLEFVCVNYVGRKRPLHNVVYRPGENPVTQPGDKKRLLT

0.67

60

MGWSCVVARAVAFILMLGKISAFTSDIFAAGKSDKEILDNLLKN
TRYDKRLLPPVDGVLTVNVSVLLLSLASPDESSLKYEVEFLLQQ
QWYDPRLRYSNQSHYDYLNAIHHHEDIWLPDTYFIMHGDFKE
YSEHSRDPIIPMHFALRIYRNGTINYLMRRHLILSCQGRLNIFPF
DDPLCSFALESISYEQSAITYAWKNDEDTLRKSPSLTTLNAYLIQ
NQTIPCPIKASWRGNYSCLRVDLIFTRDRSFYFTTVFIPGIILVTS
SFITFWLEWNAVPARVMIGVTTMLNFFTTSNGFRSTLPVVSNLT
AMNVWDGVCMCFIYASLLEFVCVNYVGRKRPLHNVVYRPGE
NPVTQEAMAFLQWVKSETPQPACSGEVSDVTATSRKHFALHF
HPFMIS

0.67

61

MGWSCVVARAVAFILMLGKISAFTSDIFAAGKSDKEILDNLLKN
TRYDKRLLPPVDGVLTVNVSVLLLSLASPDESSLKYEVEFLLQQ
QWYDPRLRYSNQSHYDYLNAIHHHEDIWLPDTYFIMHGDFKE
YSEHSRDPIIPMHFALRIYRNGTINYLMRRHLILSCQGRLNIFPF
DDPLCSFALESISYEQSAITYVWKNDEDTLRKSPSLTTLNAYLIQ
NQTIPCPIKASWRAEGNSLYEEDEELTCNLCQRRFEEQGNYS
CLKVDLIFTRDRAFYFTTVFIPGIILVTSSFITFWLEWNAVPARSM

0.67
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IGVTTMLNFFTTSNGFRSTLPVVSNLTAMNVWDGVCMCFIYAS
LLEFVCVNYVGRKRPLHNVVYRPGENPVTQRLPAVLSRIGIILA
SPLPKRESTGAADLVSCTACTGPPAPVRTPPIMAVYPSHVSSR
FAKKNPRIRSEWRRLLT

62

MGWSCVVARAVAFILMLGKISAFTSDIFAAGKSDKEILDNLLKN
TRYDKRLLPPVDGVLTVNVSVLLLSLASPDESSLKYEVEFLLQQ
QWYDPRLRYSNQSHYDYLNAIHHHEDIWLPDTYFIMHGDFKE
YSEHSRDPIIPMHFALRIYRNGTINYLMRRHLILSCQGRLNIFPF
DDPLCSFALESISYEQSAITYVWKNDEDTLRKSPSLTTLNAYLIQ
NQTIPCPIKASWRAEGNSLYEEDEELTCNLCQRRFEEQGVTT
MLNFFTTSNGFRSTLPVVSNLTAMNVWDGVCMCFIYASLLEFV
CVNYVGRKRPLHNVVYRPGENPVTQPGDKKRLLT

0.67

63

MGWSCVVARAVAFILMLGKISAFTSDIFAAGKSDKEILDNLLKN
TRYDKRLLPPVDDPEFCCGLTSPNDSLAQNRVGFSSLRPRSH
NRGVLTVNVSVLLLSLASPDESSLKYEVEFLLQQQWYDPRLRY
SNQSHYDYLNAIHHHEDIWLPDTYFIMHGDFKDPIIPMHFALRIY
RNGTINYLMRRHLILSCQGRLNIFPFDDPLCSFALESISYEQSAI
TYVWKNDEDTLRKSPSLTTLNAYLIQNQTIPCPIKASWRAEGN
SLYEEDEELTCNLCQRRFEEQGVTTMLNFFTTSNGFRSTLPVV
SNLTAMNVWDGVCMCFIYASLLEFVCVNYVGRKRPLHNVVYR
PGENPVTQPGDKKRLLT

0.67

64

MGW SCVVARAVAFILMLGKISAFTSDIFAAGKSDKEIWTIFLKIP
ATTKDCSHQLMVFSQ

13

65

MGWSCVVARAVAFILMLGKISAFTSDIFAAGKSDKEILDNLLKN
TRYDKRLLPPVDDPEFCCGLTSPNDSLAQNRVGFSSLRPRSH
NRGVLTVNVSVLLLSLASPDESSLKYEVEFLLQQQWYDPRLRY
SNQSHYDYLNAIHHHAWRF

