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ABSTRACT

The cotton bollwerm Helicoverpa armigera is a cosmopolitan pest and its diverse habitats plausibly
contribute to the formation of diverse lineages. Despite the significant threat it poses to economic

crops worldwide, its evolutionary history and genetic basis of local adaptation are poorly
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understood. In this study, we de novo assembled a high-quality chromosome-level reference
genome of H. a. armigera (contig N50 = 7.34 Mb), with 99.13% of the HaSCD2 assembly assigned
into 31 chromosomes (Z-chromosome + 30 autosomes). We constructed an ultra-dense variation
map across 14 cotton bollworm populations and identified a novel lineage in northwestern China.
Historical inference showed that effective population size changes coincided with global
temperature fluctuation. We identified nine differentiated genes in the three H. armigera lincages
(H. a. armigera, H. a. conferta, and the new northwestern Chinese lineage), of which per and clk
genes are involved.in circadian rhythm. Selective sweep analyses identified a series of GO
categories related to|climate adaptation, feeding behavior and insecticide tolerance. Our findings
reveal fundamental.knowledge of the local adaptation of different cotton bollworm lineages and

will guide the formulation of cotton bollworm management measures at different scales.

Keywords: cotton bollworm, population genomics, genetic structure, local adaptation

INTRODUCTION

The cotton bollworm, Helicoverpa armigera (Lepidoptera: Noctuidae), is a devastating pest. It can
feed on a breadwrange of agricultural and horticultural plants, including cotton, soybean, maize and
sunflower (Fitt, 1989). It is capable of long-range migration, facultative diapause and high
fecundity, and these features enable the cotton bollworm to successfully colonize and flourish in
various ecological niches, and therefore, it can be seen as a model species for studying local
adaptation in Lepideptera (Jones, Parry, Tay, Reynolds, & Chapman, 2019; Wu & Guo, 2005).
Until its recentiinvasion into the Americas (Tay et al., 2013), the cotton bollworm was naturally
distributed throughout Asia, Europe and Africa (known as H. a. armigera, sensu Hardwick, 1965)
as well as Oceania where the subspecies, H. a. conferta is found. A third subspecies confined to the
Canton Island (Republic of Kiribati) in the South Pacific, H. a. commoni, was also proposed by

Hardwick (1965)based on body size and coloration differences.

Over the last.decade, numerous investigations on the cotton bollworm radically reinvigorated our
understanding of the population genomics of this major agricultural pest (Jones et al., 2019; Van
Leeuwen, Dermauw, Mavridis, & Vontas, 2020). In particular, the previous short-read
whole-genome sequencing efforts generated the draft genomes of H. a. conferta and its sister
species H. zea (Pearce et al., 2017), which greatly promoted our understanding of insecticide
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resistance, biotic incursion, population admixture, and insect-plant interactions (Anderson et al.,
2016; Guo et al., 2020; Pearce et al., 2017; Valencia-Montoya et al., 2020). However, the inherent
deficiencies, e.g., fragmentary sequences and numerous N-gap regions frustrate efforts to fully
characterize genotype-phenotype relationships. Meanwhile, despite of their morphological
similarity, genomie'data has supported Hardwick’s (1965) taxonomic classification separating H. a.
armigera and H. a. conferta into two allopatric and genetically distinct subspecies (Anderson, Tay,
McGaughran, Gordon, & Walsh, 2016). Thus, it is necessary to account for population structure and
not rely upon,genomic data sourced predominantly from a single subspecies to build a
comprehensive management framework. A perfect illustration of this is the desire to understand and
learn from the recent establishment of expanding H. a. armigera populations in the South American
continent (Arnemann et al., 2019; Tay et al., 2013, 2017) and the Caribbean Islands (Jones et al.,
2019). Furthermore,) recent methodological and technological advances in third generation
sequencing (TGS).have greatly improved the reference genomes of different agricultural pests (Fritz
et al., 2018; Quan.et,al., 2019; Zhu et al., 2017). Compared to next generation sequencing (NGS)
technology, TGS is able to generate longer reads which can span many repetitive regions and

provide a more comprehensive genomic portrait (Sedlazeck, Lee, Darby, & Schatz, 2018).

Elucidating the dymamics, composition and relationships of different populations has practical
benefits for pest management. In particular, unrecognized adaptive introgression may render local
pest managemént unsuccessful. For example in 2013, it was confirmed that H. a. armigera had
invaded Brazil (€zepak, Albernaz, Vivan, Guimaraes, & Carvalhais, 2013; Tay et al., 2013).
Invaded individuals®were subsequently shown to hybridize with the previously isolated sister
species H. zea, resulting in the introgression of an allele conferring resistance to fenvalerate and
cypermethrin, CYP337B3 (Anderson et al., 2018; JouBen et al., 2012; Valencia-Montoya et al.,
2020; Walsh et=al:=2018). Other insecticide resistance alleles and loci that counter diverse
insecticides including Bacillus thuringiensis (Bt) toxins have been reported in different cotton
bollworm populations and could also spread through populations, subspecies or species hybrids
(Tabashnik & Carriére, 2017). For example, cotton bollworm in northern China has evolved
high-level resistances to synthetic pyrethroid and organophosphate insecticides since the 1990s,
whereas populations in northwestern China remained sensitive as recently as 2013 (Yang, Li, &

Wu, 2013). A dominant point mutation conferring dominant resistance to CrylAc was identified in
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northern China populations but it has not been detected in other regions (Jin et al., 2018). With
globalization of trade and human movement, regions are less isolated and pests are more likely to
spread (Tay & Gordon, 2019). Consequently, the invasion risks of noctuid pests have greatly

elevated despite of strict quarantine measures worldwide.

