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Chapter 1: Copied here from Martin, J.A. and Garczynski, S.F. {2015) Putative
nicotinic acetylcholine receptor subunits express differentially through the life
cycle of codling moth, Cydia pomonella (L.} (Lepidoptera: Tortricidae), Insect
Science, doi: 10.1111/1744-7917.12196

insect Sefence (2014) 00, 1-11, DOl 10.1111/1744-7917.12198 !

Putative nicotinic acetylcholine receptor subunits express
differentially through the life cycle of codling moth, Cydia
pomonella (Lepidoptera: Tortricidae)

Jessica A. Martin and Stephen F. Garczynski i
USDA-ARS, Yakima Agricullural Research Laborafory, Wapato, WA 98951, LISA

Abstract Nicotinic acctylcholine receptors (nAChRs) are the targets of nconicotinoids
and spinosads, two insecticides used in orchards to effectively control cadling moth, Cydia
pomonclia (L.y (Lopidoptera: Tostricidae), Orchardists in Washington State are congerned
about the possibility of cedling moth fictd populations developing resistance to these two :
insecticides, kn an effort to help mitigate this issue, we initiated a project to identify and i
characterize codling moth nAChR subunits expressed in heads. This study had twe main E
goals; (i} identify transcripts from a codling moth head transcriptome that encode for [
nAChR subunits, and {ii) determine nAChR subunit sxpression profiles in various life E
stages of codling moth. From a codling moth head transeriptome, 24 transcripis encoding
for 12 putative nAChR subunit classes were identified and vetified by PCR amplitication, 4
cloning, and sequence determsination. Characterization of the deduced protein sequences

encoded by putative nAChR transcripts revealed that they share the distinguishing features

of the eys-loop ligand-gated ion channel superfamily with ¢ a-type subunits and 3 g-

type subunits identified. Phytogenetic analysis comparing these protein sequences to those

of other insect BAChR. subunits suppotts the identification of these proteins as nAChR ]
subunits. Stage cxpression studies determined that there is clear differential expression of !
many of these subunits throughout the codling moth life cycle. The information from this 1
study will be used in the future to moniter for potentiat target-site resistance mechanisms
to neonicotinoids and spinosads in tolerant codling meth populations,

Key words codling moth; nAChR expression; nicoiinic acetylcholine recepror subunits

Introduction States Environmental Protection Apency (EPA) has
cancelled the registration of several organophosphates,

The cedling moth Cydie pomonella (L.) {Lopidopiera;
Tortricidae), a major pest of apple, pear, and walnut
worldwide, has histotically been controlled by aggressive
chemical trentments using insecticides {Knight, 2010),
While effective, organophosphates and pyrethroids cause
serious envircmental and egricultursl worker safety
issues {Brown & Brix, 1998; Chen, 2012), The United

Covrespondence:  Stephen F Garczynski, USDA-ARS,
Yakima Agricultural Rescarch Laboratory, 5230 Konnowac
Pass Road, Wapato, WA 98951, USA. Tel: -1 509 454 6572;
fax: +1 509 454 5646; email: stove, garczynski@ars, usda.gav
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including azinphos-methy] in September 2012, forcing
orchardists to seck alternatives. Since the early 2000s, a
growing number of orchardists have turned to neonicoti-
noids and spinosads as safer alternatives to contrel codling
moth in Integrated Pest Management {IPM) programs
(Agnelio ef af., 2009; Casida & Durkin, 2013), Neonicoti-
noids und spinosads have been successful in controlling
codling moth in the orchard, with these insecticides
being highly selective for insect nicotinic acetylcholine
receptors {nAChRs) while displaying low selectivity
for mammalian nAChRs (Tomizawa & Casida, 2005).
However, there is evidence to suggest that neonicotineids
could ho having a negative impact on some beneficial
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2 LA Martin & 8. F Garezynski

insect species, including the honey bee, Apis mellifera
(L.) {Hymenoptera: Apidae) (Blacquiere et af., 2012).

Neonicotinoids and spitiosads target nAChRs, interfer-
ing with their function in the nervous system, Functional
nAChRs exist in the netve membranc 25 homo- or
hetercpentamers compased of ¢ and A subunits, the
combination of which determines both the functional
and pharmacological properties of thess ligand-gated jon
channels {Jones et al., 2007). The actions of nAChRs have
been implicated to have roles in learning, memory, and
neuradegenerative disorders (Buckingham ef af., 2009;
Gauthier, 2010). Normally closed, nAChRs are opened
by the binding of acetyicholine, the main excitatory
neurotransmitter in the insect central hervous system, for
the purpess of rapid neurotransmission. Neonicotinoids
competitively bind in the acetyleholine pockats within the
nAChRs, while spinosads bind outside of these receptors’
active site (Watson et al,, 2010; Casida & Durkin, 201 3)
Both insecticides cause hyperexcitation of the central
nervous system:, leading to paralysis and death (Salgado,
1998; Gervais ef af., 2010}.

While progress has beer: made in understanding how
neenicotinoids function at the nACRR binding sites
(Lansdell & Millar, 2000; Shimomwra ef af, 2003
Shimonwra ef ¢/, 2004; Shimomuta et af, 2005; Li
etal., 2010; Liet al., 2012), relatively little is known about
the molecular properties of nAChRs and the diversity of
subunits avaifable to assemble into functional pentametic
ion channels. Within the lest decade, rAChR subunit gene
families have been described for several insect species in-
cluding the honey bee, 4, melfifera (Jones et al., 2006), the
sitkwortn, Bonbyx movi (1..) {Lepidoptera; Bombycidae)
(Shao ef 4l., 2007}, the truit fly, Drosophila melunogasier
(Meigen) (Diptera: Drosophilidae) (Sattelle 2 ai., 2005),
the red flour beetle, Tribolium casiannewm (Herbst)
(Coleoptera: Tenebrionidae) (Jones & Sattelle, 2007), the
malaria masquito, Anopheles gambiae (Giles) (Diptera:
Culicidae) (Jones ef ef, 2005), and the parasitoid
wasp, Nasonia vitripennis (Ashmead) (Hymenoptera:
Pteromalidae) (Jones er gl, 2010}, Characterization
of nAChRs hes led to some important discoveries,
including target-site peint tmutations, mis-splicing and
truncated transctipts that are implicated in resistance
to neonicotinoids and spinosads, Point mutations in
2 nAChR o-subunits, nAChRel and nAChRa3, were
implicated in imidacloprid resistance detected in Chinese
field populations of the brown planthopper, Nilaparvat
fugens (Si81) (Hemiptera: Delphacidae) (Liu ef at., 2005).
A point mutation in a f-subunit, nAChRS1, has been
implicated in neonicotinoid resistance in peach—potato

aphid, Myzus persicae (Sulzer) (Hemiptera: Aphididee),
in Southern France (Bass et af, 20113, and an amino
acid sequence similar to the resistant form of nAChRS1
is present in the black-legged tick, /xodes scapularis
{Say) (Acari: Ixodidae) which is thought to confer natural
tesistance to neonicotinoids in this pest (Erdmanis e
al., 2012), For spinosads, a point tmutation in nAChRe6
has been implicated in resistance in western thrips,
Frankliniella occidentatiy (Pergande) (Thysanoptera:
Thuipidac), in Spain (Puinean ¢f ai, 2013}, In a field
population of the diamondback math, Phurella xylostella
(L) (Lepidoptera: Plutellidae), mis-splicing of RAChR«6
leading to a truncated transeript is implicated in resistance
of this insect to spinosads (Baxter et ¢/, 2010 Rinkevich
et al., 2010). Likewise, truncated transcripts of nAChRa 6
have been found to confer resistance to spinosads in
both the oriental fiuit fly, Bactrocery dorsalis (Handel)
{Diptera: Tephritidac) (Hsu et al., 2012} and fiuit fly, D.
melanogaster (Petty ef al., 2007),

Orchardists using neonicotineids and spinosads to con-
trol codling moth are concernad that target-site resistance
in this insect could render these highly successful classes
of insecticides ineffective. To help mitigate this issue, the
first goal of this study was to identify transcripts encod-
ing putative nAChR subunits from an assembled codling
moth head transcriptome, The presence of gach transcript
encoding for BAChR subunits was confirmed by PCR and
validated by DNA sequence determinations. The second
goal of this study was to determing the temporal expres-
sion profiles of nAChR subunits enceding transeripts. The
tesulfs of this study provide information that will allow
for monitoting of codling moth populations for potential
target-site resistance to neonicotinoids and spincsads.

hMaterials and hethods
Insects

Codling moth collected from field sites in the Yakima
Valley were reared and maintained at the Yakima Agri-
culiural Rescarch Laboratory, Wapato, WA, USA. Larvae
tesulting from adult matings were veared on artificial diet
(Southiand Products, Lake Village, AR, USA). All insect
reating was done at 26 °C, 70% RH with a 16 : 8 light :
dark cycle. Once the codling moth colony was generating
a constant source of insects, the heads and bodics of the
various farval, pupal, and adult stages were collected and
stored at 4 °C in RNAfater® (Ambion, Austin, TX, USA)
unkil use for RNA extraction.

© 2014 Institute of Zoology, Chinese Academy of Sciences, 00. 1-11
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RNA extraciton and iranscriptome generation

Head tissue frem above was recovered from RNA later®
and total RNA was cxtracted from 30 mg of each lar-
val, pupal and adult stage using the RNeasy® Plus Mini
Kit (Qiagen. Valencia, CA, USA) according to manufac-
tuter’s protocol for puritication of total RNA from animal
tissues, In the final step, total RNA was eluted from the
RNeasy spin column with 40 gL of RNase-free water
(supplied with kit). The RNA was then used in construc-
tion of the [luming HiSeq (Ilumina, Inc., San Diego,
CA, USA) library for sequencing following HiSeq 2000
platforr-specific protocols. The sequence reads were as-
sembled infe contigs and uploaded to ViroBLAST, a stan-
dalone BLAST web server {Deng ef 4., 2007), for identi-
fication of transeripts enceding puiative nAChR subunits
(see below). The transcriptome was generated it the lab-
oratory of Dr. Amit Dhingra {(Washington State Univer-
sity} and details, including methods and results, will be
presented elsewhere (Hendrickson e of,, manuscript in
preparation).

Hdentification of transcripis encoding putative nAChR
subuniis

Amine acid sequences of nicotinic acetylcholine recep-
tor subunits (nAChRs) iddentified in B, mori (Shao ef al
2007} were used as queries in tBLASTn searches of the
codling moth transcriptome, Codling moth transcript se-
quences with significant homology to the querries were
uploaded to Geneious (version 6.8 created by Biomatters,
available from http/Awww,geneious.com/) and otigonu-
cleotide primers were designed using the Primer3 fune-
tion contained within Geneious. Primeys used in this study
can be found in Tables S1 and S2.

cONA synthests, transeript ampiification, ond cloning

Aliquets of RNA from cach insect stage were pooled
for uss as template in first-strand cDNA synthesis re-
actions. Total RNA (15 pg) was converted to ¢cDNA
using SuperScript® 171 First-Strand Synthesis Superhix
(lavitragen, Carlsbad, CA, USA) according to manufac-
turer’s conditions with modifications in primers used.
For eDNAs vsed for internal amplifications, RNA. was
primed with oligo d{T)s.1z or the CDSII/3’ PCR Primer
(Clonfech, Mountain View, CA, USA}Y, for 5 RACE,
total RNA was primed with oligo dT (supplied with
SuperSeript® [T SuperMix) and the SMART IV oligonu-
cleotide (Clentech). The cDNA. reactions were carried

& 2014 Institute of Zoology, Chincse Academy of Sciences, 00, 1-11
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out in 2 final volume of 20 1L and incubated 50 min at
50 °C,

Amplifications of putative nAChR subunits were
done in 20 L reactions containing 0.4 pL Titanium
Taq {Clontech, Mountain View, CA, USA), lx PCR
buffer (supplied with Taq), 0.25 pmol/L each primer,
200 pmol/L each dNTP and 1 L. of 10x diluted head
cDNA template. Standard PCR conditions were: injtial
denaturation for 3 min at 94 °C, then amplification steps
of 20 sec at 94 °C, 10-15 sec at annealing tempersture,
and cxtensions of 90 sec to 5 min at 72 °C for 40 cycles,
followed by a final 5-min 72 °C polishing step (specific
anpealing and amplification conditions are given in
Table 81). For Touchdewn PCR, conditions were: initial
denaturation for 3 min at 94 °C, then amplification
for 20 sec at 94 °C, 10 sec at 60-72 °C, and 90 sec
to 5 min at 72 °C for 40 cycles, ending with a final
S-min 72 °C polishing step (specific annealing and
amplification conditions are given in Table 31). For 5
RACE reactions, 10x Universal Primer A Mix (10
UPM; Clontech) composed of a long oligonucleotide (5'~
CTAATACGACTCACTATAGGGCAAGCAGTGGTA-
TCAACGCAGAGT-3") and short oligomucleotide
(5 CTAATACGACTCACTATAGGGC-3") were used as
forward primer with conditions as described above. PCR
products were separated by agarose gel electrophoresis
and resultant products were excised for cloning. DNA
in the excised bands were exiracted and purified us-
ing GenElute Minus EtBr Spin columns (Sigma, St.
Louis, MO, USA), and the purified PCR products were
clotted using the TOPQ TA cloning kit for sequencing
(Invitrogen, Carisbad, CA, USA) with TOP 10 Fs-
cherichia coli chemically competent cells acoording to
manufacturer’s protocol. At least 4 clones from each TA
cloning were grown overnight at 37 °C, and plasmid DNA
was extracted using the GeneJET Plasmid Miniprep
Kit (Thermo Scientific, Waltham, MA, USA) using
the manufacturer’s protocol, The ¢DNA clones were
sequenced at MC Laboratories (MCLab, Sen Francisco,
CA, USA). Sequences of cloned nAChR subunits arc
deposited in GenBank (Accession numbess; KP101240-
KP101251),

Characterizations, phylogenetics, and alignments of
nACHR subunit proteing

Uploaded transcript sequences were translated in
Gencious and then trimmed to generate the open
reading frame of the encoded putative nAChR sub-
unit. Amino acid sequenccs of putative nAChR
subunits were downloaded in FASTA format and
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signal sequences wete predicted using the SignalP
3.0 Server (httpi//www.cbs.dindk/services/SignalP;
Bendisen ef af, 2004), transmembrang regions were
predicted using TMPred on the ExPASy server (http:/!
www.ch.entbnet.org/software/TMPRED _form.html),

and cys-loop regions, putative N-glycosylation sites,
and GEK motifs were predicted wsing the ExPASy
Prosite server (hitp://prosite.expasy.org/). For alignments
of putative nAChR subunits, amino acid sequences
for B. mori, D, melonogaster, and A, mellifera were
retrieved from the NCBI database. Deduced amino acid
sequences of putative codling moth nAChR subunits and
those from the above-mentioned insects were aligned
using Clustal W (http://www.genome.jp/tools/clustalw/;
Thompson ef al., 1994) with default settings. BvolView
(hitp:/evolgenivs.infolevolview/; Zhang et al, 2012)
was used to display the phylogenetic trec. Statistical
calculations fer the identity and similarity table were
determined using the Sequence Manipulation Suile
(hitp:/www.ualberta.ca/~stothard/avascript/ident_sim.
heml; Stothard, 20007,

Temporal expression

Thitty miiligrams of tissue was collected from each in-
sect stage (larvae, pupae, and adults), separating heads
from bodies {starting at instar 3) and males from females
{statting at instar 4} and stored in RNALater™ until RNA
extraction, RNA was extracted as described above, and
then residual genomic DNA was removed from 3 pg
RNA with the TurboDNA-free kit (Ambion), For expres-
sion profiles, cDNA was prepared as described above
uging 0.4 g DNA-ftce RNA as template, and the vesul-
tant cDNA was diluted 1 : 5§ before use in PCR reac-
tions. Standard and Touchdown PCR reactions were per-
formed a3 deseribed above (speeific anngaling and am-
plification conditions are given in Table 82}, The nAChR
subunit was considered expressed in a stage if the appro-
priate band was detected by agarose gel electrophoresis.
Select bands were cloned and sequenced to verify their
identities.

Results and Discussion

Fdentification of lranscripts encoding putative
CpomnAChR subunits

A codling meih head transcriptome was mined us-
ing tBLASTn searches to identify transcripts encoding
nAChR subunit orthologs of those previously identified
in B. mori. Twenty-four transcripts encompassing 12

putative nAChR subuni classes were identified (see Sup-
plementary Text file for nucleotide and dedueed amino
acid sequences). From the transeriptome, complete ORFs
were obtained for 8 of the subunits: CpomnAChRexl
(1539 nt encoding 512 as), CpomnAChRe2 (1644
nt encoding 547 asa), CpomnAChRxS (1500 nt en-
coding 499 aa), CponnAChRe? (1530 nt encod-
ing 509 aa), CpomnAChRa8 (1605 nt encoding 534
aa), CpommAChRe® (1293 nt encoding 430 aa),
CpomnAChRAD (1545 nt encoding 314 aa), and
CpomnAChR A2 (1067 ni encoding 398 aa); and partial
sequences were obtained for the remaining 4 subunits
{CponinAChRe3, CpormnAChRe4, CpomnAChRaS, and
CpommAChRA3; See Supplementary Data 1). RT-PCR
and 5' RACE were used to confirm and build upon the in-
formation obtained from the transcriptome (Seguences
deposited in GenBank, Accessions Nos. KP101240-
KPi01251).