0.67

66

MGWSCVVARAVAFILMLGKISAFTSDIFAAGKSDKEILDNLLKN
TRYDKRLLPPVDGVLTVNVSVLLLSLASPDESSLKYEVEFLLQQ
QWYDPRLRYSNQSHYDYLNAIHHHEDIWLPDTYFIMHGDFKE
YSEHSRDPIIPMHFALRIYRNGTINYLMRRHLILSCQGRLNIFPF
DDPLCSFALESISYEQSAITYVWKNDEDTLRKSPSLTTLNAYLIQ
NQTIPCPIKASWRGNYSCLKVDLIFTRDRAFYFTTVFIPGIILVTS
SFITFWLEWNAVPARSMIGVTTMLNFFTTSNGFRSTLPVVSNLT
AMNVWDGVCMCFIYASQKRTPASDPSGEDY

4.0

67

MGWSCVVARAVAFILMLGKISAFTSDIFAAGKSDKEILDNLLKN

0.67
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TRYDKRLLPPVDDPEFCCGLTSPNDSLAQNRVGFSSLRPRSH
NRGVLTVNVSVLLLSLASPDESSLKYEVEFLLQQQWYDPRLRY
SNQSHYDYLNAIHHHEDIWLPDTYFIMHGDFKEYSEHSRDPIIP
MHFALRIYRNGTINYLMRRHLILSCQGRLNIFPFDDPLCSFALE
SISYEQSAITYVWKNDEDTLRKSPSLTTLNAYLIQNQTIPCPIKA
SWRGNYSCLKVDLIFTRDRAFYFTTVFIPGIILVTSSFITFWLEW
NAVPARSMIGVTTMLNFFTTSNGFRSTLPVVSNLTAMNVWDG
VCMCFIYASLLEFVCVNYVGRKRPLHNVVYRPGENPVTQPGD
KKRLLT

68

MGWSCVVARAVAFILMLGKISAFTSDIFAAGKSDKEILDNLLKN
TRYDKRLLPPVDGVLTVNVSVLLLSLASPDESSLKYEVEFLLQQ
QWYDPRLRYSNQSHYDYLNAIHHHAWRF

4.0

69

MGWSCVVARAVAFILMLGKISAFTSDIFAAGKSDKEILDNLLKN
TRYDKRLLPPVDDPEFCCGLTSPNDSLAQNRVGFSSLRPRSH
NRGVLTVNVSVLLLSLASPDESSLKYEVEFLLQQQWYDPRLRY
SNQSHYDYLNAIHHHEDIWLPDTYFIMHGDFKDPIIPMHFALRIY
RNGTINYLMRRHLILSCQGRLNIFPFDDPLCSFALESISYEQSAI
TYVWKNDEDTLRKSPSLTTLNAYLIQNQTIPCPIKASWRGNYS
CLRVDLIFTRDRSFYFTTVFIPGIILVTSSFITFLAGMECCAC

1.3

70

MGWSCVVARAVAFILMLGKISAFTSDILGCGD

0.67

71

MGW SCVVARAVAFILMLGKISAFTSDIFAAGKSDKEILDNLLKN
TRYDKRLLPPVDGVLTVNVSVLLLSLASPDESSLKYEVEFLLQQ
QWYDPRLRYSNQSHYDYLNAIHHHEDIWLPDTYFIMHGDFKE
YSEHSRDPIIPMHFALRIYRNGTINYLMRRHLILSCRGRLNIFPF
DDPLCSFALESISYEQSAITYVWKNDEDTLRKSPSLTTLNAYLIQ
NQTIPCPIKASWRGNYSCLKVDLIFTRDRAFYFTTVFIPGIILVTS
SFITFWLEWNAVPARSMIGVTTMLNFFTTSNGFRSTLPVVSNLT
AMNVWDGVCMCFIYASLLEFVCVNYVGRKRPLHNVVYRPGE
NPVTQRLPAVLSRIGIILASPLPKRESTGAADLVSCTACTGPPRL
LYAHRQ