Here, we combined single-molecule real-time (SMRT) sequencing and genetic map to assemble a
chromosome-level genome of H. a. armigera. We re-sequenced the whole genomes of 141 cotton
bollworm from China and downloaded 30 Helicoverpa complex data. By the population genomics
approach, we explored the population structure and demographic history within the cotton
bollworm. We ‘also identified various highly divergent genomic regions that suggested climate, host
plants and insecti¢ides have contributed to shaping the cotton bollworm populations. Our research
provides novel insights into adaptation by the cotton bollworm as well as valuable genomic

resources for management of this major agricultural pest.

MATERIALS AND METHODS

SCD strain and sequencing for genome assembly

The SCD strain(H. a. armigera), used for genome assembly, was originally sampled from Africa in
the 1970s ands€ontinuously reared on artificial diets in our laboratory (Nanjing, China) without
exposure to any chemical pesticides or Bt toxins (Jin et al., 2018). For this study, the SCD strain
was bred through,three generations of successive sib-crossing to reduce its heterozygosity.
Subsequently, we sclected a single SCD male (ZZ) H. a. armigera pupa for total genomic DNA
isolation using the phenol/chloroform method. The purity and concentration of the extracted DNA
were measured using OneDrop™ 1000 Spectrophotometer (OneDrop Technologies). The extracted
DNA was usedstosconstruct Illumina library with 350-bp insert size and Pacific Biosciences
(PacBio) library with,20-kb insert size following their respective standard protocols. The short-read
library was sequenced on Illumina HiSeq Xten platform using the 150-bp paired-end (PE) strategy,
and seven single-molecule real-time (SMRT) long-read libraries were sequenced on PacBio Sequel

platform.
Genome survey and de novo genome assembly
We summarized the main processes and their corresponding programs throughout genome assembly
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as illustrated in Figure S1. Qualified Illumina data (Phred score > 15) were used to count k-mers (k

= 17) by khist.sh built-in BBTools v38.49 (https://doi.org/jgi.doe.gov/data-and-tools/bbtools/), then

genome size and heterozygosity rate were estimated using GenomeScope v1.0.0 (Vurture et al.,
2017). The subreads from seven SMRT cells were merged and converted to FASTA format using
SAMtools vOA.T9%Li et al., 2009). The Canu v1.8 (Koren et al., 2017) and Falcon v1.3.0 (Chin et
al., 2016) were applied to de novo assemble draft assemblies, respectively. The advanced options
“batOptions=-dg. 3. -db 3 -dr 1 -ca 500 -cp 50” were selected in Canu to maintain haplotype
separation. These two draft assemblies had complementary contiguity, we therefore merged them
using quickmetge v0.3 (Chakraborty, Baldwin-Brown, Long, & Emerson, 2016) to salvage missing
and/or wrong segments. Alternative haplotypes were removed from the merged assembly using
Purge Haplotigs‘v1¢1.0 (Roach, Schmidt, & Borneman, 2018). Non-redundant sequences were
polished for two rounds with short PE reads using Pilon v1.23 (Walker et al., 2014). The vector and
microbe contaminations were searched using HS-BLASTN v1.0.0 (Chen, Ye, Zhang, & Xu, 2015)
against the Ntiand, UniVec databases, with the alignment threshold set as le-5. Finally, we
employed SeqKit v0.14.0 (Shen, Le, Li, & Hu, 2016) to remove identified contaminations (i.e.,

vector and microbe) from the HaSCD2 assembly.
Genetic map construction

For genetic map construction, the SCD individual was crossed with an AY individual (collected in
2011 from Anyang,city, China) as illustrated in Figure S2. Genomic DNA of 100 BC1 offspring
and their parents was isolated to prepare short-read libraries, and these libraries were sequenced
using the Illumina HiSeq Xten platform. The short reads were mapped to the assembled HaSCD2
genome using BWA-mem v0.7.12, with ‘-M’ parameters (Li & Durbin, 2010). SAMtools v0.1.19
was used tomformat intermediate files (Li et al., 2009). Genotype and variants calling were
conducted by GATK v3.8 (McKenna et al., 2010), and hard filtering was executed with the
following criteria: QD < 2.0; FS > 60.0; MQ < 30.0; HaplotypeScore > 13.0; MQRankSum < -12.5;
ReadPosRankSum < -8.0. High-quality SNP markers were used to construct the genetic map using
Lep-map3 (Rastas, 2017). Female-informative markers (i.e., heterozygous alleles in the mother and
homozygous in the father) were selected to determine linkage groups (LGs) with LOD score of 15.
Subsequently, male-informative markers (i.e., homozygous alleles in the mother and heterozygous
in the father) were sorted and used to compute genetic distance of pairwise markers. Finally, the
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contigs of HaSCD2 assembly were clustered, ordered and orientated based on the genetic map using