Characterization of puitative RAChR subunit protein
products

Characterization of the predicted proteins encoded by
the putative nACDR. transcripts revealed thaf they share
the distinguishing feaiures of the cys-leop ligand-gated
ion channel superfamily. Predicted N-terminal signal pep-
tides were identified for all subunits with the excepiion
of CpomaAChR A3, for which sequence data for the start
codon was not obtained (Fig. 1, underlined). Predicted
N-glycosylation sites in the N-terminal cxtracellular
domain were identified in all twelve of the subunits
(Fig, 1, NX8/T), The N-terminal extracellular domain is
involved in ligand binding, and the N-glycosylation sites
found in this region may play a role in the regulation
of ACh teceptor desensitization and ien permeability
{Nishizaki, 2003}, Vicinal cysieines woere identified in
CpomnAChRe 1-9 {Fig. 1, CC), but were not present in
CpomnAChRA1-3. The vicinal cysteines in c-subunits
are required for ACh binding (Kao & Karlin, 1986),
and f-subunits lack this feature. A dicysteine loop
separated by thiricen amine acids was identified in all
12 subumits (Fig. 1, *). The dicysteine loop consists of
2 disulphide-bond forming cysteines separated by 13
amino acids, and is necessary for compleie receptor
assembly (Green & Wanamaker, 1997), Four transmem-
brane regions were predicted for 11 of the 12 subunits
(Fig. 1, gray background). Three {ransmembrane tegions
wete predicted for CpomnAChRaS, however, complete
sequence through the 3rd fransmembrane domain region
was nat obtained. Tt is expecied that the 3rd transmem-
biane domain will be identified in CpomnAChR«S cnce

© 2014 [nstitute of Zoology, Chinese Academy of Seiences, 00, 1-11
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Fig. 1 Proteln sequence alignment of codling moth putative nAChR (CpomnAChR} subunits, M-termina! signel peptides are underlined,
transmembrane motifs are highlighted in gray, and vicibak cysteines ave labeled CC. Cys-loops are indicated by *. GEK motifs are in
black boxes, Predicted N-glycasylation sites are denoted by NXS/T. BmornAChR«1 of silkworm is included For comparison.

this region is fully cloned (see Supplementary Data 2
and 3 for nAChR«5 alignments). The 4 transmembrane
regiens are responsible for how the subunit assembles
within the cell membrane (Dani & Bertrand, 2007).
The glycine-glrtamic  acid-lysine (GEK) motif was
identified in all of the subunits except CpomnAChR«9,
CpomnAChRA2, and CpomnACERS3 (Fig. 1, GEK).
The second transmembrane regicn is the main lining
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along the ionic pore, and the GEK. motif, typically located
between fransmembrane regions 1 and 2, contributes
to the cation sefectivity of the pore (Danl & Bertrand,
2007). 1t is not vnusual to find that CpommAChR9,
CpomnAChR A2, and CpomnAChR 83 lack a GEK metif
as AChRar9 and nAChR#2 in the hongy bee, as well as
the nAChR«9, nAChR A2, and nAChR A3 in the silkworm
also lacle this motif (Jones ef af., 2006; Shao ef el., 2007).
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Comparison of CpomnAChR subunits with those
identified in the silkworm

The number of nAChR subunit groups (12) iden-
tified i codling moth is identical to those found in
the silkworm. Comparison of the coding moth and
silkworm nAChR amino acid sequences indicate that
CpomnAChRx1-8 and CpomnAChRA! all had clear
silkworm orthologs showing 85%99% sequence iden-
tity and 89%—100% similarity (Table 1, Supplemen-
tary Data 2). CpomnAChRa9, CpomnAChRS2, and
CpormnAChRA3 did not have clear silkworm orthologs.
With only 55% sequence identity and 68% similarity,
CpemnAChRaS is most similar to BmornAChR«9 (Table
1). Additionally, 25 mentioned above, the CpomnAChR«9
lacks the GEK. motif, as do the BmornrAChRa9 and
the AmelnAChR«S subunits (Jones ef al, 2006, Shao
et al., 2007). CpommAChR A2 and CponmAChRS3 have
below 30% sequence identity and below. 50% similarity to
all silkworm nAChR subunits. For CpomnAChRA2, the
highest sequence identity (26%) and highest similarity
(43%) was to BmornAChR 2, and for CpomnAChRA3,
the highest sequence identily (24%) and highest sim-
ilarity (45%) was to BmornAChRS3, CpomnAChR 52
atd CpomnAChRS3 alse lack GEK motifs, as do
BmornACERA2 and BmornAChRE3.

Putative CpomndChR subunits cluster with other insect
nAChR subuiit groups

To provide further support that putative codling
moth nAChR subunits were appropriately classified,
a phylogenetic tree with putative nAChR subunits
of codling moth and those of the fiuit fly {Dmel),
the honey bec (Amel), and the silkworm (Bmor) was
constructed. Representative subunits from the other 4
cys-loop ligand-gated ion channels {glycine receptor,
GABA-gated chlorine channel, glutamate receptor, and
3-HT receptor) found in silkworm were used as an
“out group” in the tree. The phylogenetic tree supports
the identification of the proteins encoded by codling
moth transcripts as cys-loop ligand-gated jfon channel
subunits in ihe nAChR subunits family (Fig. 2). The
phylogenetic tree also males apparcnt the relationships
between the putative nAChR subunits of codling moth
and those of the fruit fly (Dmet}, the honey bee (Amel),
and the silkworm (Bmor} (Fig. 2), The CpomnAChRe],
CpomnAChRe2, CpomnAChRe3, CpomnAChRed,
CpomnAChRe6, CpomnAChRe7, and CpomnAChR AL
subunits group together with their respective nAChR sub-
uhits in the other 3 insects considered, indicating a high

degree of conservation for each of these subunits. The
CpomnAChRe5 subunit groups with the nAChRxS of
honey bee and sitkworm, but not with that of the fruit fly.
The CpomnAChRa8 subunit groups with the nAChRa8
of honey bee and silkworm, and the nAChRS2 of the
fruit fly. This suggests that the nAChRaS5 and nAChRa8
subunits are elso fairly conserved. CpommAChRa9,
CpomaAChRE2, and CponmAChRS3 cluster with a
group made up of AmelnAChRx9 and AmelnAChRS2,
as well as BmorrAChRe9, BmomAChRS2, and
BmornAChRA3. The nAChRw5/32/83 group of subunits
clusters separately fiom the most highly conserved
nAChR subunit groups, The groups in our phylogenetic
tree correlate with the groups of insect nAChR subunits
identified by Jones & Satielle (2010} based on amino
acid sequence homology amongst honey bee, silkworm,
fruit fly, inalaria mosguito, and red flovr beetle, In that
study, 7 core groups wete identified as highly conserved
between species (Darl, Da2, D3, Ded, Da5-7, DI,
Dg2) with an 8th divergent subunit category representing
those subunits with low sequence identity to the other
nAChR subunits {Jones & Sattelle, 2010). In accordance
with these categories the CpomnAChR subunits cluster
appropriately supporting their identification as members
of the nAChR subunit family (Fig. 2).

CpormndChR subuniis express differentiolfy throughout
codling moth life cycle

A second peal of this study was to determine life
stage expression profiles of transcripts cncoding codling
moth nAChR subunits. Transeripts encoding codling
moth nAChR subuaits were initially identified in a head
transcriptome, but it was of interest to detetming which
subunits are expressed in the body since nerves are
alse present there. Differential expression of the various
nAChR subunit transcripts was apparent in the codling
moth life eycle with 2 head-biased profile {Fig. 3}, The
CpomnAChRe] transcript was detected in heads of ail
lagval stages and the pupal stage in both genders, but in
males, it is also detected i the bodies of 4th and Sth instar
stages and in the adult heads and bodies. CpomnACHRw ]
was not detected in adult females. The CpomnAChRa2
and CpomnAChR«3 transcripts were detected in heads at
all stages and in both genders, buf are also detected in the
bodics of the pupal and adult stages. The CpomnAChRa4
transcript was detceted in heads of both genders through
all larval stages and female pupac, as well as in the bodies
of 5th instar females, CpomnAChRe4 was not detected
in acult heads or bodies. The CpomnAChRx3 transcript
was detected in the heads at all stages and in both
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Flg. 2 Phylogenetic tree showing telationship between codling moth (Cpom) nAChR subunits (sequences given in Supple-
mentary Dafa 1} and silkworm {Bmor), fruit fly (Dmel) and honey bec (Amel} aAChR subunits. The silkworm glycine re-
ceptor subunit (Bmorglysubunit; GenBank XM_004926998), GABA-gated chlorine channel subunit (BmorGABAsubunit; Gen-
Bank NM_001099824), glutamate receptor subunit (Bmorglatsubunit; GenBank XM_004032681), and S-HT receptor sub-
unit (BmorS-HTsubunit; GenBank NM_0C1044037) are used as out group clements representing the other 4 members of
the ligand-gatcd ion channel superfamily. The nACHR sibunits shown in the free (GenBank Accession nos.} are as fol-
lows: BmaornAChRerl (ABV45511), BmornAChReZ (ABV43512), BraormAChRad (ABV45513), BmomAChRa4 (ABV45514),
BmornAChRa5 (NP_001156811), BmernAChRa6 (ABV45518), BmomnAChRa7 (ABV45520), BmornAChRa8 (ABV45521),
BmornAChRa9 (ABV45523), BmomAChRB1 (ABV45508), BmorACHhRAE2 (ABV45509), BmornAChRAS  (ABV45510),
DwelnAChRerl (CAA30172), DmelmAChRe2 (CAA36517), DmelnAChRa3 (CAAT5688), DmelnAChited (CABT7443),
DmelACERaS (AAMI3390), DmelnAChRwS (AAMI3392), DmelnAChRa7 (ABOZ6063), DmelnAChREL (CAAZTS4L),
DmelnAChRS2  (AAF56304), DmelhAChRS3 (CACA8166), AmelnAChRel (AAY78790), AmelnAChRwx2 {AAS4B08D),
AmeclnAChRa3  (AAYE7891), AmclhAChRad (AAYE7892), AmelnAChRaS (AASTS781), AmelACHRx6 (AAYETSS),
AmelnAChRe7 (AAR92109), AmelnAChRaS (AAMSES23), AmelnAChRa® (AAYBTB96), AmelnACRRA1 (AAYE7897), and
AmelnAChR 2 (AAYE7898), Codling moth putative nAChR subunits are indieated with black arrows.

genders, except for 5th instar males, but is also found in is also present in bodies at 4th instar and male pupae,
the bodies of 3rd instar and adufts. The CpomnAChRa7 as well as in both genders of adults. CpomnrAChReS
transcript was detectad in heads at all stages except 2nd transcript was detected in heads of both genders, and in

instar and is present in both genders, CpomnAChRa7 the bodies of adult males. The CpomnAChRa9 iranscript

© 2014 nstitute of Zoology, Chinese Academy of Sciences, 00, 1-11
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Flg. 3 Temporal expression profiles of 10 nAChR subunits in codling moth, PCR reactions were done te determine nAChR subunit
expression in the various codling moth life stages (lazval, pupal and adult’. For each stage (exeept 1st, 2nd, and 3rd instar), we separated
males (4) from ferales (2), Aiso, for each stage (except 1st and 2nd instar), we separated heads (H) from bodies {(B), NT indicates
“to cDNA template” control. CpomnAChR sybunits tested are listed to the right of each panel. Expression Is deemed positive if
amplification products are present (the white bands in each panel),

was detected in bodies of both genders through 4th instar,
and then continues to be present in male bodies through
aduithood. CpomnAChRaS js also detected in heads
of 4th instar males, 5th instar males and famales, and
female pupze, The CpomnAChR A2 and CpomnAChR 3
transcripts appear to be expressed in both heads and
bodies at alf stages in both genders, except they do not
appear in heads of either gender at the adult stage.

There are 3 differences in nAChR subunit expres-
sien between codling moth and the honey bee. First,
AmelnAChRe® and AmelnAChR A2 appear in both heads
and bodies of adults in the honey bee (Jones ef al., 2006),
while CpomnAChR«$ and CpomnAChRS2 only appear
in the budies of adults in codling moth (Fig. 3). Second,
AmelnAChRe4 exon 4 (Joncs ef af., 2006) is identical
to CponnAChRer4 (Fig. 4), yet AmeleAChRe4 appears
in all stages of the life cycle of the heney bee (Jones
et al,, 2006), while CpomuAChRwx4 appears only in
codling moth Immature stages. Third, the honey bee
does not possess a nAChR subunit homologous fo
CoomnAChRA3. Tdentifying these types of differences
batween pest and beneficial insect species may be useful
in developing pest control agents that are not harmlul to
nentarget species.

Conglusion

The results of this study indicate that codling moth
possesses 12 classes. of nAChR subunits, inchuding 9
o-type subunits and 3 f-type subunits. These 12 classes

of subumits cluster together in a phylogenctic analysis
in a wuy similar to those of other insects. Temporal
expression studics indicate that the diversity of nAChRs
is increased by the frenscription of varying classes of
subunits st different points throughout the life cycle, This
information establishes a foundation for future studies of
nAChRs in codling moth, including investigation of the
role of various subunits in the neurotransmission required
for learning and behavior in the insect. Mutations found in
nAChR subunit transcripts kave been implicated in dnsect
resistance to neonicotinoids and spinosads (Liv ef af,,
2005; Perry et af., 2007; Baxier e al., 2010; Rinkevich
et al., 2010; Bass et «f, 201 1; Hsu ef al, 2012; Puinean
et al, 20t3). The results of this current study provide
sequence information that will be useful in monitoring for
target-site resistance in codling moth field populations
that become tolerant to neonicotineids and spinosads,
Finally, a greater understanding of the diversity and
complexity of nAChRs within roultiple insect species can
lead to identification of stbunits unique to target pests.
With this information, more targeted control agents can
be designed to spare beneficial species while managing
agricultural pests.
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Supplementary Data 1. Codling moth head transcriptome sequences encoding putative nicotinic acetylcholine
receptors and translations,

>CpomnAChRal Wapato GAGTGG_L00S R1 001 (paired) _contig 75622 (reversed)
ATGGTGTTGGCGCTGGTGGTCGGACTCCTGTGCGTGTGGAGTCGCCTGAGCGTCGCCAACCCTGATGCGAAGCGCTTGTAC
GACGACCTGCTGTCCAACTACAACCGACTGATCCGGCCCGTCGGCAACAACTCGGACCGACTCACCGTCAAGATGGGGCTG
CGGCTCAGTCAGCTTATCGATGTTAACCTTAAGAATCAAATCATGACAACGAACGTTTGGGTAGAACAGGAGTGGAACGAT
TACAAACTGAAGTGGAACCCGGAGGACTACGGTGACGTCAAAACTCTCCACGTGCCTTCTGAACACATATGGCTGCCAGAC
ATCGTGCTTTATAACAACGCGGACGGTAACTACGAAGTGACGATAATGACGAAAGCCATTCTACACTACGACGGGAAAGTG
ATATBAAAGCCCCCGGCCATCTACAAGTCCT T CTGCGAGATCGACG TRGAGTAC T TCCCCT T TGACCAGCAGACT TGCTTC
ATGAAATTCGGTAGTTGGAGCTACGACGGTTATACGGTGGATTTGAGGCATCTGAAGCAAACACCAGATTCTGACGCGATA
GGAATGGGCATCGACTTGTCAGAATACTATATATCCGTGGAGTGGGACATCATGCGAGTGCCGGCCACCAGAAATGAGAAG
TTCTACTCCTGECTGCGAGGAGCCTTATCCTGATATCATATTCAACCTAACCCTTAGAAGARAAACCCTCTTCTACACGATC
ARCCTCATCATCCCATGCAT TEECATCTCCT TCC TC T CAGTCCTGRTC T IO TAT CTACCT TCCGACTC TECACAARAGATC
TCACTCTGCATATCTATCCTCCTCTCCTTGACCE TG T TCTTC T TAC TGO TAGUAGAAATAAT T CCOCCCACCTCACTCACT
GTTCCACTTTTAGGAAAATATTTATTGTTCACTATGATGCTAGTCACATTATCAGTAGTGGTCACTATCGTGGTGCTGAAC
GITAATTTTAGCTCCCCGOTARCCCATCATATGECACCTTRRATCCOCARGETCTTTATAGAT T TTTTACCCARAATATTA
TGCATACAAAGGCCOGAGARGCCAGAAGACGATCATAACGATAAG CCOACTEAGETCCTCACCHATETATTTGATGRCGAL
GACCTAGACGGCARAGT TCAARGAGTECHETTGCGAGCAGTACCAGCTACCREEEC TR CCOCCETCRCCCCCTCCRECCTTCld
GETEEGGACGACEAACT CTTCTCCCCACCCCCTEGCTCECCCTGCCACCTEEACCTERACGCCGACACTCCCTCTCOTAGAT
ARACACTACGTEAGAGAGATGGRARAGACTATAGAACCCT CCAGETT AT TECGCAACACGTCARCAATAAGGATARCTTT
GARAANCTTCACGATAGCETGCGTEOTCEECACCECGCTCATCATCT TCCECGOCCCCACCTTCTACGACAACTCCAAACCS
ATCGACATCCTCTACTCCARGATTGCCAAGAAGARACTCGAGCTCCTAAGCGATGEGC TCORARATGGACCCOCACCTCTGA
>CpomnAChRel_contig 75622 Translation
MVLALVVGLLCVWSRLSVANPDAKRLYDDLLSNYNRLIRPVGNNSDRLTVKMGLRLSQLIDVNLKNQIMTTNVWVEQEWND
YKLKWNPEDYGDVKTLHVPSEHIWLPDIVLYNNADGNYEVTIMTKAILHYDGKVIWKPPAIYKSFCEIDVEYFPFDEQTCF
MKFGSWSYDGYTVDLRELEQTPDSDAIGMGIDLSEY Y I SVEWDIMRVPATRNEKFYSCCEEDPY PLI I PNLTLRRETLEY TV
NLIIPCVGISFLSVLVEFYLPSDSCERISLCISILLSLTVFFLLLARL I PPTSLTVEL LOKY LI FTMMLVTLSVVVTIVVLN
VNFRSPVIHHMAPWYRKVFIDFLPKILCI QR PEEPEDDDNDE PTEVL T DV FGGDDLDGK FREWCCEEYELPGLPESPPR DD
GGDDELFSPPPGSPCHLDLDADTPSLDKHYVREMEKTIEGSRFIAQHVKNKDKFEXFTIACVLGTALIIFRAPTFYDNSKP
IDILYSKIAKKKLELIRMGSEMDEGL*