0.67

72

MGWSCVVARAVAFILMLGKISAFTSDIFAAGKSDKEILDNLLKN
TRYDKRLLPPVDGVLTVNVSVLLLSLASPDESSLKYEVEFYFN
NNGTTLG

0.67

73

MGWSCVVARAVAFILMLGKISAFTSDIFAAGKSDKEILDNLLKN
TRYDKRLLPPVDGVLTVNVSVLLLSLASPDESSLKYEVEFLLQQ
QWYDPRLRYSNQSHYDYLNAIHHHEDIWLPDTYFIMHGDFKE

2.0
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YSEHSRDPIIPMHFALRIYRNGTINYLMRRHLILSCQGRLNIFPF
DDPLCSFALESISYEQSAITYVWKNDEDTLRKSPSLTTLNAYLIQ
NQTIPCPIKASWRGNYSCLKVDLIFTRDRAFYFTTVFIPGIILVTS
SFITFWLEWNAVPARSMIGVTTMLNFFYNI

74

MGWSCVVARAVAFILMLGKISAFTSDIFAAGKSDKEILDNLLKN
TRYDKRLLPPVDGVLTVNVSVLLLSLASPDESSLKYEVEFLLQQ
QWYDPRLRYSNQSHYDYLNAIHHHEDIWLPDTYFIMHGDFKD
PIIPMHFALRIYRNGTINYLMRRHLILSCQGRLNIFPFDDPLCSF
ALESISYEQSAITYAWKNDEDTLRKSPSLTTLNAYLIQNQTIPCPI
KASWRGNYSCLRVDLIFTRDRSFYFTTVFIPGIILVTSSFITFWL
EWNAVPARVMIGVTTMLNFFTTSNGFRSTLPVVSNLTAMNVW
DGVCMCFIYASLLEFVCVNYVGRKRPLHNVVYRPGENPVTQE
AMAFLQWVKSETPQPACSGEVSDVTATSRKHFALHFHPFIIS

0.67

75

MGWSCVVARAVAFILMLGKISAFTSDIFAAGKSDKEILDNLLKN
TRYDKRLLPPVDGVLTVNVSVLLLSLASPDESSLKYEVEFLLQQ
QWYDPRLRYSNQSHYDYLNAIHHHEDIWLPDTYFIMHGDFKE
YSEHSRDPIIPMHFALRIYRNGTINYLMRRHLILSCQGRLNIFPF
DDPLCSFALESISYEQSAITYVWKNDEDTLRKSPSLTTLNAYLIQ
NQTIPCPIKASWRGNYSCLKVDLIFTRDRAFYFTTVFIPGIILVTS
SFITFWLEWNAVPARSMIGVTTMLNFFTTSNGFRSTLPVVSNLT
AMNVWDGVCMCFIYASLLEFVCVNYVGRKRPLHNVVYRPGE
NPVTQRLPAVLSRIGIILASPLPKRESTGAADLVSCTACTGPPAP
VRTPPIMAVYPRFAKKNPRIRSEWRRLLT

1.3

76

MGWSCVVARAVAFILMLGKISAFTSDIFAAGKSDKEILDNLLKN
TRYDKRLLPPVDGVLTVNVSVLLLSLASPDESSLKYEVEFLLQQ
QWYDPRLRYSNQSHYDYLNAIHHHEDIWLPDTYFIMHGDFKD
PIIPMHFALRIYRNGTINYLMRRHLILSCQGRLNIFPFDDPLCSF
ALESISYEQSAITYVWKNDEDTLRKSPSLTTLNAYLIQNQTIPCP
IKASWRAEGNSLYEEDEELTCNLCQRRFEEQGNYSCLKVDLIF
TRDRAFYFTTVFIPGIILVTSSFITFWLEWNAVPARSMIGVTTML
NFFYNI

0.67

s

MGWSCVVARAVAFILMLGKISAFTSDIFAAGKSDKEILDNLLKN
TRYDKRLLPPVDGVLTVNVSVLLLSLASPDESSLKYEVEFLLQQ
QWYDPRLRYSNQSHYDYLNAIHHHEDIWLPDTYFIMHGDFKD
PIIPMHFALRIYRNGTINYLMRRHLILSCQGRLNIFPFDDPLCSF
ALESISYEQSAITYVWKNDEDTLRKSPSLTTLNAYLIQNQTIPCP

1.3
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IKASWRGNYSCLRVDLIFTRDRSFYFTTVFIPGIILVTSSFITFWL
EWNAVPARVMIGVTTMLNFFTTSNGFRSTLPVVSNLTAMNVW
DGVCMCFIYASLLEFVCVNYVGRKRPLHNVVYRPGENPVTQP
GDKKRESTGAADLVSCTACTGPPGSCTHTANNGGVSEPCFVQ
VRKKRTPASDPSGEDY