ALLMAPS (Tang et al., 2015).
Quality assessment of the HaSCD2 assembly

We evaluated the quality of the HaSCD2 assembly in three aspects, i.e., completeness, continuity,
and accuracy. Firstjywe assessed the completeness using Benchmarking Universal Single-Copy
Orthologs v3.0:22(BUSCO) analysis against insecta_odb9 database (n=1,658) (Simao, Waterhouse,
loannidis, Kriventseva, & Zdobnov, 2015). Generally, the N50 and L50 values can be affected by
the genome sizes and chromosome numbers. Thus, we used the chromosome-normalized N50
(CN50) and chremosome-normalized L50 (CL50) to evaluate the continuity at the level of
hypothetical chromosomes (Jiao et al., 2017). Moreover, we assessed the accuracy of HaSCD2
assembly by detecting genomic variants between the reference genome and sequencing data used
for de novo genome assembly. In theory, heterozygous variants represent the discordant alleles and
homozygous variants represent the misassembled segments. Specifically, Illumina short reads were
used to detect singlemnucleotide polymorphisms (SNPs; GQ > 30, DP > 50) and short insertions and
deletions (InDels; length < 50 bp, GQ > 30, DP > 50), PacBio long reads were used to detect
structural variants (SVs; length > 50 bp) using Minimap2 v2.17 (Li, 2018) and Sniffle v1.0.12a
(Sedlazeck, Rescheneder, et al., 2018), loci with less than 20 supporting reads or that were flagged

as ‘imprecise’ (i.e., ambiguous breakpoints) and/or ‘unresolved’ (i.e., low quality) were removed.
Repetitive elements annotation

Repetitive elementssincluding tandem and interspersed repetitive sequences were discovered based
on homology (and structural characteristics. First, we de novo constructed a species-specific
transposable elementglibrary for the HaSCD2 assembly using RepeatModeler2 v2.0.1 (Flynn et al.,
2020). Knownsmrepeat families extracted from Dfam 3.2 (Hubley et al., 2016) and
RepBase-20181026+" databases (Bao, Kojima, & Kohany, 2015) were combined with
species-specifie’repeat library, and RepeatMasker v4.1.0 (Tarailo-Graovac & Chen, 2009) was used

to search and classifyarepetitive elements in the HaSCD2 assembly.
Transcriptome sequencing and analyses

Transcriptome of the SCD strain was conducted using individuals at three main developmental

stages, including embryos (~2 days, 40 eggs), larvae (5 instars) and adults (2 male and 2 female
This article is protected by copyright. All rights reserved
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individuals). These specimens were snap-frozen in liquid nitrogen for extraction of total RNA using
TRIzol (Invitrogen). The purities and concentrations of total RNA were measured using OneDrop™
1000 Spectrophotometer (OneDrop Technologies). RNA-seq libraries were constructed using
[Mlumina TruSeq RNA Sample Preparation Kit according to the manufacturer's protocol, and 150-bp
short reads were'sequenced on Illumina HiSeq 2500 platform. Low-quality sequences (Phred score
< 10) and adapter sequences were trimmed in 4-bp sliding windows using Trimmomatic v0.36
(Bolger, Lohse, & Usadel, 2014). The clean reads were mapped to the HaSCD2 assembly by
HISAT2 v2.1.0 (Kimy Langmead, & Salzberg, 2015). StringTie v1.3.4 (Pertea et al., 2015) was used
to parse sorted BAM files and to reconstruct transcripts from all transcriptome data. Redundant
transcripts were. removed with CD-HIT v4.8.1 (Fu, Niu, Zhu, Wu, & Li, 2012) with an identity
cutoff of 0.9.

Repetitive elements'mask and gene prediction

Repetitive elements identified above were masked using SeqKit v0.14.0 (Shen, Le, Li, & Hu, 2016)
prior to gene ammetation. We conducted ab initio gene prediction using BRAKER v2.1.0 (Hoff,
Lange, Lomsadze, Borodovsky, & Stanke, 2016) invoking GeneMark-ET v4.38 (Lomsadze, 2005)
and Augustus=w3.3 (Stanke, Steinkamp, Waack, & Morgenstern, 2004). Namely, GeneMark-ET
generated initial” gene structures, then AUGUSTUS integrated the predicted genes and RNA-seq
information to generate the final gene predictions. The protein sequences of Acyrthosiphon pisum
(GCF_005508785:1)s Apis mellifera (GCF_003254395.2), Bombyx mori (GCF_014905235.1),
Drosophila meélanogaster (GCF_000001215.4), Helicoverpa armigera (GCF _002156985.1) and
Tribolium castaneum (GCF_000002335.3) were retrieved from NCBI RefSeq database (O’Leary et
al., 2016). We used MAKER v2.31.10 (Holt & Yandell, 2011) to integrate ab initio,
transcriptome=based-and homology-protein evidence. The molecular functions of annotated genes
were assigned against the UniProtKB (SwissProt + TrEMBL) database using Diamond v0.9.24
(Buchfink, Xie, & Huson, 2015). Protein domains, Gene Ontology (GO) and pathways (MetaCyc
and Reactome) were searched against Pfam (El-Gebali et al., 2019), PANTHER (Mi, Muruganujan,
Ebert, Huang, & Thomas, 2019), Gene3D (Lewis et al., 2018), Superfamily (Wilson et al., 2009),
and CDD databases (Marchler-Bauer et al., 2017) using InterProScan 5.34-73.0 (Mitchell et al.,
2019). The KEGG pathway assignments were conducted using KofamKOALA (Aramaki et al.,
2020) based on KOfam, a customized HMM database of KEGG Orthologs (KOs).
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Collinearity

We utilized BLASTP (Camacho et al., 2009) to perform all-vs-all homologous gene searches
between H. armigera and other lepidopteran insects (Bombyx mori, S. frugiperda, S. exigua, S.
litura) with a cut-off e-value of le-5. The top 5 BLASTP hits for a gene were selected to detect
inter-genome collinear blocks using MCScanX toolkit (Wang et al., 2012) with default settings. The

links of putative,collinear blocks were visualized by Circos v0.69 (Krzywinski et al., 2009).
Genomic comparisons between two subspecies