>CpomnAChRe2 comp736%49_c0_sgeql
ATGATTGCAAAGCGTATAGTTTTCGTATTGTTTTCGATTGTTTTTGTCGTGTGGGGTAATCCGGATGCTAAGAGACTTTAC
GATCATTTACTCAGTAATTATAACAGACTGATCCGACCAGTTGATARARACAATAATACTGT M I TGO TGARACT CRGTCTC
CEECTGTCCCAACTEATTGACT TGAACTTGAAAGATCARATCTTGACCACCAACGTATGECT TCAACATCACTAGGACUAC
CACAAGTTCAAATGGGACCCGARACGAGTACGGCGEACAGAAGGAACTETATETGCCCTCTCAACACATCTAGCTCCCTCAT
ATCGTTCTTTACAACAATGCCGACCECEAGTACGTGETGACAACGATGACANAGGCECTEOTCAGCTACACIGOAAAGETG
CTETGGACGCCGUCGECCATCTTCARATCOTCCTGCGACATCRACGTTCECTACT TCCCCTTCEACCAGCAGACCTGOTTC
CTCAAGTTTGGGAGCTACGAGC TATCGATGGAGACCAGAT TEATCTCAAGCACAT TAA TCAGAAGAGACATAC CGGCEACACT
ATTGAGGTGGGAAT CEACCTCAGRGAATACTATCCCTCCETGHACTORCACATCCTGEEAGTACCAGC TEAGACCOACEAR
AGGTACTACCCETECTECCAGGAACC T TATCCGGACATCTTC TTCAACATCACGCTCCGCCGCARGACCTTAT TOTACACT
GTCARCCTCATCETCCCGETGCETCUGCAT TTCCTATCTCTCCETCCTTGTATTCTACCTCOCCACCGACTCTGCAGACAAG
ATAGCTCTCAGCATCTCCATCCTACT T CACAARCCATGTTCTTTT TACTCAT T TCTGAAATCATCCCGTCRACATCCTTA
GCTTTACCGTTACTTGGEARATACTTGCTETTTACCATCT TECTCETAGGATTATCAGTGETTATAACTATAS TTATACTGE
AATGTGCATTATCEGARCCCTAGTACTCACARARTGGCTCCT GGG TAAGARAGTTCTTCATARCGAACTTACCAAGATTA
CTATTAATGCCTATGUCTARAGAT T TGTTEACGEATTTGACTECGCACARGAT COCAGGEAGGAGCTTGARGARGAATAAG
TTTAAGGEATGCETTGGCGGEGCCCAGCAGACARACTCTARCACT TCGAGCCCEGAT TCCTTEAGACATCAT TTC OO TGRA
GOATGTAATAGATTGCACTCOACTACTGCTACTAACAGET TCAGCEECCTCETCEETAC TCTGEGRAGC CTTCRTUCTGRD
TACRACGGCCTCCCCTCOGTRATGTCAGECCTCEACGACTCCCTGAGCEACETCECCCOGCECARNARNTACCCGTTCRAG
CTCGAGARGGCCATACACAACETTATGT TTAT TCAACACCACATGCAGCGACAGGACGAETTC ARTGCGGAAGACCAGGAT
TGGEGCTTCETEECCATGETCCTCGACCHTCTETTCCTCTEEATCTTCACCATTGCCTCCAT CETCEGUACTTTTECORTT
CTCTGCEARGCCCCGTCACTCTACGACGACACCARACCCATCGACATEATTCT TTCGTCAGTCACCCAGCAGCAGTTOTTG
CCGGTGGATAGTAGTGATTCTTAA

>CpomnAChR2_comp736949 ¢0_segl translation
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MIAKRIVFVLFSIVFVVWGNPDAKRLYDDLLSNYNRLIRPVDKNNNTVLVKLGLRLSQLIDLNLKDQILTTNVWLEHEWED
HKFKWDPNEYGGQKELYVPSEHIWLPDIVLYNNADGEYVVTTMTKAVLSYTGKVLWTPPAIFKSSCEIDVRYFPFDQQTCF
LKFGSWSYDGDQIDLKHINQKRQTGDTIEVGIDLREYYPSVEWDILGVPAERHERYYPCCQEPYPDIFFNITLRRKTLFYT
VNLIVPCVGISYLSVLVFYLPADSGEKIALSISILLSQTMFFL L ISEI IPSTSLALPLI GKY LLFTMLLVGLSVVITIVIL
NVHYRKPSTHKMAPWVRKFFITKLPRLLLMRVPKDLLRDLAAQKIAGRSLKKNKFKDALAAAEQTNSNASSPDSLRHHLPG
GCNGLHSTTATNRFSGLVGALGSLGAGYNGLPSVMSGLDDSLSDVAPRKKYPFELEKAIHNVMFIQHHMQRQDEFNAEDQD
WGFVAMVLDRLFLWIFTIASIVGTFAILCEAPSLYDDTKPIDMILSSVAQQQFLPVDSGDS*

>CpomnAChReZ Wapatc GAGTGG_LO05 _R1_001_(paired) contig 22388
GGAARCCCCGACUCCARGCRGC TG TACGACCACCTECTCAGCAAC TACAAC AAGCTEETECAECCoGTROTCAACGTCAGT
GACGCGCTCECCETGCGCATCARACT CARGCTCAGCCAGCTCATCGACGTGAATCTCARAARTCARATCATGACARCCAAC
CTTTGGEETGEAGCAGAGCTEATACGACTACAAGC TETCOTGEGAGCCECECEAGTACCECEECATEGAGATACTCOACGTE
CCCTCCGACCACATCTGAECAGCCCGACATCGTECTUTACAACARCECCEACGEEARCTTCEAGATCACHCTGECCACRARS
GCGACGCTGAACTACACCEECCANGTGEAGTEGCECCCGUCCECCAT CTATAAGT CCTC CTECGAGAT TCACETCCAGTAC
TTTCCCTTCGACCAGCAGACCTGOUTCATGAACTTTGGEACCTGEAGCTATGATGGACAC CAGATTGATCTEAAGCACATT
ARTCAGAAGAGACAGACCGECEACACTATTGAGETECGAATCEACCTCAGGGARTACTATCCCTOCGTCRAGTARGACATE
CTGEGAGTGCCAGCTGAGAGECACCAGAGGTACTACCCETEUTECCAGGAACCTTATCCGEACATCTTCTTCAACATCACS
CTCCOCCECAAGACCTTATTCTACACCETCAACC TCATCETCCCATECETCOACATT TCCTATCTOTCOGTCCTTGTATTC
TACCTCCOCGCCGACTCTGEAGRGARGATAGCTCTCAGCATCTCCATCCTGUTCTCACARACCATETTCT I T TTACTGATT
TCTGAAATCATCCCGTCGACATCCTTAGCTTTECCGT TACT TGCEARATACT TGCTGTTTACCATGT TACT COTAGGATTS
TCAGTGET TATAACTATAGTTATACTGARTGTGCAT TATCGGAAGCCTAGTACTCACARAATGECTCCTTGGGTAAGAARG
TTCTTCATARCGARGTTACCAAGAT TACTATTAA TACETETECCTARAGAT TTGTTGAGGEAT TTCGOTGCGCAGAAGATC
GCAGUGAGGAGCTTEAAGAAGARTAAGT TTARGGATGCAT TECCEECEECERAGCAGACARACTCTARCGCTTCGAGCCCE
GATTCGTTGAGACATCATTTGCCTGGAGCATETAATGGATTGCACT CEACTAC TG TACTAACAGETTCAGCRGCOTCRTC
GETGCTCTCEGGAGCCTTECTGCTEGCTACARCGGCCTUCCCTCCATGATATCAGGCCT COACUACTCRCTEAGCEACTTC
GCCCCECGCARGAAGTACCCGETTCGAGCTCAAGARGGCCATACACAACGT TATGT T TAT TCAACACCACATGCAGOGACAS
GACGAGTTCAATGCGGARGACCAGGAT TEEEGIT TCETEECCATEETCCTCOACCETCTGTTCCTCTEEATCTTCACCATT
GCCTCCATCATCAGCACTTTTECCATTCTCTECGAAGCCCCGT CACTCTACGACGACACCAAACCCATCCACATAATTOTT
TCGETCGATCGCCCAGCAGCAGTTCTTECCECTEGATAGTCETCGATTCTTAA
»CpomnAChRo2Z _contiyg 22388 translation
GNPDAKRLYDDLLSNYNKLVRPVLNVSDALAVRI KLKLSQLI DVNLKNQ IMTTNLWVEQSWY DYKLSWEPREYGAVEMI H
VPSDHIWRPDIVLYNNADGNFEVTLATKATLNYTGRVEWRPPAIYKSSCEIDVEYFPFDQQTCVMKFGSWSYDGDQIDLK
HINQKRQTGDTIEVGIDLREY Y PSVEWDILGVPAERHERY Y PCCQEPYPDT FENT TLRRR TLFYTVNLIVPOVGTSYLAV
LVFYLPADEGERIALSTISILLSQTMFFLLISEI I PSTSLALPLLGEY LI FTMLLVGLSVVITIVILNVEYRKPS THRMAR
WVRKFFITEKLFRLLLMRVPEDLLRDLAAQKT AGRSLKKNKFEDALAAAROTNSNASS PDSLRUHLPGCCNGLES TTATNR
FSGLVGALGSLGAGYNGLPSVMSGLDDSLSDVAPRKKYPFELEKAIHNVMFIQHHMQRQDEFNAEDQDWGFVAMVLDRLF
IWIFTIASIVGTFALLCEAPSLYDDTKPIDMILSSVAQQOFLPVDSGDS *

>CpomnAChRe2_Wapato GAGTGE_L005_R1 001 (paired) contig 49974

ATGATTGCAARGCGTATACT I TTCETATTETTTTCGAT TG T I T TG TCATATEEEGTAATCCGUGATGCTARGAGACT TTAC
GATGATTTACTCAGTAAT TATARCACGNNNNNNNNNN N A N A N NN N N NN NN NN N NN NN NI NN N NN NN
NNNNNNENNNNNNNNGTTGATARARACARTAATACTGTTTTGETGAAACTCGRTCTCCGECTATCCCARACTGATTGACTTE
AACTTGAARGATCARATCTTGACCACCAACGTATGECTTCAACATGAGTGRGAGEACCACAAGTTCARATEACACCOGARC
GAGTACGGCGEACAGARGGAACTETATATGCCCTCTGAACACAT CTAGCTCCCTEATATCATTCTTTACAACAATGCCCAC
GGCGAGTACETGETGACAACCATGACAARGGCGETECTCAGCTACACCECARAGGTEOT

>CpomnAChRY2_49974 translation
MIARRIVFVLESIVEVVRGNPDARKRLYDDLLEN Y NEXX XK XXX XXX XXX XX XAV DRNNN TV LVK LGLRLSOLI DL
NLRDQI LTTNVWLEHEWEDHKFEWDPNEYGGOKELYVPSEHIWLPDIVLYNNADGEY VYT TMTKAVLEY TGRY

>CpomnAChRe3 comp93086_c0 agaql

ATGCGCCCCCRCECCTCTCECOCCGUaC CCeCCTGCCCCOTECTETTECTGECECTECTAUTAECTARTRAGTACTEOCOC
GOARACCCCEACGCCAAGCGGCTETACGACGACCTACTCAGCAACTACAACAACGCTEETGCAGCOCETEOTCAACETCAGT
GACGCGCTCECCETECECATCARACT CAAGCTCAGCCAGCTCATCOACGTGAATCTCARAAAATCAAA TCATCACARCCAAL
CTTTGGETCGAGCAGAGCTEE TACGACTACAAGCTATCOTEGGAGCCGCGCEAGTACOGUGGCCTEOAGATGOTECACGTE
CCCTCCGACCACATCTEECECCCCEACATCGTGCTCTACAACAACGCCGACGEGAACT T GAGETCACGCTEGUGACGARG
GCGACGCTGAACTACACGEECCCCATEEACGTEACACCCECICECCATCTATAAGTCCTCCTECCAGATTOACGTCGAGTAL
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TTTCCCTTCGACCAGCAGACCTUCGTCATGAAGT TCCGECTCCTEGACT TACGATERCTTCCAGETGEACCTECERCACATC
GACGAGGCGCGCEECACCAACETEETEGAGCTCGGCGTCGACCTATCCOAAT TCTACACCTCGETECAGTEEGATATACTE
GAGGTGCCGGCCGTCAGAAACGAGRAGTTCTACACGTGCTECCACGRAGCCCTACCTCEACATCACGTTCAACAT CACGATS
CGGCECARGACGCTETTCTACACCETGAACCTAATAATCCCATGCATGEGCATCTCCT TCCTGACCETGCTGGTGTTCTAC
CTGCCCTCGRACAGTEGCEACARGETETCCCTATCCATCTCCATCOTGCTCTCECTTACCOTATTCTTCTTGCTATTGRCC
GAGATTATTCCTCCAACGTCCCTCETACTTCCATTGCTGGRCAAGT T TETGCTCTTCACCATCATACTGGATACTTTCAGT
ATATGCGTGACGETGETEETECTCARCGTGCACTTCCGGTCACCECACACGCACACGATGGCACCATGAGTECECGCGTE
TPCATCCACGTGCTGCCGCEECTCCTEETCATECEGCECCUGCACTACCGTCCCGACCCGOATCGTAGCCGCTTCRCCARA
CTCUCGACGGUAGCGRAGACGETCCAGTCCAAGCACEAGECOGEETEETECEGCEETCA
>CpomnAChRa? comp?3086 c¢0_seql translation
MRPRAPRAAPACPLLLLALLLAGECCAGNPDAKRLYDDLLSNYNKLVRPVLNVSDALAVRE I KLKLSQLIDVNLKNG T MT'TH
LWVEQSWYDYKL.SWEPREYGGVEMLHY PSDHIWRPD IVLYNNADGNFEVTLATRATLNY TGRVEWRPPATYKSSCRIDVEY
FPFDOOTCYMKFGSWIYDOFQVDLRHIDEARGTNVVELGVDLSEFY TSVEWD I LEV PAVRNEKFYTCCDEFYLDITFNITM
RREKTLFYTVNLIIPCMGISFLIVLVFYLPSDSGEKVSLSISILLSLTVFFLLIAET IPPTSLVVPLLGKFVLFTMILDTFS
TCVTVVVLNVHFRS POTHTMAPWYRRVE ITHVLPRLLVMRRPHYRPDPHRSRFAGLATAAETVQWEHEAGHCGG

>CpomnAChRe3_comp2i54_cl_seql
CCACAGGCCCGCECLGLTECCGCCECCCECAGUCECETEGCCEGCCTECACGACGIGECCEGCECTOTGCEACECGEOTECACCE
CTGECACCECTGCCCUGAGCTACACAAGGCTATCGACGECAT CAACTACAT CGCCEACCACACECOCAAGGACGAGGARGC
CACGRGEGTCAAGGAGRACTGEAAGTACGTAGCEATGATECTECACCEGCTETTCCTATGGATCTTCACCCTEECARETECT
GETGGGETCEECEEGCATCATCCTGCAGGCECCEACSCTATACCGACGASCECGCACCCATCRACETGCECCTCTCCGAGAT
CECETACGCCACCECCAAGCUGCGCCCECUGCCTCCGCCGCGATAG
>CpomnAChRo3_comp2254_c0_seql_translation
HRPAPLPPPAAACRLHDAPALCDALRRWHRCPELHKATDGINYIADQTRKDEEATRVEKEDWKYVAMYLDRLFLWIFTLAVL
VGSAGLILOAPTLYDERAPIDVRLSEIAYATAKPRPPEFPPR*