78

MGWSCVVARAVAFILMLGKISAFTSDIFAAGKSDKEILDNLLKN
TRYDKRLLPPVDGVLTVNVSVLLLSLASPDESSLKYEVEFLLQQ
QWYDPRLRYSNQSHYDYLNAIHHHEDIWLPDTYFIMHGDFKE
YSEHSRDPIIPMHFALRIYRNCTINYLMRRHLILSCQGRLNIFPF
DDPLCSFALESISYEQSAITYVWKNDEDTLRKSPSLTTLNAYLIQ
NQTIPCPIKASWRGNYSCLRVDLIFTRDRSFYFTTVFIPGIILVTS
SFITFWLEWNAVPARVMIGVTTMLNFFTTSNGFRSTLPVVSNLT
AMNVWDGVCMCFIYASLLEFVCVNYVGRKRPLHNVVYRPGE
NPVTQPKRESTGAADLVSCTACTGPPAPVRTPPIMAVYPSHVS
SRFAKKNPRIRSEWRRLLT

0.67

79

MGWSCVVARAVAFILMLGKISAFTSDIFAAGKSDKEILDNLLKN
TRYDKRLLPPVDGVLTVNVSVLLLSLASPDESSLKYEVEFLLQQ
QWYDPRLRYSNQSHYDYLNAIHHHEDIWLPDTYFIMHGDFKD
PIIPMHFALRIYRNGTINYLMRRHLILSCQGRLNIFPFDDPLCSF
ALESISYEQSAITYVWKNDEDTLRKSPSLTTLNAYLIQNQTIPCP
IKASWRGNYSCLRVDLIFTRDRSFYFTTVFIPGIILVTSSFITFWL
EWNAVPARVMIGVTTMLNFFTTSNGFRSTLPVVSNLTAMNVW
DGVCMCFIYASLLEFVCVNYVGRKRPLHNVVYRPGENPVTQR
LPAVLSRIGIILASPLEAMAFLQWVKSETPQPACSGEVSDVTAT
SRKHFALHFHPEMIS

0.67

80

MGWSCVVVRAVAFILMLGKISAFTSDIFAAGKSDKEILDNLLKN
TRYDKRLLPPVDGVLTVNVSVLLLSLASPDESSLKYEVEFLLQQ
QWYDPRLRYSNQSHYDYLNAIHHHEDIWLPDTYFIMHGDFKD
PIIPMHFALRIYRNGTINYLMRRHLILSCQGRLNIFPFDDPLCSF
ALESISYEQSAITYVWKNDEDTLRKSPSLTTLNAYLIQNQTIPCP
IKASWRGNYSCLRVDLIFTRDRSFYFTTVFIPGIILVTSSFITFWL
EWNAVPARVMIGVTTMLNFFTTSNGFRSTLPVVSNLTAMNVW
DGVCMCFIYASLLEFVCVNYVGRKRPLHNVVYRPGENPVTQE
AMAFLQWVKSETPQPACSGEVSDVTATSRKHFALHFHPFEMIS

0.67
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A Mutation from Variant 1 to Variant 9, Ivermectin 10 yM, pH 5.5
G350P;delta
Control R233K S243A V275S D351-K352

N N

Mutation from Variant 9 to Variant 1, Ivermectin 10 pM, pH 5.5

P350G;insert
Control K233R A243S S275V D351-K352
30s
400 nA
B Mutation from Variant 1 to Variant 9 Mutation from Variant 9 to Variant 1
Ivermectin 10 uM, pH 5.5 Ivermectin 10 pM, pH 5.5
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Supplemental Figure 1. Effects of mutations of variants 1 and 9 of Bombyx
pHCI-1 on the response to 10 uM ivermectin at pH 5.5. (A) Responses of
oocytes expressing the wild-type and mutant variants 1 and 9 of Bombyx pHCI-1
to 10 uM ivermectin. Horizontal lines indicate the application of 10 yM ivermectin
at pH 5.5. (B) Comparison of peak current amplitude of the response to 10 uM
ivermectin in oocytes expressing the variant 1, variant 9 and their mutants at pH
5.5. Each bar graph represents mean + S.D. (n =5).
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