The csiro4b assembly (Pearce et al., 2017) was retrieved from NCBI with RefSeq accession
GCF_002156985.1:The csiro4b assembly was assembled based on multiple sequencing libraries
with different ‘insert size and there remained 26,911 N-gaps as padding of unsolved regions,
covering over 56.71'Mb genomic sequences (Figure 2c). We illustrated the process of closing
N-gaps in the csito4b assembly in Figure S3. Specifically, scaffolds in the csiro4b assembly were
split into contigssat.arbitrary Ns to avoid erroneous junctions, then we coalesced these contigs into
pseudomolecules with padding of 100 Ns according to the HaSCD2 assembly using RaGOO v1.11
(Alonge et al., 2019). Subsequently, we located the genomic coordinates of N-gaps in the csiro4b
assembly and extracted additional 500-bp downstream and upstream flanking sequences of the
N-gaps. To lobtainscorresponding locations and sizes of these unsolved regions in the HaSCD2
assembly, we aligned PE flanking sequences to the HaSCD2 assembly using MUMmer v3.23
(Kurtz et al., 2004). N-gaps were considered as successfully closed when they simultaneously
satisfied the following criteria: (1) matched bases in PE flanking sequences were > 200 bp long; (2)

PE flanking sequences were assigned to the same chromosome.
Field cotton bellworm collection and variant calling

During 2016-2018, we used light traps to collect 141 adult cotton bollworm from 13 locations in
mainland China, consisted of Yellow River Region (YRR) of Ac (n=7), Ay (n=10), Gy (n=5), Hm
(n=10), Kf (n=10), Np (n=5), Xj (n=6); Changjiang River Region (CRR) of Aq (n=8), Df (n=19), Jz
(n=20); and Northwestern Region (NR) of Hmi (n=12), Kel (n=12) and Sc (n=17) (Figure 3a, Table
S8). All collected samples were preserved in absolute ethanol for genomic DNA extraction and
library preparation, followed by sequencing on the Illumina HiSeq Xten platform. Partial
mitochondrial cytochrome oxidase subunit I (COI) sequences were retrieved from raw sequencing
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reads by MitoZ (Meng, Li, Yang, & Liu, 2019) to confirm the H. armigera species status (Table
S8). In addition, published re-sequencing resources, including 16 H. a. conferta from Australia, 7
H. punctigera from Australia and 7 H. zea from Brazil (n=3) and America (n=4) were also
integrated for downstream analyses (Anderson et al., 2018; Pearce et al., 2017). The sequence
adapters and“low=quality reads (Phred score < 20) were trimmed in 4-bp sliding windows using
Trimmomatic ¥0.36 (Bolger et al., 2014). The clean re-sequencing reads were mapped to the
HaSCD2 assembly using BWA v0.7.12 with default parameters (Li & Durbin, 2010). We used
SAMtools v0.1.19.(Li et al., 2009) to remove duplicated reads. GATK v4.1.4.1 (McKenna et al.,
2010) was used for variant calling and for filtering out low-quality variants as described above.

Finally, the high-quality SNPs were annotated using SnpEff v5.0d (Cingolani et al., 2012).
Population diversity and structure

The pairwise nucleotide diversity (6r), Watterson’s estimator (6,), expected heterozygosity (Hg)
and Tajima’s D, were calculated using VCFtools v0.1.16 (Danecek et al., 2011). Loci with minor
allele frequency-(MAF) < 0.01 and genotyping rate < 90% were further removed for downstream
population steucture analyses. We employed VCF2Dis v1.42

(https://doi.orgigithub.com/BGI-shenzhen/VCF2Dis) to calculate pairwise distance (p-dist) matrices

between individuals, and constructed neighbor-joining (NJ) trees using the ‘neighbor’ module in

PHYLIP v3.695 (https://doi.org/evolution.genetics.washington.edu/phylip.html). Phylogenetic trees

were visualized, using FigTree (http://doi.org/tree.bio.ed.ac.uk/software/figtree/). We also

performed prin€ipal ¢component analysis (PCA) using the smartPCA module built-in EIGENSOFT
v7.2.1 with no automatic outlier removal allowed (Patterson, Price, & Reich, 2006). The
Tracy-Widom ‘test was applied to demonstrate statistical significance of different eigenvectors.
Finally, individualwancestries were quantified using fastStructure (Raj, Stephens, & Pritchard,

2014).
Inference of demographic history

We selected two representative individuals with high sequencing depth (> 25-fold, Table S8) to
infer the historical effective population size of CRR & YRR and NR lineages using Pairwise
Sequentially Markovian Coalescence (PSMC) v0.6.5 with 100 bootstrap replications (-b 100) (Li &
Durbin, 2011). Other parameters were set as following: “-N25 -t15 -r5 -p 4+25*2+4+6”. The

This article is protected by copyright. All rights reserved

a5UBDI17 SUOWIWIOD BA 181D 8|aedl|dde ay Ag pausenob ale sajoie YO ‘9sn JO Sa|nu 1oy Aelq i auljuQ A1 UO (SUONIPUOD-pUe-SWLIRY W0 A8 | 1M AReiq 1 BUI|UO//:SANY) SUOIPUOD pue SWwiB | 8Ly 39S *[€202/,0/6T] U0 Arlqiauluo A|IA ‘suinogp N JO AlisieAlun ayL Aq T8SET '8660-GSLT/TTTT OT/I0P/W0d A8 |IM Aelq jpul|uoy//:sdny woly pepeojumoq ‘S ‘2202 ‘8660SS.T


https://doi.org/evolution.genetics.washington.edu/phylip.html

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

SMC++ v1.15.4 which was shown to have a better resolution in inferring demographic history of
the recent past than the PSMC program (Terhorst, Kamm, & Song, 2017), was also used to infer
more recent demographic history of CRR & YRR and NR lineages based on multiple individuals,
and outputs from these two modelers were scaled with a generation time of 0.25 year and a

mutation raté"ef2:9%10 (Keightley et al., 2015).
Detection of divergent patterns and adaptive footprints