>CpomnaChRa3 Wapato _GAGTGGE_L0O05_RI_ 001 (paired) contig 16478 (reversed)
CAGARACGAGAAGT TCTACACGTGCTACCACEAGCCCTACCTCGACATCACGTTCAACAT CACGATECGGCGCAAGACGCT
GTTCTACACCGTGAACCTAATAATCCCATACATAGGCATCTCCTTCCTGACCGTGCTEATGT T CTACCTGCCCTCEGACAS
TGECGAGAAGGTET CECTGTCCATCTCCATCCTGCTCTCGCTTACCGTATTICTTC T TGCTAT TEGCCCGAGATTATTCCTCC
AACGTCECTCGETEUTTCCATTGCTGEGCAAGTT T TGO TCT TCACCATGATACTGGATAC T TTCAGTATATGCATAACGET
GOTGETGCTGAACGTGCACTTC COCTCACCGCAGANNNNNNNN NNAN NN NN NN NN NN NN N NN NN NNNNNTGCGCOG
CGTGTTCATCCACGTGCTGCCGLEGUTCCTOOTCATECEGCECCCECACTACCETCCCEACCCECATCQTAGCCEOTTCGC
CGGACTCOCGACGGCAGCGEAGACGATECAGTEGEAGC ACGAGGCACEETEGTGCGAECUGTCACGECECGEEGGECEARCAET
GGGGGCEEERATACCECICACalcal

>CpomnAChRO3 contig 16478 translation

RNEKFYTCCDEPYLDITFNITMREETLEYTVNLI IPCMGISFLTVLVFYLPSDSGERVALSISILLSLTYEFFLLLAEI IPP
TSLYVPLLGKFVLFTMILDTEFS ICVTVVVLNVHFRSPOXX XX XXX XXX XXXXRRVF THVLPRLLVMRRPHYRPDPHRSRFA
GLATAAETVOWEHEAGWCGGEGAGAGAGAGVPPAP

>CpomnAChRO3_Wapato GAGTGG LO0OS_RIL_001_ (paired) contig 27004
CTTTCCCTTCGACCAGCAGACCTGCGTCATGAAGTTCEGCTCCTGRACTTACGATEACTTCCACETACACCTECCECACA
TCGACGAGGCGCECEECACCAACETECTEGAGCTCGGCATCGACCTGTCCGAATTCTACACCTCGGTGGAGTEGGATATA
CTGGAGGTGCCEECCETCAG

>CpomAChRE3_centig 27004 translation
FRFDQOTCVMEFGSWTYDGFQVDLRHIDEARGTNVVELGVDLSEFY TSVEWD ILEVEAYV

>CpomnAChRa3_Wapato GAGTGG L.005_R1_001 {paired) contig_ 42908
GCGCARGOACCAGGRAGCCACGAGECTCAAGGAGGACTGGAAGTACCTEGCCATAGTGCTGEACCARCTETTCCTETEEA
TCTECACCCTGECEETGCTEGTGEEATCEECEEECATCATCCTECAGGCGCCEACCCTETACGACGAGCANHEN
>CpomnAChRa3_contig 42%08 translation
REDEEATRVKEDWKYVAMVLDRLETWIFTLAVLVGSAGIILQAPTLYDER

»CpomnAChRed_comp661édl clO_seql
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ATGGCCGCECTCETATEETAGCTERCAGCCTGCTGCCTCECCCECRCCECCACCGUCEETARCOOCHACHCCAACOGCCTE
TACGACGACCTGCTCTCCARCTACAACARGCTGRETCCERCCCETCETCARCACCACCEATETCCTCCECGTCTGCATTAAR
CTCAAACTCAGCCAGCTCATTGACGTCAATCTCAAGAACCAGATAATEACCACGAACTTGTGECTCRAGCAGTCATEATAC
GACTACAAGCTECGCTEGEACCCCAAGGAGTATEETEEEETCCACATGCTGOACGTACCT TCCCACCACATCTGRACCOCT
GATATTGTGCTTTACAACAACGCCAACGGECAACTACCAGGTCACGCTOATGACCAACECUACCETATACTACAACGRCATG
GTGEETETGGCAGCCECCCECCETCTATAAGTCCTCCTGU T CCATCEACATCEAGTTCT TTCCTTACGACGTGCARACCTAT
GTGCTTAAGTTAGGCAGCTACACCTATGACGECT TCARGATCCACCTCACCCATATGAATCAGCAGGCCEROAGCAACETE
GTGTCEETEEEGETGEATCTCTCCEAGT T TTACATGTCCETEGAGTUECACATACTERAGGTECCTECGATCAGGAACGAG
AAATTCTACACGTGT TACGACGAGCCATACCTEGACATCACATTCAACATCACCATECGAAGCAR AN CECTETTOTACACT
GTGAACATCATCATCCCTTGCATAGECATCTCC T CTCACCOTECTCACGTTCTACC TECCETCOGACAGCCCACAGARAT
GTGACGCTETCEATATCAATCCTCATTAGTCT TCACGTETIC T TCCTGCTEETEATERAGATCATCCCCOCCACGTCROTS
GTTGTGCCCCTCCTCEGEARATACCTCATAT TCACTATGATACTCETATCAATC AGTATATGCGTEACAGTAGTEGTACTC
ARCUTGCACTTCCGETCECCGCAG

>CpomnAChRad_comps61641_c0_segl translation
MAALVWWLA&CCLARAATAGNPDAKRLYDDLLSNYNKLVRPVVNTTDVLRVCIKLKLSQLIDVNLKNQIMTTNLWVEQSWY
DYKLRWEPKEYGGVHMLHVPSDHIWRPDIVLYNNADGNYEVTLMTKATVYYNGMVVWQPPAVYKSSCSIDVEFFPYDVQTC
VLKLGSWTYDGFKVDLRHMDEQAGSNVVSYGVDLSEFYMSVEWDT LEVPAVRNERFYTCCDEPYLDT TFNT TMRRKTLE YT
VNIIIPCMGISFLIVLTFYLPSDSCEKVTLSISILISLHVFFLLVVEL IPPTSLVVPLLGKYLIFAMILVSISICVIVVVL
NVHFRSPQ

>CpomnAChRQ4 Wapato GAGTGG_L005 R1_001_(paired) contig 25128 (reversed)
ATEGCCECECTCGTATGCTGECTEECAGCCTACTECCTCECCOGCEICECCACCECCEETARCCCCEACGCTARGCECOTC
TACGACGACCTGCTCTCCAACTACARCAAGCTGETCCEGCCCETCOTCAACACCACCEATGTCCTCCOCGTCTECATTARA
CTCAAACTCAGCCAGCTCATTGACETCAATCTCAAGARCCAGATAATGACCACGARCTTCTCGCTEGCAGCAGTCGTGGTAC
GACTACAAGCTGCGCTGEGAGCCCAAGGACTATCETGECATCCACATGCTECACHTECCTTCCGACCACATCTGRAGECCT
CATATTGTGCTTTACAACAANNNNNNNT TCAAGGTGGACCTGAGGCATATGGATGAGCAGGCCARCAGCAACCTEGTETCS
GTGEGGETGGATCTCTCCEAGTTTTACATGTCCGTGRAGTEGEGACATACTCGEAGETECCTGCEG T CAGGAACGAGARATTC
TACACGTGTTGCEACCAGCUCATACCTECACAT CACGTTCAACATCACCATGCGAAGGARAACEC TETTCTACACCETGAALD
ATCATCATCCCTTGCATGGGCATCT CCTTTCTCACCETGCTCACGTTCTACCTG COGTCEGACAGCRCACAGARGETGACE
CTGTCGATATCAATCCTCATTAGTCTTCACGTGT TCTTCCTGC TEG TG TGCACATCATCCCCCCCACETCOCTRETTATE
CCCCTCCTCGGEAARTACCTCATATTCGCTATGATACT COTATCAAT CAGTATATGCATEACAGTAGTEATECTCARCGTE
CACTTCCGGTCGUCGCAGA

>CpomnAChRa4_contig 25128 translation
MAALVWWLAACCTARAATAGNPDARRLYDDLLSNYNKLVR PYVNTTDVLRVC IKLKLEQL I DVNLENQTMTTNLWVEQSWY
DYKLRWEPKEYGGVEMLHVPSDHIWRPDI VLY NXXXFRKVDLRAMDEQAGSNVVSVGVNLAEFYMSVEWD ILEVPAVENEKF
YTCCDEPYLDITENITMRREKTLEY TVNI T I PCMG I SFLTVLTEFYLPSDSGEKVTLS ISILI SLHVFFLLVYEI I PPTSLVY
PLLGKYLIFAMILVSISICVIVVVLNVHFREPQ

>CpomnAChRoa4_Wapato GAGTGG_LOCS_R1L_001_(paired) contig 70212 (reversed)
ACCTGCCTCCCGGETTCACT CACT CCTCCTGTCCECCTRAAGTCCACCECACETECTTCTGCETGCUGTTTATAGCTCAGC
ACACTAGGATGCTCEARGACTCCACTAAGGTARARMGAGGACTECAAITACGTAGCCATGATACTAGACAGACTATTCCOTGT
GGATCTTCACGCTEGCCETACTEETGEGCACGECCEECATCATTCTACARGCACCCACGCTGTACGACEACCECETECCCA
TCGACAAGGCCTTCARCCAGATCGCCACATCCACACTAETGCGGTETCCGCCRUCAACETAA
>CpomnAChRE4 conbtig 70212 translation
LPPGFSHSSCPPEVHRTCFCVRPIAEHTRMLEDSTRVREDWKY VAMVLDRLFLWI FTLAVLVETAGT ILOAPTLYDDRVPT
DEAFNQIATSTLVRCPPPAY

>CpomnaAChRad Wapato GAGTGG LO05_RI1_001_(paired)_contig 102156 (reversed)
GGCCTGATATTCTGCTTTACAACAACGCCGACGGCAACTACCAGETRACGOTGATEACCAAGGCCACCETGTACTACARC
GGCATEETGETOTEECABCCGCCCGCCETCTATARGTOCTCCTGC TCGATCEACE TCCAGTTCTTTC CTTACGACGTECA
AACCTGTOTGCTTAAGT TAGGCAGCTGEACGTATGACGEC TTCAAGETECACCTCAGEUATATGE
>CpomnAChRO4_contig 102156 _translation

PDIVLYNNADGNYEVTLMTRATVY YNCMVVWQPPAVYKSSCSIDVEFFRYDVOTCVLELGSWIYDEFKVDLRHM

>CpomnAChRA4 Wapato GAGTGG_LO05_R1_001_(paired)_contig 132825
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GGCCTGATATTGTGCTTTACRACARTGCTGACGECAACTTCCAGCTAACGTTOGCGACCAAGGCGACCATOTACCACCAGE
GGCTRGTCGAATGGARACCGCCCECEATTTACAAGTCTTCCTGTGARATAGACGTGRAATATTTTCCOTTCGACGAGCAAA
CGTGCGTTCTIARGTTCGETAGCTGEACCTACGACAEAT T CAAGGTRRACCTCAGGCATATAG
>CpomnAChRO4 _contig 132825 translation
PDIVLYNNADGNFEVTLATKATIYHQGLVEWKPPATLYKSSCEIDVEYFPFDEQTCVLEFGSHTY DEFKVDLRHM

>CpounAChRO5_Wapato GAGTEG L005_R1_001_(paired)_contig 113525
CGAAGGCGACACAACGAACTATCAGACGAATGEGGAATTCEACCTAGTGAGUTTCGAGGCCARTARACACATGAAGTATTA,
CTCCTGTTGCETGEAGCCCTACCCTGACATCACGTACGTCATCARG CTECGEAGAAGACCCATETTCTACGTGT TCAACCT
CATTCTTCCGTGCTTGCTTATAAATGGGATCGCTCTTCTCE TG TTCTACGTGOCGTCRGACTCTEGCGAGARGETGACCTT
GGGEGATCAGTGCGCTACTCTCCATGACGATCTTTCT CATGACCATCAGGGACACCTTEGCCACCARCAGAGARGACTCCACT
TATTAGTCTGTATTACGGAGTTAGTACGTGNNNNNN NN NN N NN NN NN NN NNN N NN N NNGAGGGCAGC CAGTACCEGCCAC
GCTGOGCGAGCTCOTGCTECACCGECTCGCACGECTGCTTTACATCAAC T TCRATATGRACGCCARGGGTEACAGCACGCC
AGTAGCGGTAGGACTUCAGETGRAACCCTCECACCEGC TCACACCTEARAGACERAGCTHAGCTECGACGELECECOCTTACC
GCCGCCCTCACCGCACTTCECTCCRCACAACCACAACCACATCECAGGAGCEATEGC TGCACAGAGTGACGTCAGCACGAG
GCCTETCCGACAGCETGOGTCCGCTCCRCATECTGCACTECECEAGGCCACTACHCECCACGAACAGCGAATTCOCECCAR
COAGCGCCTCCACCGTACCARTCTTGAGTEGARACAGGTOGCAGTAGTGACCEACCEEECGCTGCTGECEATETTCETECT
GATTACCGCCATCTCCACTACAGCCATCCTCCTECCCCAGCTCACCAACCPGCACCTCRGARACACGCCCTTEAAACCACC
CATTTAG

>CpomnAChRAs_conkig 113525 translation
EGDTTNYQTNGEFDLVSFEANKHMKYYSCCVEPYPDITYVIKLRRRPMFYVFNLI LPCLLINGIALLVFYVPSESGEKVTL
GISALLSMTVFLMTIRDTLPPTEKTPLISLYYGVS TR XXX XXX CGQPVPAALRELVLQRLARLLC INFDMDAKGDS TEVAVG
VQVNPRTGSRLKTELSCDGAPLPP RS PRFARHNNHNHMAGAMAAQSDVSTRPVRQRASABHAALREAAARHEQRVAANERLD
RANLEWKQVAVVADRALLAVFVLVTAI STAATLLPQLTNLHVGNTPLEPPI *

>CpomaAChRAS_Wapato GAGTGG L0O0S_R1_001_(paired) contig 144754

ATGARAATT CTTATGTGCCATETT TCTGATATGCTTTETTCT TCAATCACGARAGTAT TAATTTGEGTAGCCATTTCATTT
TTAATCARAGGTGCTGTATGCTCTCATCARCAGTATCGCTTAGTACGCCACCTCATECACARCTACGATGCTTCCETALGT
CCTGTGEAAAACTCTTCGCATCCTCTCCTCONNC TCET TACC T TCGGAGTCTCGCTCCATCACATTATTGATGTGCARGAR
ARAGACCAGCTGCTGACGACAAATTCCTGEATCACGCAAGTATGEATGCGACTACCACCTCCGATAGAACACCAGCCACTTT
GACGGAATAGGCGTCATARGGATACCTTTCGAGAGGETETGEARACCTGACAT TATTCTATACAATAACGCEGATCCCARC
TACCGTTCCOCAEETCGAT CARCACGAACCTGATCGTTCGTCACACCEECEAAGTGACETEGC TEAGTCATGGCATCTACGTA
TCTGTATGTEACATCAACGTGGAACAGTTCCCATTCGACGTGCAGC TOTECACCATEARATGECCTTCATEGACTTACGAT
GGTTTTCAGTTGEAT TTAATAAAACARTTCGACGARGECGACACARCGAACAATCAGCCGAATCGGGEEACCACGAC
»CpomnAChRO5_contig 144754 translation

MKTILMCHVSDMLCSS I TRVLIWVAT SFLIKGAVCCDEEYRLVRHLMONYDASVRPVENSSHPLLXLVTFEVSLHHI IDVEE
KDQLLTTNCWITQVWMDYHLRWNTSDFDATGVIR T PFERVWKFDI ILYNNADPNYRSAVINTNVIVRHTGEVTWLSHGIYVY
SVCDINVEQFPFDVOLCTMKWASHTYDGFQLDLIKQFDEGDTTNNGPNGEHD

>CpomnAChRYS_Wapato GAGTGG_LO05_R1_001_(paired) contig 21658

ATGGCCCCTCTECTEGTEECCTTERCECTEATGACCTTCCTECCCETATCACAGCARGETC CCCACGAGAAGCETCTACTE
ARCGCTCTACTGGCATCATACAACACGCTEGEAGCGACCGETGECCAACGAGAGCEAGCCOCTCCARGTCARGTTCAGCCTG
ACGCTTCAGCAGATCATAGATUTCCGATGAGAARAATCAAATCCTGACCACGAACGTCTGACTCAACTTAEAATECAACHAC
TACAACCTGAGGTGGAACGATAGCGAATACGACGGCGTCAAACACCTGCECATCACACCCARCAAACTGTGGAACCCAGAC
GTTCTTATGTATAATAGTGCTGATGAGEET T TGACGGEACCTACCAGACCAATETEGTEGTCAGAAGCCECEECAGTTEC
CTGTACCTGCCCCCEGECATTTT CAAGAGCACATGCAAGATGEACATCGCGTCETTCCCCTTUGACGACTARCACTGTGAL
ATGARGTTCGGTAGCTEGACCTACGATGGCARCCAGC TEGATCTEUTGCTTARCGATCAGAATGOTGECEATTTGTCCGAL
TTCATTACAAATGGAGAGTEGTATTTAATAGAAATGCCAGGAAAAAAGARCACGRTARCATATACETETTETCCAGAGCCG
TACGTGGATCTCACTTTTACCATCATGATARGAAGAAGARCATTATACTACTTCTTCAATCTCATAGT TCCATGTGTCCTT
ATCTCTTCGATEGCTCTCCTEGACTTCACTCT TCCACCAGACTCTEGAGAAARACTARCACTCGEAGTCACTATTCTTCTA
TCGCTGACGGTGTTCCTCAACCTGETAGCCGAGACCCTGCCECAGATCTCCCACGCGATTCCCTTNNNNNNNNTC ARCTGC
ATCATGTTCATGETGGCETCETCOETGETECTAACTCTTETECETGCTGAACTACCACCACCGCACCECCOACATACACGAG
ATGCCACAGTGGATARAATCCOTECTCCTECARTGECTECCATGAATACTECEEATETCARGECCOBGCAAGRAGATTACA
CGCAAGACTATCATGCT CTCCAACCCOATCCOTEGAGCTEEAGCTEAAGGAGCECTCETCARAGTCGC TGO TGRCCARCGTE
CTGGACATAGACAATGACTTCOGGCACEGECCECCAGCGCCTARCAGTACGECATCGACCAECGCGAACCTTGGACCAGECTCC
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CCCAGATGCTCCATCTTCCGCACCEACTTTCACCGCTCGTTCATACAGCCATCEACHATCEACGHACETEGGCATGEACCAL
CATCGGGAGCTGCACCTTATACTGCGGCAGCTGCAGTTCATCACAGCGAGCATCAAAAAGGCEGACCAGGAGGCEEAGATC
ATCAGCGATTGGAAGTTCGCCECTATGETTETGGACAGGTTTTGCCTGTTCGTETTCAGCCTGTTCACGATCATCGCGACG
GTGGCEATGCTECTGTCTEGCACCCCACATCATCGTACAGTGA

>CpornAChRAS contig 21658 translation

MAPLLVALALMTLLEPVSEQGPHEKRLLNALLASYNTLER PVANESEPLEVKFGLTLOQTIIDVDEKNQI LT TNVWLNLEWND
YNLRWNDSEYGGVEDLRITPNKIWKPDVLMYNSADEGFDGTYQTNVVVRSGESCLYVPPGIFKSTCKMDIAWFPFDDOHCD
MEFGSWTYDGNLDLVLEKDENGGDLSDF L TNGEWY LIGMPGKENT ITYACCPERPYVDVTFT IMIRRRTLY YFFNLIVECVL
ISEMALLGFTLPPDSGERLTLGVTILLS LTVFLNLVAET LPQVSDAT PXXXXNCIMFMVASSVVLTVVVLNYHHRTADIEE
MPOWIKSVLLOWLPWITRMSRPGKRKITRKTIMLSNRMRELELKER SSKS LLANVLDIDDDFREAGPPAPNSTASTGNLGEGS
PRCSTFRTDFRRSFVRPSTMEDVGVGHHRELHLILRELOF I TARMRKADEEAEV ISDWKFAAMYVDRFCLEFVFSLFTIIAT
VAVLLSAPHIXIVQ*

>CpomnAChRA7_Wapato_GAGTGG_LO05_R1_001_(paired) contig 10044
ATGGGUGGGCECGCECECCECECTCTGCTGECAGUGCCCGCEGHCCTGCTGUTACTECTGEECCTGLTETEECCECEGGEE
GTGCECOECEECTAT CACGAGAAGCEGCTGCTCCACCACCTEGCTCGACCACTACAACGTGCTCGRAGAGECCCETGETCAAL
GAGAGCGACCCACTECAGCTCTCCTTCCECCTCACGCTCATGCAGATCATTGACCTGGATGAAARGAACCAGCTATTAATA
ACGAACATCTGGCTCARACTGGAATGGAATGATATCGAARCTTGAGATGGAACACTTCTGATTTCGGCGEGETCAARGACTTA
CGAGTGCCACCCCACAGGCTATCGCAAACCAGATGTCCTCATGTACRATAGCGCCGACGAAGGCTTCGACAGCACATALCCG
ACGAACGTAGTGGTGCGAAACAACGGCTCETGCTTGTACGTECCGCCCEEGATCTTCAAGAGCACCTGCAAGATCGACATC
ACGTGATTCCCTTTCCGACCACCAGCGCTECGAGATAEAACTTCOGCAGTTECACCTACCATCCATATCAATTGGACCTTCAA
CTTCAAGACGAAGCAGGTCGGEATATARGCAGTTTTOTCACGAACCETCGAATGECGAGCTTATAGOTATGCCEGGCAAGCAC
ARCCGAAATCTACTACRACTGCTGTCCAGAGCCETACATCCGACATCACGTTCGCCGTAGTGATTCCGCECAACACGCTATAT
TACTTCTTCAATCTGATCETGCCATACETECTCATCGCCTCCATAACACTGCTCACATTCACGTTGCCGCCEGACTCGGAET
GAGAAACTTTCOTTAGCTCTCACGATACTGCTETCGCTGACGGTATTCCTGAACATGGETGGCGGAGACAATGCCEGCEACG
TCECATGCAGTGCCGCTGUTGGGCACETACTTCAACTGCAT CATGTTCATEETGGCCTCCTCGETCETETCCACCATCCTE
ATCCTCAACTACCATCATCGGCACGCGGACACACACGAAATGAGCGATTACATCCOATGCGTATTCCTCTACTGGCTGCCG
TGEATCCTACGCATGTCGCGGCCEEACTCGECAGCAACGCCGCCACCEAIECETECACCACCECCECCCGACCTGGAGCTA
COCEAGCECTCCTCCAAGTCACTGCTCECCAACGTGCTCCATATCCACGACCGNGGCOCAGCCGAGAGGAGAACGEGEGLGGAT
ATTGCTECACACAGCTECTTCGETETCGACTATGAGCTTTCGCTCATTCTCAAAGARATTCGAGTCATCACAGATCAGATG
CGCAAAGATGACGAAGATGCGGACATTTCGCGCGACTGGAAGTTCCGCCGLCATGGT COGTAGACAGACTGTGCCTTATTATC
TTTACCCTATTCACAATCATCGCCACGCTACGCCETGUTGUTET CCECGLCCCACATCATGGTGTCGTAG
>CpomnAChRa?_contig 10044 translation
MGGRARRALLAAPAGLLLLLGLLWPRGVRGGYHEKRLLHHLLDHYNVLERPVVNESDPLOLSFGLTIMQIIDVDEXKNQLLT
TNIWLKLEWNDMNLRWNTSDFGGVKDLRVPPHREWK PDVLMYNSADEGFDSTYPTNVVVRNNGSCLYVPPGIFKSTCKIDT
TWFPFDDQRCEMEFGSWTYDGYQLDLOLQDEAGGDISSFVINGENELIGVPGRRNET Y YNCCPEPYIDITFAVVIRRETLY
YFFNLIVPCVLIASMALLGFTLPPDSCGEKLS LGVI T LLSLTVFLNMVAETMPAT SDAVFLLGTY FNCIMFMVASSVVSTIL
ITLNYHHRHADTHEMSDWIRCVFLYWLPWILRMSRPGSAATPPPARAPPPPDLELRERSSKSLLANVLDIDDXGGGEENGAG
IAAHSCFGVDYELSLILKEIRVITDOMREKDDEDADISRDWRFAAMVVDRLCLIIFTLFTITATLAVLLSAPHIMYVS

>CpomnAChRe7 _comp?9481 ¢0_geql

ATGGGCGEAECGLGCACAECCACELTCTECTGECEGCECCEGCGGACCTACTACTGCTGCTAOGCCTGUTETEGCCGCGEEEE
GTGECECGGCGECTATCACGAGARAGCEGCTECTCCACCACCTGCTCCACCACTACARCCTGUTCCACAGACCCETGATCAAL
GAGAGCGACCCACTGCAGCTCTCCTTCEGCCTCACGCTCATGUAGATCATTGACGTGGATGARARGAACCAGCTATTAATA
ACGAACATCTGGCTCARACTGGAATGGAATGATATGALCTTGAGATGGAACACTTCTGATTTCGGCGGGGTCAAAGACTTA
CGAGTGCCACCCCACAGGCTATGGAAACCAGATETCCTCATCTACAATACCCCCCACCARAGGCTTCGACAGCACATALCCG
ACCARCGTAGTGGTGCGARACAACCGCTCETCCTTGTACGTGCCGCCCAGGATCTTCAAGAGCACCTCCAAGATCCGACATC
ACGTGGTTCCCTTTCGACGACCAGCGCTECGAGATGAAGTTCOCCAGTTGGACCTACGATGGATATCAATTAGACCTTCAR
CTTCAAGACGAAGCGGGTGGEGATATARGCAGTTTTGTCACGAACCGGTCAATGEEAGCT TATAGETETGCCGGEECARGCGC
AACGAAATCTACTACAACTGCTATCUGGAGCCGTACATCGACATCACGTTCCCEETAGTCATTCGACGCARGACGUTEGTAT
TACTTCTTCAATCTGATCGTGCCOTGCGTECTCATCGCCTCCATGECACTRCTCAGETTCACGTTGCCGCCEGACTCRGRC
GAGRAACTTTCATTAGGTGTGACGATACTGCTGTCGCTGACGETATTCCTGAACATGGTGGCOGAGACAATGCCGGECGALG
TCGGATGCAGTGCCGCTECTGEGCACGTACTTCAACTGCATCATGTTCATGGTGECCTCCTCAGTCATGTCCACCATCCTC
ATCCTCAACTACCATCATCGGCACGCGGACACACACGAAATGAGCGATTGGATCCGATGCGTATTCCTGTACTGACTGCCE
TGGATCCTACGCATETCGCGGCCGGECTCCGCAGCHACGCCGLCACCBGCECETECGUCACCECCGCTCCACCTGERAGCTA
CGCOAGCGCTCCTCCAAGT CGCTGCTCECCAACGTGCTCGATATCCACCACCACTTCCGACACGOGCACGCECAGCAGTCE
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CCCTGCTGCCGATACTACAGGTCCCTCGACGATCTACACGAACACTACTCGCCGCCGGGGGGCGGAGAGGAGAACGGGGCG
GGCATTGCTGCGCACAGCTGCTTCGGTGTCGACTATGAGCTTTCGCTCATTCTCAAAGAAATTCGAGTCATCACAGATCAG
ATGCGCAAAGATGACGAAGATGCGGACATTTCGCGCGACTGGAAGTTCGCCGCCATGGTCGTGGACAGACTGTGCCTTATT
ATCTTTACCCTGETTCACAATCATCGCCACGC TAGCCATECTGCTATCCECEOOCCACATCATGETATCRTAG
>CpomnAChRe? _compSS481 c0_seql transglation
MGGRARRALLAAPAGLLLLLGLLWPRGVRGGYHEKRLLHHLLDHYNVLERPVVNESDPLQLSFGLTLMQIIDVDEKNQLLI
TNIWLKLEWNDMNLRWNTSDFGGVEKDLRVPPHR WK PDVLMYNS ADEGFDSTY PTNVVVRNNGE LY VPPEI FKSTCRTD T
TWFPFDDQRCEMKFGSWTYDGYQLDLQLQDEAGGDISSFVTNGEWELIGVPGKRNEIYYNCCPEPYIDITFAVVIRRKTLY
YFFNLIVPCVLIASMALLGFTLPPDSGEKLSLGVTILLSLTVFLNMVAETMPATSDAVPLLGTYFNCIMFMVASSVVSTIL
ILNYHHRHADTHEMSDWIRCVFLYWLPWILRMSRPGSAATPPPARAPPPPDLELRERSSKSLLANVLDIDDDFRHGHAQQP
PCCRYYRSLDDLHEHY S PPGGGEENGAGT AAHSCFGVDYELSLILKRE IRV ITDOMRKDDEDADI SRDWKF AAMVVDRLCLT
IFTLPTIIATLAVLLSAPHIMVS *

>Cp0mnAChRaQ_WapatoﬁGAGTGG_LDDS_Rl_OOl_(paired)wcontig_38308u(reversed)
ATGAAGTTGCAAGTGGTGTGGTTTTTCATAGCATTCACAAGGACTTGTATGGGTCTAAAGCTACTCGAAGCCAACCCCAAC
GTCAAGCGATTGTATGATGACCTGCTTAGCAACTACAACCGGCTGATCCGACCTGTGACCAACGTGTCAGACATTCTGACC
GTACGGCTCGGACTGAAACTGTCTCAGCTCATGGAGGTCAACTTGAAGAACCAGGTCATGACCACAAATCTATGGGTCGAG
CAGAARTGGTTCGACTATARCCTACAGTGGAATCCACATGAATACGECGGCETERAGATECTE I ACGTACCOT COGAGCAC
ATCTGGCTGCCTGACATCGTCCTGTACAACAACTGGGACGGCAACTACGAAGTAACGCTGATGACGAAGGCCACAATCAAG
TACACGGGCGAGGTGAACTGGAAGCCACCGGCCATCTACAAGTCCTCCTGCGAGATCAACGTGGAATACTTCCCCTTCGAC
GAGCAGACTTGTTTCATGARGTTCGGAT CETGRACTTACAGCGEATTTCAGETCGACCTAAAGCATATANACCAGCCAGCE
GGTAGCAGCTTGETECACETEEECATCGACTTGAGCGAGT T CTACCTC I CEGTGOAATGEGAC AT TCTAGAAGTGCCCGOT
ACGAGGAACGAGGAGTACTACCCGTGCTGTCCCAATGAGCCATTCTCTGACATAACATTCAAACTGACCATGAGGCGAAAG
ACTCTGTTCTACACCGTCAACCTGATCATTCCCTGCGTCGGCCTCACCTTCCTCACTGTGCTCGTGTTCTATTTACCTTCT
GACTCTGGGEAGAAGATCTCGCTTTGCAT CTCTAT CCTCG TG TCTC TCACCA TG T T T T T OO T CCATCTGECCCAGATCATC
CCGUCAACGTCACTEGCRATTCCTCTECT CEGGARATATCTACT I T TCACCATGAT AL T R T CTCOCTCAGCATTTCAGTC
ACAGTGTGCATACTAAACGTGCATTTCAGETCCCCATCAACCCACACCATETCGCCCTCAATCARGARGC TR T CCTTCAG
CTGATACCGAAGCTCCTCATCATACGECEEACCAAGTACTCCCTCCC TGAATATCACGACACCTTCOTCT CCAACGEATAC
ACGAACOAGCTGGAGATGAGTCCCEACAGUTTEACTGACGCCTTTAG I GACACCAARAATCGCACACAATGGTCACTACALG
ARGTCTCCCAACCCTGAAGATGACATGATGECCECCEGAGEACATCAGAGACCTTCAGTGACGHEAAT O TGARAACATECTE
CCTCGTCATCTCTCGCCAGAAGTAGCAGCAGCACTACAGAGCGTGAGGTTCATCGCACAACACATCAAGGATGCTGACAAG
GATAATCAGGETEETCEARGACTGEAAGT TCATGTCOATGGTGCTGEACCECT T TCCTETERCTATTCACCATCECOTAr
TTORTGGEARCCTTCRECATCAT CTTCCAGT CACCATCECTGTACGACACGCECATECCTETCRACCAGCAGOTGTCTTOC
ATCCCCATGAGGAARAGCAACTTCTTCTACCCEARAGHCATTGAGACTAT TCECATTATTAGTTAA
>CpomnAChRO8 _contig 38308 _translation
MKLQVVWFFIAFTRTCMGLKLLEANPNVKRLYDDLLSNYNRLIRPVTNVSDILTVRLGLKLSQLMEVNLKNQVMTTNLWVE
QKWFDYKLQWNPDEYGGVEMLYVPSEHIWLPDIVLYNNWDGNYEVTLMTKATIKYTGEVNWKPPAIYKSSCEINVEYFPFD
EQTCFMKFGSWTYSGFQVDLKHMDQPAGSSLVHVGIDLSEFYLSVEWDILEVPATRNEEYYPCCPNEPFSDITFKLTMRRK
TLFYTVNLIIPCVELTFLTVLVFYLPSDSCGEKISLCIST LVSLTVFFLGLART IPPTSLAT FLLGKYLLEFTMI LVSLE VWY
TYCILNVHFRSPSTHTMS PRMEKKLFLQLM PKLLMMRRTKY ST, PRYDDTEV SNGYTNET EMSRDSLTDAF ? DSKNGDNGDYR
KSPNPEDDMMAAGGHQRPSVTESENMLPRHLSPEVAAALQSVRFIAQHIKDADKDNEVVEDWKFMSMVLDRFFLWLFTIAC
FVGTFGIIFQSPSLYDTRVEVDQQLSSI PMRKSNFFYPRKGIETIGIIS*