All female individuals (i.e., individuals with the heterogametic sex chromosome) were removed to
avoid adverses effects on divergence computation. The male individuals with diploid
Z-chromosomes have comparable sequence depth coverage between Z-chromosome and autosomes.
We identified 90/male cotton bollworms for downstream analyses, including 47 individuals from
CRR & YRR, 33vindividuals from NR and 10 H. a. conferta individuals (Table S8 and Table S9).
We split the HaSCD2 assembled 31 chromosomes into 10 kb sliding windows with a step size of 5
kb. Windows with more than 10 SNPs were retained for calculating inter-populations fixation index
(Fst) using VCEteels v0.1.16 (Danecek et al., 2011) with negative Fst values treated as zero. We
performed Mantel'test to evaluate the relationship between genetic distance (Fst) and geographic
distance (km) using the ‘vegan’ package
(https://doi.org/eran.r-project.org/web/packages/vegan/index.html). The significance of the

correlation was estimated based on 9,999 permutations.

Complementary methods can be used to detect selective signatures. We calculated fixation index
(Fst) and nucleotide diversity ratio (6,A/6,B) for each sliding window (5-kb windows with the step
size of 2 kb)sThewFsr values were Z-transformed and the nucleotide diversity ratios were
log,-transformed"Selective signatures with the highest 5% Z(Fst) and the highest 5% log,(8,A/6,B)
were considered to be candidate selection targets of population B, whereas the lowest 5%
log,(6,A/6,B) were population A. Genes that overlapped more than 50% in length with candidate
selection targets.were defined as putative selective genes. The Gene Ontology (GO) terms of
putative selective:genes were retrieved from the HaSCD2 annotation, and GO enrichment analysis
was carried out to identify gene sets that were significantly over-represented relatives to common

genes using the R package clusterProfiler (Yu, Wang, Han, & He, 2012).

RESULTS
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Chromosome-scale assembly of the cotton bollworm

Our sequencing generated 5.48 million long reads (~137-fold coverage; N50 size of 12.89 kb) using
single-molecule real-time (SMRT) sequencing, and 132.95 million PE reads (~112-fold coverage)
using the Illumina HiSeq Xten platform (Table S1). The genome size and heterozygosity rate of
cotton bollworm were estimated to be ~352.30 Mb and ~0.84% respectively (Figure S4). The two
genome assemblers,d.c., Falcon and Canu, produced two draft assemblies with total sizes of 398.01
Mb (N50 size'of 4.81 Mb) and 454.70 Mb (N50 size of 4.17 Mb), respectively. After merging
assemblies and discarding alternative haplotypes, we obtained a 356.67 Mb primary assembly,
named as HaSCD?2, that consisted of 106 contigs with a N50 length of 7.34 Mb (Table 1). Our
assembly is 5.81% latger than the published H. a. conferta assembly (csiro4b, 337.07 Mb; Pearce et
al., 2017). Importantly, our assembly is much more continuous, i.e., contig N50 of 7.34 Mb vs.
23.48 kb, representing an approximately 313-fold increase in average contig length (Figures la and

1b, Table 1).

Clean sequence.datasfrom 100 BC1 cotton bollworm offspring and their parents (~5.88-fold average
coverage for offspring; ~18.83-fold average coverage for parents, Table S2) were mapped to the
HaSCD2 assembly. This yielded 425,788 female-informative markers that were assigned into 31
linkage groups*(LGs), and 756,597 male-informative markers that spanned a genetic distance of
1545.4 cM (Table S3). Finally, 94 of the 106 contigs (353.56 Mb) were anchored into 31 LGs, of
which 351.05 ;Mb,sequences were further oriented (Figure 1c, Table S3). Remarkably, eight
chromosomes fare represented by a single contig, including the Z-chromosome, the longest

chromosome in HaSCD2 assembly (Table S3).
Quality assessment'of HaSCD2 assembly

We confirmedsthatsthe HaSCD2 assembly was highly complete through the BUSCO assessment
(97.7% completeness) (Table S4). The CN50 and CL50 values of the HaSCD2 assembly were 7.34
Mb and 1 (Table'S5), indicating that nearly all chromosomes were assembled by a few contigs only.
Irrespective of whether the NGS data were sourced from H. a. armigera or H. a. conferta
(Anderson et al., 2018), the mapping rate and coverage breadth of the HaSCD2 assembly were
significantly higher than those of the csiro4b assembly (Figures 2a and 2b), which resulted from

longer length of most chromosomes (Figure 2c). The conserved synteny between cotton bollworm
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and other moths confirmed the reliability of our chromosome assignment on the basis of the genetic
map (Figure S5). Moreover, we only detected 129, 273 and 2,322 homozygous SNPs, InDels and
SVs (covering ~0.52 Mb) and thus estimated the sequence accuracy of the HaSCD2 assembly to be
~99.85%. In particular, most heterozygous variants were restricted to hotspots in the genome, which
have failed to beeome homozygous possibly due to closely linked lethal alleles segregating in
repulsion (Figure S6). Overall these results confirm our HaSCD2 genome is more comprehensive

and will be of greater utility for conducting genome-wide analyses of the cotton bollworm.
Repeat and gene annotation

In total, 96.44 Mb"sequences (27.04%) were annotated as repetitive elements in the HaSCD2
assembly, of which 74.56% of repeats were classified into various repetitive families that included
long intersperséd™nuclear elements (LINEs, 21.04%), rolling-circle transposons (RCs, 18.23%),
long terminal repeats (LTRs, 14.46%), short interspersed nuclear elements (SINEs, 9.58%) and
DNA transposon (8.32%) (Table S6). Compared to the csiro4b assembly (14.60%, 49.21 Mb;
Pearce et al., 201 7)grepetitive elements annotated in HaSCD2 were increased by 95.98% in length,
owing to the better performance of long reads sequencing technology in resolving repetitive
sequences. Intaddition, the total proportion of repetitive elements in the HaSCD2 assembly was
lower than thesother noctuid pests with larger genome sizes, indicating that repetitive elements are

an important factor affecting differences in the size of noctuid genomes (Table S7).