>CpomnAChRa9_WapatoﬁGAGTGG_LO05_R1u001ﬂ(paired)_contig_73794

ATGTGECICAGARGGTTCCTTCGAGCTTGUCCCETCCTCACACTCOTGC TR TEEECETECG T TCTCOTCACOCGCGCCGAR
ACGGACGACTGCCCCGACAAGAAAGAGCAGCTCACCGAAGACGCGCGCCTCCGGAAAGACCTCAAATGCGCCTACAATAGC
AACTACCGCCCCOTTCTCCACCATCAGGACACAGTCAACGTAGAGH TCGACTTCOTACTTAARTACAT TAGCTTTGATTAC
CTAGRAGABACCTTCACCGTTCACAGCTAGATAACGATGACGTGEARAAGATGAATTCT TEAANTOCARACCTAGTCACTAT
GGAGGTCTAAATATGACATTACTAGAGAGTCACGAAATATGGACCCCGCGACTGGCATTGTTCAACGCAGACGCCAGCAGG
TACCAATCAGACTCGTTCTACACCEACCTECARAGTGCACAACA ATGECTCHETEACG TG CETECCACACATOGCGCACTOT
GECATCTGCCGCACCACCTTELGTCEUTGGCCCTACCATGCGCAAMACTECACT T TATAT T P TEGAT COTARATGCACALC
GGGGAGCAGATCAACTTTACTTTTGACCCCGTCCAAGCCGTGAATACTGACGAATATCAGGATGGACCCGGCTGGAGACTT
TTGCAACGTGGTTAAAAAAAGATATT COGGTARATATGCCTATTGCCCEAATGATACTTATCCGATATTARAATACACATTC
GTCATGCAGCGCAAAGCEGCAGECCCGGCAGCCATCHTTETCGTCCCTICCATAGCCATCATCATGTTAACGTTGATATCS
TTAATGTTAGATATCAAGGACAATACGAGGTTAATAGTGGCGTGTTTCAGTCTTTTCTGTCACTTTATATTTTTAACGGAA
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ATCAGCTACGACATACCCAAGGAGAGCGCGCACACGCCCATTATTCTATTGT TCATACGAGATTCGATEETCETATCTTTG
TTTECCETGTTGCTARCGCTGREGCTTATGTCGCTACGCACCCECECEACGCCECCGCCERTATERCTECTACGCE TEACSE
CGCTTCETGGCCECGEECCCCOT CAAATACGCCATCTTCACCGAGTTCGACCCTGACCGCECCCCERACCAGRAGETTACE
CTTTCAGAAGACGACGCCCUAACTACTGCEGTCGAGGACCCAANGCAAGTATCATCCTCECTECACCTETCGAATATTATG
AACAGTGCCATATTCATTATTTCAGTGATAACTTACGCAGTGT TAATAGECATTTACATTCCRAGAGACCCTTATTAA
>CpomnAChRA9_contig 73794 translation
MWPRRFLRACPVLTLVIWACVLLARAETDDCPDKKEQLTEDARLRKDLEKCAYNSNYRPVLHHQDTVNVEVGFLLRYISFDY
LEETFTVHSWVTMTWEDEFLKWKPSDYGGLNMTLLESHEIWT PR LALFNADASRYQSDSFY TTCRKVHNNGSVTCVPHMAHS
GICRETLRRWPYDAQNCTLYFGSWMHTGEQ INFTFDPVOAVNTDEYODOPGWRLLOVVKKRY SGKYACCPNDTYPMLKYTE
VMQREARAGPAATVVVPSIAIVMLTLISIMLDIKDNTRLIVACFSLECHFIFLTEIGYDIPRESADTPIILLFIRDSMVVSL
FAVLLTLGLMSLRTRATPPPVWLLRVTRFVAAGPVKYAVETEFDPDRAPDERVTLSEDDAGTSAVEDPKQVSSWLOLSNIM
NSAVFILSVITYAVLIGIYIPRDPY*

>CpomAChRAL_Wapato GAGTGG_L0D05_R1 _001_(paired) contig 28856 {(reversed)
ATGTCGEGECAGEACGCGCGCTTECCTECTRCTEGCEGECACTECTCEGCCETECTCTACTCAGGATAATGTTCCCGAGGACGAA
GAGUGCCTAGTGUGCGATCTATTCAGAGCATACAACAAGCTCATACGECCGATGCARAACATGACACAGAAGGTCGACGTG
CGGTTTGGCCTAGCCTTCOTCCAGCTTATCARCGTTAACGAGAAGAATCARATAATGAAAT CGAATGTETGGCTACGTTTA
GTATGGATECATTATCAGCTCATETEEGACCAGGCTGACTACGEAGGCATCCEGTETACTGCGACTACCCCCTARACAARGTC
TGGARACCGEACATCGTGCTCTTCAACAACGCTCACGGCAACTACGAACTCCCATATAAAT CTAACCTTCTCATCTATCCT
AATGGCGAAGTACTTTGGGETACCTCCTGCCATATACCAGAGTTCATGCACTATCGATGTAACATACTTCCCATTCGATCAA
CAAACGTGCATTATGAAATTCGGATCTTGGACTTTCAACGGCGACCAAGTATCTCTGGCCTTGTACAACAATAAGAATTTC
GTGGATCTGTCTGATTACTGCAAATCTGEAACATGEGATATCATAGRAGTGLCCGCGTACTTGAACATCTACGAGGGAAAL
CATCCTACTGAGACAGACATTACGTTCTACATTATTATAAGGACGAAGACCTTGTTTTATACTGTCAACTTGATTCTACCG
ACCGTGCTTATCTCETTCCTT TG TGTGTTGGTAT TCTATCTECCTGCTGAAGCTGEGEARARGGTCACCTTEGETATCAGC
ATTTTGCTGTCACTEATTGTGTTCCTGCT CCTGETATCGAARATCCTTCCGCCCACCTCGCTCGTGCTGCCCCTCATCGLC
AAGTACCTGCTGTTCACATTCAT CATGAACACCCTCAGTATCCTCGTCACGETCATTATTAT TAACTGEAACTTCAGAGCA
CCTAGAACTCATCGCATGCCCCTTTGGATTCAARGCCTGTTCTTGCACTACCTGCCTGCCGCGCTTCTAATGCGGECGTCCA
CGCAAAACCCGCCTGCETTGEGATGATGOGAGATGCCCGECATGGECGCACCACCACACGLCACCECCCCGCACGATCTECCC
AAGCACATCAGGATGGACCTGTCTGACTTGCATCACCCTAACTGCARGATCARTCEGECAGCTGGAGGAGETEEEGAAGTE
GGAGCTTTCEGTEETCTAGGTGCECTCGACGECCTTEGCCTTGGCEEGEAGACACGEGACTCACACAGCTCCGACTCTCTT
CTTCTGTCTCCTGAAGCCECCAAAGCARCTGARGCAGTCGAATTCATTECEGAGCAT T TAAGAAACGARGATCTTTACATT
CAGACGCGCGAGCACTEEAAGTACGTCOCTATGETGATCOATAGATTGCAGTTGTACATCTTCTTCATTGTEGACCACTGCT
GGAACTGTGGECATCTTGATGGACACACCACACATCTTTGAATACGTTGACCARGACCATATTATCCGAAATATACCEEEEE
AAGTAA

>CpomnAChRB1L _contig 28856 translation

MSGETRACLLLAALLAVLY SAWCSEDEERLVRDLFROYNKL IR PVONMTORVDVR FGLAFVQLINVNEKNQIMKSNVWLRE
VWMDYQLMWDEADYGEIGVLRLPPDRKVWKPDIVLFNNADGNYEVRYKSNV LI Y PNGEVLNVPPAT YQSSCTIDVTYFPEDQ
QTCIMKFGSWTFNGDQVILALYNNRNFVDLSDYWKSGTWD I TRV PAYLNIYEGNHPTETDITFY I I IRRKTLFYTVNT,ILP
TVLISFLOVLVEFYLPARAGERKVTLGISILLSLVVFLLLVSKILPPTSLVLPLIAKYLLFTFIMNTVSTLVTVT I INWNFRG
PRTHRMPLWIRSVFLHYLPARLLMRRPRKTRLEWMMEMPGMGAL PHAAAPHDL PKHIRMELSDLHHPNCKINRAAGGGGEY
GALGGELGALGGLOLGGERRESESSDSLLLS PEAAKATEAVEF IAEHLRNEDLY IQTREDWKYVAMVIDRLOLYIFFIVTTA
CTVGILMDAPHIFEYVDODRIIEIYRGK*

>CpomnAChRB2_Wapato GAGTGG L0O5_R1_001_(paired) contig 85350 (reversed)

ATGTTCTCGCAAATAGTCCTACTAATATTTCTCTGCATACTTTATCCCTCGTATTCOCAACATTGCETARTEGTTGETTACA
AAACARGATGCATGGGATARAAAACTECATATEGATAAAATCCCAAGT TATEETGACAGGCAACCACCACCGAAACCAGTCT
TGTETTCCOGTCAAAGTGCATTTCCAAT TGAACACATTCECTTTTCGACCAATATCCAGATAGATTCACAGCTAAATTGTGE
ACTCGTATGATTTGCAGAGACGAACGCCTCACTTGETCOCCTGAAGAGTATGGAGGAGTCAGCAAGATGETCGTGCTCCCA
GCTGATATTTGGACCCCATCATTGARACTACTTAACAGCGTCGATCCOEGACTACT TTAATATGCATATACGAAGAATECCTC
GTCCACAATAATGGAGAAGTTATGTCTGTTCCOGARATAATATACGAATCATTCTGTAATGCTAAATTAAGAGATTOGECCG
TTTGATGTTCAGAATTCTACCCTCCAGT T TGACCATCETGATAGACTTTCCTCTTCCAGAT TTCACTT TAAACGAAGAGAT
TTAACGCTTGGCCTTGTAGAATATCUCAATAGTTGCAATATTATGCTGARGGAT TTGAAGGAGCACCCCGA T TCTGACGTA
CAGCTETCATTTACTTTAATAATGGAAAGACARGCETCCGETTTAGTACCTETATTGETTCEGCCCTTETTCCATTCTTTET
ATATTGACTACTACATCTATTTTGATGAATGTAAACTATTATATCCGCTTGGSATTTTTATGTTTTAGTCTCATAAGTCAT
TTTGTATTCTTATTTTTTATTGACGACTTTTTGCCAAAGCATAGTGGCGATACCCCCGTTATATTATTCTTCETCCOTGAT
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TCCATAATCTTGACAATAACTTCAGTGCTTTTCACATTTGTTTTGAGCAAAATTGTARARAGAAAAACTOTACCATTTGAR
TGGGTATCTTTAGTATCAAACARAGTGTTTTTTAGCT TTCATCAGTACTTGATT TTTCCARGATEGAGAGTGGATCCTGAT
TCTAAAGATACTAA

>CpounAChRB2_contig 85350 translation
MFSQIVLLIFLCILYPSYSQDCVMLVTKEDAWDKKLEMDKMASYGDROPPRNQSCVPVEVHFQLKTFAFDEYADRFTAKLW
TRMIWRDERLTWSPEEYGGVSEMVVLPADIWTPSLELLNSVDPDYFNMD IEECLVHNNGEVMCVPEI IYESFCNAKLRDWP
FOVONCTLQFEDCDRLASSRFRFEKGRGLT LOLVEYGNGWN IMLKDEKEDEPDSDVOLEFTL IMERQASGLVAVLVEPCS ILC
ILTTTSILMNVNY Y TRLGFLCF S LY SHFVELFFIDDFLPKHSGOTPVILFFVRDSIILTITSVLFIFVLSKIVKRKTVEFE
WY SLVENKVFFSFGQYLIFPRWRVDPDS KDTNVKNKE IWTNMANT LNSAYLVVDITVY I I LFRSYMPRQPPAQY *

>CponnAChRA3_Wapato_GAGTGG_L005_RI_001_(paired) _contig 136596 (reversed)
TTGACATGGAAGCCTGAGGATTACAACAATATAATCTCCACCCAAGTTTCAAGTTTTGACAT TTGGAGTCCGGEGLTGAAG
CTGATCAATACGGCAGATGUGGATGACTTTGACT TCTTCTACACGAAATGCAGATTGAACAGCACAGGEGCACGTTAGGTEC
GTTATCAGEGCAGAACACAAAGTCTTCTACACTTCTGATTTAACCAATTGECCTTATGACACARAGAGT TGTACGCTCARG
TTTGACCAATECAGACCACAGCGARACCAARCTCTTTT TTAGCT TGAGCCATATCARATTCGTAATGCAGGCGTATCAARAT
CQCTGCATGGATGETCGCTCGCGARRAGGTCTTCARGAATTTGACCACTGGAATACARTCTGCCETTAAGT TCGAGTTTGAA
AGACTCTCAGAGGGCTTAGRAGCTATTATAGTGGTACCAGCTITIGTCATAAGTGTGTTCACTGTGACAGCTCTCCTETTG
GACTATAGAAACATCAACCCATTAGGGATACTATTCATGACTGTAATTAGCCATTTCCTTTTT TCTAACGTAGTAGCGGAT
AACGTCCCTAAACATACTGCAAATACTCCTGTCATAT TGTCOGTTCATTAGCTGTTCTACTGTTGTGACTGTAATTTGCTTT
GTACTATCOTTTTACTTTAGATAT TTGGGAAARARGAARACTCAACCATCTCCGTGGATTATATCTTATAATGATTTTGTA
TTAGATGGATATGGCARATATGGAGTATTTACGAAATGGCGAGGTCGTTGAGCARGATCTCAAAGTTAAACCSARTGTAGAA
TGEETCAACTTTATTAGTATTGTTAATAGCGT CTGTCTAT TTCTTGTGAT TATTACT TATATATATTTGTTCTCAGCTTTT
ATACCAAAGAAGCCAGTTTTCACATTTGTTTTCGATATCGCTTAA
>CpomnAChRP2 _contig 136595 translation
LTWKPEDYNNIMSTQVSSFDIWSPGLKLINTADADDFDFFYTKCRINSTGHVRCVIRAEHRVFCTSDLTNWPYDTKSCTL
KFDOWRPQETKVFFSLSHIKFVMQAYQONAGWMVAR EXKVFENLTTGIQSAVKFEFERLSEGLEATIVVRPAFVISVLTVTAL
LLDYRNINRLGILFMTVISHFLFSNVVADNVPKHSANTPVILSFISCSTVVTVICFVLSFYFRYLOKKKTQPSPWIISYN
DFVLDOYGRYGVFTRWEVVEQDLKVEPNVEWVNF IS IVNSVCLFLVIITY IYLFSAF IPKKPVFTFVEDIA
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Supplementary Data 2. Alignments of nAChR subunits of codling moth €. pomoneila (Cpom)
and silkworm B. mori (Bmor). Accession numbers for B. mori sequence used are listed in the
description of Figure 2.

CpomnAChRod MVLADVVGLLCVWSRLSVANPDAKRLYDDLLSNYNRLIRPVGNNSDRLTVKMGLRLSQLI
BmornAChRoal MVLALVVGVLCVWGRLSDANPEAKRLYPDLLSHYNRL IRPYVGNNSDRLTLKMGLRLSQLT !
HRARAThE  FAKE hhE RR o AR Rk R AR RANRANEERE RN Wk h ek kR
CpomnAChRal DVNLEKNQIMT TNVHVEQEWN DY KLKWNPEDYGDVKTLHVPSEH TWLPD IVLY MNADGNYE
BmornAChRuol DVNLENQIMTTNVEVEQEWNDYKLKWN EDDYGEVD T LAVPSERIWLPDIVLYNNADGNYE
AR A A R R L N T R e Y T L R iRt
CpomnAChRel VTIMTKATILAYDGKYIWKPPAIYKSFCEIDVEYFRFDEQTCFMKFGSWSYDGYTVDLRHEL
BmornAChRal VTIMTKAILHHDGKVVWKPPAIYKSFCEIDVEYFPFDEQTCFMKFGSWSYDGYMVDLRHL
HREHHARRE R Rk d AR Rk R TR AT R R A AR AR T R R IRRR LR FRAR kW
CpomnAChio ) KQTPDSVALGMGIDLSEYY ISVEWDIMRVPATRNEKEYSCCEE PYPD LI FNLTLRRKTLE
BmornAChRol KOSPRSDHIGMGIDLERYY I SVEWDIMRVPATRNEKFHSCCERPY PRI IFNI TLRRKTLEF

Kk o REEH RARAAKFARAA AT RNk kb e kA ek REAE L RS AR EEELNEEEL SR LS

CpomnAChRal YTYNLITPCVGISFLSVLVFYLPSDSGEKISLCISILLSLTVFFL LLAEILPPTSLTVEL

BmornAChRol YEVNLIIPCVGEISFLSVLVFYLPSDSGERISLCISILLSLTYFFLLLAEI I PPTSLTVEL
LR L L R R Y E Y R L R L Rad

CpomnAChRal LEKYLLETMMLY TLSVYVT IVV LNV ERSPVTHHMAPHVRKVF T DFLPKILC IQRPEKP -
BmornAChRxl LGKYLLFTMMLVTLSVYVIIVVLNINFRS PVTHNMAPWVRKVT IDFLPKILFIQRPEK PP
A L L R L F R S R T
CpomnAChRal ~EDDONDEPTEVL TDVFGGDDLDGKFKERGCEEYEL PG LPPSPPRPPGEDDELFSPERAS
BrornAChRel DODDDNDXESEILTDVFOPDDMDGKFKENGCEE Y DLEGMPPS PPPPPGGLDELFSPEPGS

AR EE LR ER LTRSS *'k:**ﬂ'*********-"k**:*******‘k*********‘k*l’i‘

CpomnAChRerl PCHLBLDADTPSTOKHYVREMEKT IEGSRETAQHVEKNED - ~ -~ = == v v v e - s K

BrornAChRal PCRLOLDDGS PSLEKPYVREMERTIEGERF TAQHVENKDKFESVEDDWK Y VANVEL.DRIFL
Ehokkkdk | ERE ok RRRERKRRER LR A RN KRR

CpomnAChRal FEFTTACVLGTALITFRAPTEYDNSKPIDILYSKIAKKELE LLRMGSEMDPGL,

BmornAChRal FLETTACVLGTALJTFRAPTFYDNTKPIDILYSK IAKKKLE LLRMGSEGDPGL

* ***‘k*******'&‘i‘*‘k**k****:*i********************* LA LS !




CpomnAChRo2
BmornAChRo2

CpomnAChRa2
BmornAChRe2

CpomnAChRe2
BriornAChRx2

CpomnAChRa2
BrmornAChRe2

CpomnAChRe2
BriornAChRw2

CpomnAChRe:2
BrornACnRe2

CpomnAChRx2
BmornAChRo?

CpomnAChRo2
BmornAChRe2

CpomnAChRa2
BmornAChRo?Z

CponnAChRa2
Bro rnAChRaZ

MIAKRIVEVLFSIVEVVWGN PDAKRLYDDLLSNYNRLIRPVDENNNTYLVKLGLRLSQLT
-MOKATFVYFPCE P YCYANPDAKRLYDDLLEN YNRLIRPVDRNNNTVLVELGLRLEQLT

sk ok kaw ko KRR REREERERA LA AR T AR AR TN TR R LRI WA AN R T IR,

DLNLEDQILT TNV LEHENE DHKFKHDPNEYSGOKELYVPSEHTWLRPDIVLYNHNADGEYY
DLWNLEDQILTTNYWLEHEWE DHKFKWDPLEYGGVRELYVPSEHIWLPDIVLYNNADGEYY

EEE R R RS AR ER RS RS EE R R R g 3***************i‘*******‘k*

YT TMTRKAVLSYTGKVLWT PPAYFKSSCEIDVRYFPEDQOTCFLKPGSWSYDGRQIDLERL
YT TMTKAVLEHNGKVLWTPPAIFKSSCEIDVRY FPEDORTCFLKFGEWSYDGDQTIDLKAT

HHEERERFRR L3RRS R RS S AR E SRR AR S AR SRR LSRR S S

NOKRQTGDT IEVGIDLREYYPSVEWDILGVPAERHERYYPCCOEPYPDIFFNITLRRKTL
NQKK- -GDMYEVGIDLREYYPSVEWD ILGVPAERHER Y YPCCQEPYPDIFFNITLRRKTL
R T L e e Tt

FYTVNLIVPCVEISYLSVLYFYLPADSGEKIALSISILLSQTMFFLLTSRT I PETSLALE
FYTVNLIVPCVGISYLSVLVFYLPADSGEKTALSISILLSQTMFFLLISEIIPSTSLALP

EREXRRKE XA S F LA dh T v bt bbbk kdhhbd bk bhdhhhbhdhhbhd b dahan

ILGKYLLFTMLLVGLIVVITIVILNVHYREPSTHRMAPKVRKFF I TELPRLLIMEVPEDL

LLGKYLLPTMLLVGLSVYITI I ILNVHYREPSTHKMAPWVRKFE I TKLPKLLLMRVPKDL
EREAA KA RN ANNER AR TR IR R R BN AR N ARk h bk kR bRk E RN R R AR E S S

LRDLAAQKIAGRSLK - KNKFKDALAAAREQTNSNASS PDSLRERLPGGCNGLHSTTATNRF
LRDLARQK I AGR SMENKNE FKDALAARDOTHSNAS S PDS LRHHMPGGCNGLHTTTATNRE

EEEER R bRk k*E B *******1*9{*:*if:****‘k".‘*****i‘ rkEXF Rk AR R Rk RN ERY

SGLVGALGSLGACYNGLPSVMSGLDDS LS DVAPRKKYPFELEKATHNVMF TQHHMQRODE
SGLVGALGSLGAGYNGLPSVMIGLDDSLSDVYPRKKY PFELERATHNVME IQHHMORQDE

RERERARFTRIR R R A SRR LR hkkkdhddd hhhkkrkthrdxhbhhatrwr o hr ki

FNAEDQDWGEFVAMVLORLE LRI FTIASTIVGTFAILCEAPSLYDDTKPTOMI LSSVAQQQF

FNAEDODWGEVAMYLORLELW I FTIASIVGTFAILCEAPSLYDDTKR IDMMELS SVAQQQY
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CpomnAChRB3
BmornAChRB3
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Supplementary Data 3. Alignment of nAChReS sequences from honey bee 4. mellifera (Amel) with that of
codling moth C. pomonelia (Cpom). Accession numbers for A. mellifera sequence is listed in the legend of

Figure 2.

Alignment of nAChRab of codling moth ¢, pomonella {Cpom) and honey bee A, mellifera

(Bmel) .
CpomnaChRalphas MKILMCHEVSDMLCSS ITKVLIWVAYSFLIKGAVCCDEEYRLYRHLMONYDASVRPVENSS
AmelnAChRalphal ~-cmmemmmee ol FEDEHEYRLTKYLLDGYDAGVRPAENSS
. POREEE g ko AEF KRE NEuE
CpomnAChRalphas HPLLVTFGVSLHHT IDVEEKDQLLTTNCH I TQVWMD YHLRWNTSDFDGIGVIR IPFERVW
AmelnAChRalphad QPLAVVPGELSLHHIIDVDEKNGI LTTNCHVTQIWIDHHLEWNASEFAGIRVIRVEYNRVY
PRK KWW AR AR ER kR R R RAR N RE R K kR kR ok kKR KRR W ARG
CpomnAChRalphaS RPLLILYNNADENYRSAVINTNVIVRHTGEVIWLSHATY VSVCDINVEQFPFDVQLCTMK
AmelnAChRalphas RPDTILYNNADPCYSSAVINTNVIVSHTGEVVWLSHGIFRSSCDIDVEFFPFDEQRCVLEK
PR REARERNU o REFRRIREAK RER R NI AR b khk kE hAkE xRk
CpomnAChRalphab WASWTYDGFQLDLIKQFDEGDT TNNQPNGEHDLVSFEANKHMK Y ¥ SCCYEPYPDITYVIK
AmelnAChRalphaB WASWTYDGYQLELEKQSEQGDVSNYQANGEFDLVNFSARRNVEYYSCUPEPYPDITYEIR
LA R A N N AL L N L LN L N N R A E L2 I S L L T
TML THM2
CpomnAChRalphab LRRRPMEYVFNLILPCLLINGIALLVEYVPSESGEKVTLGISALLSMTVFLMTIRDTLPP
AmelnAChRalphas LRRRPMFYVFNLILPCILINSVALLVFYVPSESGEKVILEGISALLSMTYFLMTIRESLPP
LA R R AT N L S L e e e T PR LY
™3
CpomnAChRalphaS PEKTPLISLYYGVET -~ - rrm oo m oo - - GOPVPAALRELVLORLARLLCTIN
AmelnAChRalphaS TEKTPLISLYYGVIICLVTFASALAVVTINLHHRGVRGTRVPGIVRSLVLDRLARIVLLN
FRKARREAR AR TR * kk | ok hdkkgpwkkg;
CpomnAChRalphas FDMDAKGDSTPVAVEVQVNPRTGSRLKTELS CDGAPLPPPSFRFARHNHNAMAGAMALDS
AmelnAChRalphaS FORERRSEPVEPPR- - -~ ~~~ RKNNCPLHCKPELGQSQSSPKFVARREESNSSSPSLD
LR TS vk, . F B
TM4
CpomnAChRalphas DVSTRPVRGRASAAHARLREAAARHEQRVAANERLDRANLEWKQVAVVADRAL LAVEVLY
AmelnachRalphas LGKEGGLEAQWSRVLGRVHAT I ERNEKRLAEQDRRERMEFDWKQVALVSDRALLCVEFLT
. L N | Kakakgk gk ok 3 g wEEEEF Lk kRRRE hh W
CpomnAChRalphas TAISTAAILLPQLTNLHVGNTPLKPPT
AmelnAChRalpha$§ TIVITTVILCGSEPSANTAREG- ~- - -

X opkky W% g

Thig alignment shows the first, second and fourth transmembrane regions (TML, TMZ, TM4)
in Cpom and Anel aligning fairly closely with one ancother. Amel’s third transmembrane
reglon (TM2) aligns in the regien identified above between GVET and GQPV in the Cpom
gequence. This further supports the conjecture that once this rogion in CpomnAChRaS has
been cleoned and sequenced, we would expect to find a predicted third transmembrane region
in this area.

This alignment shows nearly identical alignment from the N-terminal end after the N-
terminal signal peptide through the second transmembrane region (TM2)., As Bmor enters
its third transmembrane region {TM3), the sequences diverge sharply from one ancther,
Bmor was identified as having cnly three transmembrane regions, and is apparently a
truncated seguence (Shac et al., 2007). There were two head transcriptome sequences
identified as nAChRo5 that had apparently unidentified sequence data between GVST and
GOPV. We have not vet successfully cloned and sequenced this region. It ig likely that
once we clone and sequence this region, we will have additional sequence that will lead
to a transmembrane region being predicted around this area.
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Chapter 2: CRISPR/Cas9 Gene Editing of the Codling Moth Genome
Abstract

RNA interference (RNAI) has greatly enhanced the ability to explore gene and
protein function within non-model organisms. However, RNAi has proven in many
instances to be an unreliable tool in Lepidoptera. This has been disappointing for those
seeking ways to control Lepidopteran insect pests, including codling moth, Cydia
pomonella (L.) (Lepidoptera: Torticidae), a major pome fruit pest throughout the world.
The recently discovered CRISPR/Cas9 gene editing system has introduced a new tool
to the field that could possibly outperform RNAI for gene function studies. This study
has two main goals: (i) determine whether codling moth eggé coutd withstand the stress
of a fluid injection, and (ii) introduce mutations into a target gene sequence with the
CRISPR/Cas9 system. Regarding the first goal, saline-injected eggs matured to healthy
larvae in 26.1% of cases, compared to uninjected eggs reaching this stage in 43.4% of
cases. Regarding the second goal, preliminary data indicate that intended genetic
modifications were successfully introduced into the genomes of 85% of CRISPR/Cas9
injected eggs.
Introduction

The transcriptomic and temporal expression data on nicotinic acetylcholine
receptor subunits in codling moth, Cydia pomonella (L.) (Lepidoptera: Tortricidae)
discussed in Chapter 1 can also be used to select target subunits of interest for gene
knockdown or knockout studies. This can help determine the relative importance of,
and roles played by, various subunits in development and insecticidal susceptibility.

Since the effectiveness of double stranded RNA (dsRNA) in RNA interference (RNAI)
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experiments was established in nematode, Caenorhabditis elegans (Maupas)
(Rhabditida: Rhabditidae) (Fire et al., 1998), RNAi has been used in many different
organisms for gene knockdown and knockout studies. Instead of searching for
phenotypically aberrant‘ samples for genetic studies, the ability to specifically target a
gene product for silencing has accelerated gene product characterization in both model
and non-model organisms.

RNAI is initiated by the introduction into the cell or organism of a long exogenous
dsRNA strand with one strand designed to base pair with the messenger RNA (MRNA)
being targeted in the study. The dsRNA is cut into small RNA duplexes by a
ribonuclease lll enzyme called Dicer. These duplexes are unwound and one of the
strands, referred to as the guide strand, is loaded into the RNA-induced silencing
complex. This complex then targets mRNAs present in the cell that share complete or
partial sequence homology with the guide strand. This association then triggers Slicer,
a RISC-bound endonuclease, to cleave the target mMRNA. Destroying the target mRNA
present disallows the cell from producing the protein for which it encodes (Terenius et
al., 2011). The efficiency of the destruction of the target mMRNA determines whether a
knockdown of a gene product (in which the protein produced is reduced in quantity) or a
knackout of the gene product (in which the protein is not produced at all) is achieved.

Initial successes with the use of RNAI in Lepidoptera began to accumulate in
2002 with the effective silencing of the sfapn gene in Oriental leafworm moth,
Spodoptera litura (Fabricius) (Lepidoptera: Noctuidae) (Rajagopa et al., 2002), the
Hemolin gene in cecropia moth, Hyalophora cecropia, (L.) (L.epidoptera: Saturniidae)

(Bettencourt et al., 2002), and the white gene in silkworm, Bombyx mori (L)
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(Lepidoptera: Bombycidae) (Quan et al., 2002). However, by the 8" International
Workshop on Molecular Biology and Genetics of the Lepidoptera in 2009, it was
becoming apparent among researchers that the effectiveness of RNAI in Lepidoptera
was not as widespread as had been initially demonstrated in other organisms. This led

to the construction of a database (http:/finsectacentral.org/RNAi) with the invitation to

researchers working with RNAJ in Lepidoptera to deposit details of their successful and
unsuccessful experiments for the purposes of comparative analysis. This database
facilitated the identification of many trends, including the observation that RNAI
appeared to be completely ineffective at knocking out gene products in some insect
families, highly effective in other insect families, and incredibly variable within still other
insect families (Terenius et al., 2011).

Very few RNAI studies have been done on insects within the Tortricidae family, of
which codling moth is a member, and therefore they are not very well represented in the
aforementioned analysis. A recent study fargeted five different gene products to
examine the effectiveness of RNAI in codling moth (Wang et al., 2015). Of the five
targets tested, four of them had no phenotypic or mRNA transcript-level impact on the
organism. The one that did have an impact on the organism only caused a two-fold
MRNA transcript reduction at the maximum dose tested (250 ng/ul) leading to a
knockdown of the gene product, as opposed to a full knockout. Since RNAI has failed
to produce effective results, there exists no reliable system for functional genomic
studies for those researchers studying Lepidoptera.

A newly developed gene-editing system introduces the possibility of being able to

advance such studies. The CRISPR/Cas (Clustered Regularly Interspaced Short
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Palindromic Repeat/CRISPR-Associated Sequences) system, found in 40% of bacteria
ahd 90% of archaea, was initially discovered as a microbial defense mechanism against
viral infection. A Cas complex present in the microbe detects the foreign genetic
material of the invader (virus or plasmid), creates a “spacer” identical to the sequence,
and incorporates it into future Cas complexes. When the new Cas complex identifies
the same foreign genetic material, this triggers Cas proteins in the complex to destroy
the foreign genetic material specified by the “spacer” (Horvath and Barrangou, 2010).
After it was determined that the Cas9 protein could be utilized to introduce
double-strand breaks into a piece of DNA with a single-guide RNA (sgRNA) to direct it
to mutate a gene of choice (Jinek et al., 2012), the system was tested in many different
organisms, including fruit fly, Drosophila melanogaster (Fabricius)(Diptera:
Drosophilidae), a commonly used insect model. Initial studies in fruit fly have focused
on knocking out gene products that translate to clear phenotypic indicators, such as eye
and body color, to facilitate ease of recognition of genetic mutation (Gratz et al., 2013;
Bassett et al., 2013; Yu et al., 2013; Kondo and Ueda, 2013; and Ren et al., 2013).
One study in which Cas9 mRNA and sgRNA were injected into embryos induced
desired mutagenesis in up to 88% of injected flies (Bassett et al., 2013). Such precise
targeting at the embryonic stage allows for knockout of target gene products in an
otherwise wild-type background (Bassett and Liu, 2014), which is ideal for the study of
field populations. Maintaining this wild-type background also allows for more accurate
study of subtle, behavioral phenotypes (Bassett and Liu, 2014), such as plant- and

mate-seeking behaviors.
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To test the CRISPR/Cas9 gene editing system in codling moth, the maleless
(mle) gene was targeted. [n fruit fly, in which the male has XY chromosomes and the
female has XX chromosomes, dosége compensation is executed via hypertranscription
of the single X chromosome in the male. This hypertranscription is mediated by a
ribonucleoprotein complex made up of 5 autosomal genes, and 2 non-coding RNAs that
originate from the X chromosome (Ruiz et al., 2000). Of the autosomal genes, one of
them is the maleless gene that encodes a helicase. If this complex is unable to form,
males do not have appropriate levels of X-linked transcripts and they are unable to
develop {Lucchesi et al,, 2005).

Homologues of ail 5 of these autosomal genes have been identified in silkworm
(Liu et al, 2008). This would indicate that a similar dosage compensation mechanism
would exist within this species. Lepidoptera have a different sex chromosome system
from fruit fly, with males containing ZZ chromosomes and females possessing ZW
chromosomes. So if hypertranscription took place in the same way, it would do so in
the female. Instead, studies have found that males possess twice as many transcripts
of Z-linked genes as females suggesting that dosage compensation does not occur
(Koike et al., 2003; Suzuki et al., 1998; Suzuki et al., 1999; and Zha et al., 2009).

As of this writing, the function of the maleless gene product has not been
established in codling moth. Codling moth has the same sex chromosome structure as
silkworm (Fukova et al., 2005). If the maleless gene product functions the way it would
be expected to based on the resuits in fruit fly, then knocking out the maleless gene
product in codling moth would result in all male progeny with a mutation in a gene that is

not transcribed. This result would grant the CRISPR/Cas9 experiment a phenotypic
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marker of successful mutation. If this is not the case, then the malfeless gene product
likely plays a different role in codling moth from that played in fruit fly.