A total of 18,668 protein-coding genes were annotated in HaSCD2 assembly, and the mean gene
length was 6,776.03 'bp (Table 1). The BUSCO analysis revealed 95.0% of single-copy genes in
insecta_odb9 database were identified as complete in our HaSCD2 assembly (Table S4). The gene
number in the"HaSCD2 assembly was slightly more than the csiro4b assembly (17,086), which
suggested that the HaSCD2 offered opportunities to unmask protein-coding genes in those
previously unsolved regions in the csiro4b genome (Table 1). In addition, approximately 95.37% of
genes were functionally annotated, of which 9,067 and 6,689 genes were assigned with GO and

KEGG accessions, respectively.
Comparisons of HaSCD2 and csiro4b assemblies

A total of 12,115 N-gaps (45.02%) were successfully localized to unique locations based on their
flanking sequences matches, and corresponded to greater than 22.45 Mb in the HaSCD2 assembly
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(Figure 2d). Noticeably, 44.45% of these assigned N-gaps (9.98 Mb) overlapped with various
repetitive families, including long interspersed nuclear elements (LINEs, 2.07 Mb), rolling-circles
(RCs, 1.65 Mb), long terminal repeat (LTRs, 1.64 Mb), short interspersed nuclear elements (SINEs,
0.89 Mb) and DNA transposons (0.84 Mb) (Figure 2¢). The total proportion of repetitive sequences
in N-gaps was higher than the whole genome, indicating that the performance of NGS in genome
assembly was greatly hindered by repetitive sequences. On the other hand, the proportions of
different repetitive families in N-gaps regions were very close to that in the whole HaSCD2
genome, revealing,that N-gaps regions have no obvious bias to any repeat category (Figure 2e).
Meanwhile, these assigned N-gaps overlapped with exonic (2.71 Mb), intronic (5.67 Mb) and
intergenic (13.80 Mb) regions, and ~2,987 genes were improved due to at least one missing
fragments in their exons (Figure S6). For example, we found a completely missing and a partially
fragmentary odorant binding proteins (OBPs) in an assigned N-gap located in HaChr18 of HaSCD2

assembly (Figure 2f).
Unique lineage of cotton bollworm in northwestern China

We conducted“a pepulation genomic study of 141 individuals of cotton bollworm, which were
collected fromsl3 locations in three cotton-producing regions of China, i.e., the Yellow River
Region (YRR9sthe Changjiang River Region (CRR) and the Northwestern Region (NR) (Wu &
Guo, 2005) (Figure 3a, Table S8). We generated a total of 746.74 Gb PE sequencing data, 88.25%
of which were mapped to the HaSCD2 assembly with a mean depth of 10.21-fold (Table S8). By
integrating publicly available data of 30 genomes from the Helicoverpa complex (see MATERIALS
AND METHODS, Table S9), we identified 28,714,909 bi-allelic SNPs, including 2,891,882
non-synonymous variants (Table S10), and they covered more than 87.10% of the HaSCD2
assembly (Table:Sii).

After stringent quality filtering, we refined 5,227,071 high-quality SNPs to infer their evolutionary
attributes. The pairwise p-dist matrices based on genome-wide, Z-chromosome, and non-coding
SNPs, were caleulated to construct neighbor-joining (NJ) trees, respectively (Figure 3b, Figure S7).
All phylogenetic trees consistently showed that the cotton bollworm was clustered into three
distinct groups, that is, H. a. conferta sampled in Australia, H. a. armigera sampled in CRR and
YRR, and H. armigera sampled in NR. The result was consistent with the sampling locations of

these specimens. Similarly, principal component analysis (PCA) demonstrated that the first two
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eigenvectors jointly separated all individuals into three clusters, and they explained ~4.72%
variation present across the 13 Chinese populations as well as a H. a. conferta population (Figure
3c). We further used fastStructure (Raj et al., 2014) to gain insights into the ancestry of each cotton
bollworm individual (Figure 3d). When K = 2, NR lineage, rather than H. a. conferta subspecies,
was initially ‘separated from the other groups, which indicated their unique genetic composition and
perhaps warranted them being considered their own subspecies. When K = 3, three distinct genetic
clusters werg, in.agreement with the phylogenetic tree and PCA analysis. Furthermore, asymmetric

genetic admixture.events seem to exist from CRR & YRR to the NR lineage (Figure 3d).
Population diversity and demographic history

As shown in Table S12, the genome-wide genetic diversity of different populations in the NR
lineage was similarito that in CRR and YRR lineages. The mean Tajima’s D values of different
populations ranged from -1.22 to -0.67 (Table S12), meaning that different cotton bollworm
populations have an excess of low frequency alleles. At the lineage levels, the high proportions of
negative Tajima’sePwvalues across the whole genome (97.26% for CRR & YRR and 97.49% for
NR) suggest that pepulation expansion was the most likely cause (Biswas & Akey, 2006) (Figure
4a).

PSMC analysissrevealed that CRR & YRR and NR lineages have maintained a similar and constant
effective population sizes for up to ca. 0.2 million years ago (Mya), after which, their effective
population sizes began to simultaneously increase but at different growth rates, coinciding with the
most recent rise of global temperature (Figure 4b). At marine isotope stage 5 (MISS5), the effective
population sizesof*€RR & YRR exceeded that of the NR lineage. During the last glaciation (LG),
the global temperature began to gradually fall and effective population sizes of the two lineages
reached a plateau. Then when the temperature decreased to its lowest point the NR lineage (but not
the CRR & YRR lineage) had a decrease in population size. Subsequently, the CRR & YRR and the
NR lineages started to expand again as the global temperature rose. In general, historical global
temperature profoundly affected the effective population sizes of the CRR & YRR and the NR
lineages and may therefore likely have facilitated their divergence. In addition, the PSMC result
further confirmed the assumption that the genome-wide negative Tajima’s D values were the result
of population expansions. SMC++ analysis further revealed the dramatic population expansion of

the CRR & YRR lineage between ~5,000 — 8,000 years ago (Figure S8).
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Genomic divergence among different lineages

The fixation indices (Fst) in pairwise cotton bollworm populations ranged from 0 to 0.076 (Figure
S9). Several populations from YRR showed no divergence (i.e., F'st = 0) which indicated frequent
gene exchange underpinned their homogenization. A Mantel test showed that the divergence levels
of different populations was highly correlated with their geographical distances (Figure S10, P =
le-04). This suggested that spatial distance has been highly influential in generating the observed
genetic variation. We also compared the differentiation levels among NR, CRR & YRR, and H. a.
conferta. We found H. a. conferta vs. NR exhibited the highest divergence levels (Fsr = 0.069),
followed by H: a. conferta vs. CRR & YRR (Fsr = 0.041), while CRR & YRR vs. NR was lowest
(Fst = 0.025), which was still higher than the divergence level between the corn and rice strains of
Spodoptera frugiperda (Fsr = 0.019; Gouin et al., 2017). Overall, our genomic analyses further

suggested that the NR is likely to be a unique cotton bollworm lineage.

Among these three H. armigera lineages, the divergence levels of Z-chromosome in the male
individuals weres5:38-, 2.67-, and 4.44-fold higher than autosomes in the comparisons of CRR &
YRR vs. NR, CRRu& YRR vs. H. a. conferta, and NR vs. H. a. conferta, respectively (Figure 5a).
The genomic regions with the highest 1% Fsr value in the above comparisons, 63.55%, 34.12%,
and 61.33% regions were located in the Z-chromosome. Thus, we deduced that the divergence rate
of the Z-chromosome was faster than autosomes of cotton bollworm either at the level of the whole
chromosomes onat.outlier loci. Surprisingly, discordant trends of divergence levels were detected in
Z-chromosome’ and' autosomes among different pairwise lineages, i.e., the Z-chromosome
divergence level of CRR & YRR vs. H. a. conferta was lower than that of CRR & YRR vs. NR
(mean Fsr = 0.085 and 0.091, Wilcoxon test, W=5,687,304, P = 2.43e-05), whereas the former had
obvious elevationmin autosomal divergence (mean Fs= 0.032 and 0.017, Wilcoxon test,

W=731,287,952, P <2.2e-16).

A total of 25 windows were identified with the highest 1% Fst values among all three comparisons
(Figure 5b). These windows covered 195 kb genomic regions, of which 76.92% were located on the
Z-chromosome. From these highly divergent regions, nine protein-coding genes were annotated
(four genes located in the Z-chromosome), including two clock genes (per and clk), a G-protein
coupled receptor and Acyl-CoA desaturase (Table S13). Spatiotemporal transcriptome analysis

showed that per and clk genes broadly expressed in most tissues and developmental stages (Figure
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5¢). Notably, the per and cl/k genes act in the negative feedback loop of the core circadian system
and they have been shown to be associated with nocturnal flight, feeding behavior and endocrine
activity (Tomioka & Matsumoto, 2015). We identified 17 and 2 non-synonymous SNPs in per and
clk genes, respectively, which could contribute to the differences in facultative diapause and annual
generations observed among different cotton bollworm lineages (Table S14). Expression levels of
two circadian genes (per and cl/k) in adults were also markedly higher than in larvae and pupae
(Figure 5c), which could highlight their critical roles in behavioral rhythms during adulthood, such
as nocturnality. and,mating activity. In addition, expression levels of the two circadian genes in
peripheral tissues were higher than other adult tissues, such as in antennae, abdomen and thorax
(Figure 5c), emphasizing the divergence of circadian genes may be related to orientation and

reproduction (Merlin, Gegear, & Reppert, 2009; Tomioka & Matsumoto, 2015).
Selection signatures on climate adaptation, feeding behavior and insecticide tolerance

Loci that featute in different cotton bollworm lineages may have roles responding to environmental
factors, such asglews temperature and deficient diets in NR populations, or the different pest
management strategies in CRR & YRR and in H. a. conferta (Table S14). Using a combination of
log,-transformed 0, A/0,B and Z-transformed Fsr values (see MATERIALS AND METHODS), we
detected 310/349 selective windows for the NR lineage when compared to CRR & YRR and H. a.
conferta, 185/192 selective windows for CRR & YRR when compared to NR and H. a. conferta,
and 145/269 selective windows for H. a. conferta when compared to NR and CRR & YRR (Figure
6a, Figure S11).