There were two goals in the present study. First, it needed to be determined
whether codling moth eggs could withstand the stress of injection of a fluid and still
develop normally. Second, it needed to be determined whether gene mutations could
be introduced in the codling moth genome with the CRISPR/Cas9 system.

The first goal was successfully executed, with 26.1% of saline-injected eggs
resulting in healthy mature larvae, compared to 43.4% of uninjected eggs resulting in
healthy mature larvae. For the second goal, preliminary data indicate 85% of injected
insects had a form of the intended genetic modification within their genomic DNA.
Material and Methods
Insects

Codling moth were collected from field sites around the Yakima Valley in the
summer of 2012 and mated at the Yakima Agricultural Research Laboratory, Wapato,
WA, USA. Resulting larvae were reared individually on artificial diet (Southiand
Products, Lake Village, AR, USA). Heaithy larvae were transferred to small cups to
pupate and emerge as individual adults. Adults were then collected together into plastic
bags to mate and lay eggs. To grow and maintain a laboratory colony, generations
were reared at 25°C, 45% RH with a 16:8 light: dark cycle. To maintain a wild-type
genetic profile, first and second generation codling moth were collected from the field

every summer to make backcrosses into the laboratory colony.
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Egg Collection

The timing of codling moth egg collection proved challenging as mating and
oviposition generally occur within six
hours of darkness (Riedl and Loher,
1980) and eggs are laid on a flat
surface from which they cannot be

removed without desfruction of the

Fig. 1 Black felt-lined dark mating box with a %" wire  ©99- Codling moth eggs were
mesh screen bottom with two sets of glass slides.

collected for injection by placing 80-

150 2-3 day-old adults together into a black felt-lined dark mating box with a 1/4” wire

mesh screen bottom placed on top of a layer of glass slides (Fig. 1). Moths would lay

eggs inside of the mesh squares directly onto the glass slides. This collection was done

within 4-6 hours of the dark period established in the rearing rooms. The box was

moved to a new layer of glass slides every 15 minutes to facilitate collection of eggs for

injection and to allow for targeting of freshly laid eggs. Eggs were collected in this

manner across 2-5 hours.

| Egg Injection

Slides with eggs were placed under a
Zeiss Stemi 2000 stereé microscope
and injected using a Femtolet 4i
microinjection system controlled with a

Transferman  4r  micromanipulator

Fig. 2 FemtoJet 4i microinjection system with a

Transferman 4r micromanipulator and a Zeiss Stemi (Eppendorf) with Femto Il tips (Fig. 2).
2000 stereo microscope.
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Injection conditions were initially set at 1000 hPa injection pressure, 0.1 second
injection time, and 55 hPa compensation pressure, and then adjusted as needed
throughout the injection period. Injections were performed for 1-3 hours starting when
at least 10 eggs were consistently collected, so as to prevent the injection needle from
clogging by sitting idle.
Saline Injection

To compare survival of injected eggs to uninjected eggs, injected eggs were
injected with a DPBS (Dulbecco’s phosphate buffered saline) calcium and magnesium
saline solution (HyClone). Slides with injected eggs were stored in a plastic slide
storage box inside of a ziplock bag with a small slice of filter paper moistened with
deionized water, and allowed to mature in the rearing room described above. A cohort
of equal number of uninjected eggs was stored separately under the same conditions.
Emerged neonates were collected from boxes and placed on artificial diet on the sixth
and seventh days after egg collection, and reared to adulthood separately in the same
conditions as the laboratory colony.
Gene Editing with CRISPR/Cas9

OVERVIEW

PO To utilize the CRISPR/Cas9 gene editing

prHiEsiEs

system, a single guide RNA (sgRNA) is designed to

- target ~20 nucleotide section of the gene of interest

foliowed by the protospacer adjacent motif (PAM)

[
Gonomis Torget Smczwb

mloluss gorio
Fig. 3 Mechanism of CRISPR/Cas¢  sequence “NGG” (Fig. 3). The sgRNA also includes
gene editing (Baron et al., 2013).
a sequence that binds the Cas9 protein enabling it
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to perform efficient endonucleolytic cleavage in this area of the DNA strand. The
sgRNA and the mRNA for the Cas9 protein are then co-injected into the embryo. This
portion of the protocol was largely based on that published for fruit fly (Bassett and Liu,
2014).

THE maleless GENE

For this study, a homologue of the maleless gene was identified in codling moth

gaaqtctbtccttcantcttggtg groaagiaaagtotcaacccgactitogacgteegtgecacagotattgattactaatacaa
______________________________ FURON L s i e i s o et e s | e e e
tt ]LqL"t’l tyctaatatthanbacqe r.]r:\t Aatttaa orq gatogegkagtact Laatatat naqu Lactacggaaaad q{ o+

R o - E TR I W [ s U

traastactataatgoaathaattotaacctbatttheagggengaaaeate qum:qr%tcctctgcqaagtccgtgtqgaeqqca

Pk e ke Y e em e e — he be W Ak e e e ke e ee e e e - .‘,.....A.Agt,,...“».umw.........._-....__.___..—-Exo:n ( —————————————————————

Litettacgtoggogonggtaacteasceaccaagasagatguoeragakgaacgoatecanagact ttgtgaattte

Fig. 4 Maleless (MLE) gene structure from partial exon 1 to partial exon 2. Sequence at which
amplification primers lay down are in purple, canonical dinucieotide spice sites are boxed in
red, sequence at which sgRNAs were designed are in bold, and PAM sequences are in boxes.

from transcriptome data generated in the laboratory of Dr. Amit Dhingra at Washington
State University (Hendrickson et al, manuscript in preparation). Oligonucleotide

primers were designed using the Primer3 function contained within Geneious (version

6.8 created by Biomatters, available from http://www.geneious.com/) to obtain sequence
data for intron 1 between exons 1 and 2 for use in CRISPR/Cas9 editing design (Fig. 4).
THE sgRNA

To create a 141, 144 or 145 base pair deletion in the gene (depending on allele),
two sgRNAs each were designed to target two different portions of the maleless gene
as indicated in Fig. 4. Sequence was chosen to delete splice sites between Exon 1 and
Infron 1, and between Intron 1 and Exon 2 to disrupt the proper processing of the pre-

mRNA that would result from transcripiion of the DNA sequence. The primers designed
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for the PCR amplification of this region target a 338 base pair fragment for the wild type
gene. The size of this deletion was expected to result in this fragment being reduced to
about 200 base pairs. The difference in the size of these gene fragments was expected
to be visually explicit on an agarose gel.
EGG INJECTION

A mixture consisting of 4 ug of Cas® mRNA (Trilink Biotechnologies, Inc.) and 1
Mg of each of the two sgRNAs was mixed together on ice, and 3 pl were injected into
the microinjector tip. Eggs were collected, injected with an amount equal to ¥ the size
of the egg and stored as described in the saline-injection experiment described above.
All CRISPR-Cas9 injections were performed within an hour of sgRNA/Cas9 mRNA
solution being taken off ice and added to a tip to limit possible RNA degradation at room
temperature. An equal number of eggs were injected with saline to serve as an
injection control. Additionally, an equal number of eggs were collected and maintained
in the same conditions to serve as uninjected controls.
NEONATE COLLECTION

Eggs were checked on the sixth and seventh days after injection for emergence.
Emerged neonates were placed individually into 1.5 mL tubes and stored in a -80°C
freezer.
gDNA EXTRACTION

Genomic DNA (gDNA) extraction was performed on individual moths by
homogenization in 600 ul of CTAB-ME buffer and heating to 65°C for 20 minutes. Cold
chloroform in the amount of 600 ul was then added to separate the DNA layer that was

then transferred to another tube. DNA was collected from this phase by adding 3 pl of
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glycoblue and 500 pl of cold isopropyl alcohol and spinning down in a microcentrifuge
for 10 minutes at 15,000 rpm. DNA was then washed with 70% ethanol and brought
into solution with 50 ul of nanopure water.
PCR AMPLIFICATION

Primers detailed in Fig. 4 were used to amplify the gene fragment of interest in
each of seven test samples and four uninjected control samples. Amplifications were
done in 20 ul reactions containing 0.4 pl Titanium Tag (Clontech Mountain View, CA,
USA), 1x PCR buffer (supplied with Taq), 0.25 pmol/L. each primer, 200 pmol/L each
dNTP and 3 pi of gDNA for each sample. PCR conditions were: initial denaturation for 5
min at 94°C, then amplification steps of 20 sec at 94°C, 10 sec at 60°C, and 1 min at
72°C for 40 cycles, followed by a final 6-min 72°C extension. Agarose gel
electrophoresis was used to separate PCR products and notable bands were excised
for cloning. DNA in the bands was extracted and purified with GenElute Minus FtBr
Spin columns (Sigma, St. Louis, MO, USA), and cloned using the TOPO TA cloning kit
(Invitrogen, Carlsbad, CA, USA) with TOP 1 Escherichia coli chemically competent cells
according to protocol provided by manufacturer. For each sample, 10 clones were
selected to be grown overnight at 37°C. Plasmid DNA was extracted with the GeneJET
Plasmid Miniprep Kit (Thermo Scientific, Waltham, MA, USA). All cDNA clones were
sent to MC Laboratories (MCLab, San Francisco, CA, USA) for sequencing.
Results and Discussion
Saline Injection Survival

A total of 696 eggs were injected with saline solution, and 694 eggs were

retained as the uninjected control group (Table 1). Healthy larvae were collected 19-23
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days after the injection day. In the uninjected control group, 43.4% of eggs collected

made it to the healthy mature larval stage, and in the saline-

Saline-Injected Grou Uninjected Grou
162 52 183 4 162 52 183 16
163 17 183 0 163 18 183 4
169 34 190 12 169 37 190 7
170 75 180 22 170 83 190 28
174 29 197 10 174 23 197 5
175 42 197 5 175 45 197 27
176 15 197 4 176 15 197 5
177 5 197 4 177 5 197 2
181 26 204 5 181 53 204 24
182 57 204 19 182 56 204 32
183 14 204 4 183 16 204 14
223 50 244 19 223 37 244 20
224 50 246 19 224 40 246 23
225 50 246 6 225 50 246 28
230 0 0 0 230 19 251 9
231 30 253 9 231 28 |. 253 12
232 50 253 20 232 49 253 23
233 50 254 6 233 31 254 12
239 50 258 14 239 37 258 10
TOTAL: 696 182 | TOTAL: 694 301

Table 1 Egg-to-mature larva survival data per injection day for saline-injected
and uninjected eggs.

Uninjected Group Saline-Injected Group

Total Average Survival 0.434 | Total Average Survival 0.261
Daily Average Survival 0.432 | Daily Average Survival 0.28
Standard Deviation of Standard Deviation of

Daily Average Survival 0.168 | Daily Average Survival 0.175

Table 2 Total average and daily average egg-to-mature larva survival calculated
from data in Table 1.
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injected group, 26.1% of eggs injected made it to the healthy mature larval stage (Table

2). The average survival of the

1.000
0.9¢0

uninjected control group per injection

0800 T

DG o e e = o

day was 43.2 +/- 16.8 %, and for the

0600 § -

B 5akne-njected Survivad
Q.500
® Unenpacted Surval

saline-injected group, it was 28.0 +/-

Pereent g 4o

0300 [
17.5 % (Fig. 5).

0.200

0300

0080

Fig. 5 Comparison of uninjected and saline-injected These data indicate that codling

egg survival to mature [arvae per injection day. . .
moth eggs are capable of withstanding

needle injection of extra fluid reasonably well, allowing for the possibility of injecting
them with experimentally useful substances. The similarity in value of the standard
deviations for the uninjected control group and the saline-injected group indicate injector
skill variability is minimal on average relative to the survival variability of uninjected
eggs. These data also allow for estimation of injection targets. For example, in the
worst-case scenario, 10.5% of injected eggs can be expected to develop to the mature
larval stage. If the goal is to accumulate 100 healthy injected larvae, 953 eggs would
need to be injected. It is important to note that this data only accounts for the stress of
the injection and additional fluid being added to the egg. The potential toxicity
introduced by an experimentally useful fluid would also have to be taken into account.
CRISPR/Cas9 Genelic Mutations

Initial PCR and gel electrophoresis showed that all sgRNA/Cas9 mRNA-injected
larvae still contained a substantial band of the expected wild-type size between 300 and
400 base pairs. However, 2 out of 12 test larvae contained a smaller band relative to

the wild-type fragment. The expected size of the smaller fragment was about 200 base
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pairs, however, both smaller bands appeared to be too small to be the band with the full
target deletion (Fig. 6). Analyses of sequences of clones from these two bands revealed
that not only were they not the target, but they appeared to be a random artifact from
the PCR reaction.

SQRN.*\/.(;QS‘) [ I\u Control Bands were cut and TA cloned

L

for seven of the test larvae and four of
the control larvae. Ten clones from
each band were sequenced. No
sequence modifications were found in
the control Ilarvae. Sequence

modifications were identified in six of

sl ) i
Fig. 6 Agarose gel of PCR results for 12 the seven (~85%) test larvae (Fig. 7,

sgRNA/Cas9 mRNA-injected larvae and 4 saline-
injected control larvae.  Smaller bands of potential  S€€ next page). Of the 70 test clones,
interest indicated by arrows.

26 contained some sort of sequence
modification at one or both of the designed sgRNA targets. Two clones from one of the
larvae contained the entire 145 bp deietion. These initial results indicate that a limited
amount of genetic mutation was achieved at the intended targets in most insects tested.
However, data analysis on a much larger population of injected insects will be required
before any conclusions can be drawn on the success of the CRISPR/Cas? gene editing

system in codling moth.
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EXON 1 Dalations
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CGCARGARANG T T AR U GAC T T - s e e ACAGLTA Latva 1
COUTCAMIAAARGT T ARC DA T T O LA GTOU TG » = ~ RO L T A Larwa o
COUCAAGAAARG T e m o o P Y

COCCAAGAAAN ITC TUART CUGAUTUTUGRAL PTG e v = m AT R i
COCUARGARBAG T T NAC LT TGAU PU TOUAC O wm e w AGLTA }
I

I

COGUCARGARAAGTO TUAAICOLAUTITUGACGTCOGTG » «ORGGTA Larva 3
CGOCARGARAALTOTOAALCORAL TTTURACOTUCOT » ~CACALGTA
COUCARCARAAGTC YO ARCECLBAL T TERACOTOCGT G -« P AGHTA
COCCARCARANY O TOARC OUSAUT T COACKTOOGTAC - ACACOTA
T RAAGAARNG O P CARC LA T T T GAL TGO AR GEHT A

Larwa 4 !

COCCARGARAAS T TC AR CONAC T PTUGACHTOr TG A RGT
[51 ; TOTUAN LRUTTTU A ~
[ AU TTTOGALT
CEICARGAMNANG GACTTTCRMN
O ARG AR AN T T ARGl C T TOOMA YO CUTOU ~ACAGO TA

UGCCARGARNAGTY O IO RACT CUARC T T TUOATTIINCG T » U ACAGGTA Latwva %

U AR GARAAG T T AN T EATT T TOA T O e v £ T Lafwa F
(AR NEY T T NS S P Tkl by BF T i ¥ ATET Vol S 1 of £ STMMIRPUURNNE F Y

Exon 2 deletions :
W ganacat cat cancg U1 E00LONgogs gt ocg talEGRe[ ) wa i Type

CROTERTCGARRUA T A TORR = - » v e e e PP TG AT A Larva 4
CREGGUCLARMTATC T RR I TTU D THCUAN - BUTG THOA T A

ORI COARR AT OO TOAR T v m v e v O VG T OO RT R fakrwa * i

PR R A RAC AT T AN RT TR OCU OB e e TR LA HETA'S IR

Buon ) Inmextions
.'._!z-r-;-l."p];-bm;hgagl'.'b.;n,q-,-;Aﬂq“qc‘;hgqnu?huqqgummu-n-nuu»uum»mummnwu-a«-w—.unqgsﬂ;.a;"m;. wWioasd Wi

UHCCRAGKARM G I D RAY
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EFT. U I S AT A G PR T ShLah AT A e LA A A Ty 4
ERT- NI B I T T I BT OV R O . [ : CORCRGET A Loarwa %

Buon 2 EInservion

.u\;l;,r.,w_mw--‘..rw;t Sansg 1 1 GOS0 BOQARGLO- » o v e i W ol Lgyoe

RGO RAC NG T ARUGT U T O T I BANG Y 10D T A T YT L A Larwa 2

Exon 1 and 2 deletions and inseition tlarva 4} the compsiete 3Rt aan b pimeageed,

Exon HEAL I ST 1 15 288 TR
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Fig. 7 Sequence modifications in the MLE gene identified in sgRNACas9 mRNA-injected larvae.
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Future Directions

The ability to genetically modify specific targets within the codling moth genome
opens up the possibility of exploring protein function through knockdown and knockout
studies. Given the information now available for codling moth nAChR subunits, it will be
possible to use the CRISPR/Cas9 gene editing system to knock down or knock out
particular subunits. This would enable researchers to identify subunits necessary for
survival and/or proper development. The technique could also be used in conjunction
with toxicity studies of neonicotinoids and spinosads to determine which subunits are

necessary and/or sufficient for insecticide sensitivity and agricultural insect pest control.
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