For the NR lineageystwo GO categories were commonly enriched irrespective of whether H. a.
conferta or 'CRR"&"YRR was set as the control lineage (Table S15), i.e., oxidation-reduction
process (GO:0055114) and ATPase activity (GO:0016887). Another three GO categories related to
energy metabolic processes were enriched in a single comparison (Table S15). These intense
selection signatures"were consistent with expected greater energy consumption for the NR lineage
to adapt to the extreme winter, especially the process of resisting severe cold and looking for host
plants in the next spring (Arrese & Soulages, 2010). A previous study of Drosophila melanogaster
populations has shown that fluctuating temperature could induce genes involving in “ATP synthesis
coupled proton transport” category (Hsu, Belmouaden, Nolte, & Schlétterer, 2020). Meanwhile, the

down-regulation of genes involved in “oxidation-reduction process” and “ATP synthesis coupled
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proton transport” is also considered to be the response of Antarctic midges to extreme desert
habitats (Teets et al., 2012). These results suggest that diverse insects have evolved similar climate

adaptation strategies.

For H. a. conferta, we annotated 203 and 289 genes in these selective regions when compared to
NR and CRR & YRR lineages, and four GO categories were significantly overrepresented (Table
S16). Two enriched' GO categories, gustatory and olfactory receptors, are identified, of which
gustatory receptors are the only chemosensory protein family to display radiations in lepidopteran
insects with narrow host ranges (Pearce et al., 2017), which presumably indicated their important
roles in insect-plant interactions (Xu, 2020). Previous research has revealed that these
chemosensory genes were differentially expressed when cotton bollworm were fed on different host
plants (Pearce et al., 2017). In addition, olfactory receptors are required by the insect to detect and
respond to innumerable volatile odors in the field, and they are relevant to foraging, mate
recognition, and oviposition site selection (Montagné, de Fouchier, Newcomb, & Jacquin-Joly,
2015). When NR was set as the control lineage, the GO term named “structural constituent of
cuticle” was uniquely enriched. For lepidopteran pests, the cuticle is the first barrier to slow down
the penetrationwofinsecticide molecules within their bodies (Balabanidou, Grigoraki, & Vontas,
2018), thus naturalsselection on genes encoding cuticle may effectively decrease the efficiency of

insecticides 1in the field.

We further deteeted,a, specific divergent signature between CRR & YRR and NR lineages spanning
a 120 kb windéw on chromosome 7 (Figure 6a). In this genomic region, the Tajima’s D values in
the NR lineage were significantly higher than the CRR & YRR lineage, indicating positive selection
could lead to local decrease of Tajima’s D values (Figure 6b). The nucleotide diversity in the CRR
& YRR lineageralso decreased, indicating that genes in this regions experienced intense positive
selection (Figure 6¢). Six glutathione S-transferase (GST) genes were annotated in this region
(Figure 6d, Table S17). These GSTs that belonged to the Delta clan have well-established roles in
xenobiotic degradation, including insecticide and plant secondary metabolites (Cui, Rui, Yang,
Wang, & Yuan, 2017; Low et al., 2010; Pearce et al., 2017; Rane et al., 2019). Our analysis of
public transcriptome data (Jin et al., 2019) revealed GSTDIlh, GSTDI1k and GSTDI! were
constitutively expressed in insecticide treatment and control groups. Moreover, none of these GSTs
are differentially expressed in response to different insecticides (Figure 6f). In this region, we also
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detected two linkage disequilibrium (LD) blocks (Figure 6e), which may suggest that at least two
GST genes were targeted by the natural selection rather than a single selection with extended
genetic hitchhiking. We identified 75 missense SNPs within these divergent signatures and further
identified 15 loci whose alleles were specific to the CRR & YRR or the NR lineage (Table S18).

Thus, these loe1'may provide critical cues for understanding host adaptation.

DISCUSSION

In this study, we,generated a chromosome-level reference genome of H. armigera based on the
long-read sequencing technology and an ultra-dense genetic map. This new genome offers not only
significant advancements on the preceding work but also represents a near complete reference
genome resource for this species. The HaSCD2 assembly had significant advances in a series of
assessments, especially the CN50 value which was even superior to other recently published
reference genomes. of lepidopteran pests (Table S7). In addition, the number of different repetitive
DNA families annotated in HaSCD2 assembly were dramatically elevated, and this provides
fundamental information critical to resolve complex biological and evolutionary questions related to
repetitive sequences (Klai et al., 2020; Tay, Behere, Batterham, & Heckel, 2010). In the genomic
regions that failed*te,be assembled in the csiro4b draft genome, we found numerous genes including
two OBP genessthatecould be biologically significant to receive odorants in the olfactory system
(Figure 2f). Therefore, our assembly represents a significantly improved genome resource of this
global pest, offering opportunities for more comprehensive genome-wide studies owing to its

excellent featutes in completeness and continuity.

With applications of different molecular markers, deductions on the genetic structure of the cotton
bollworm have,been revised several times at different scales (Anderson et al., 2016; Behere et al.,
2007; Behere, sFayspRussell, Kranthi, & Batterham, 2013; Nibouche, Bues, Toubon, & Poitout,
1998; Weeks etalig2010). In particular, several studies based on whole-genome SNPs (Anderson et
al., 2016; Andefrson et al., 2018; Pearce et al., 2017) consistently revealed the subspecies boundary
between H. a. armigera and H. a. conferta, and the presence of gene flow between H. a. armigera
and H. zea, which emphasized the biological risks of allopatric lineages. We jointly analyzed 14
cotton bollworm populations (13 Chinese populations and 1 Australian population) to investigate

genetic structure and diversity within H. armigera complex. We found the NR individuals collected
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from northwestern China formed a unique cotton bollworm lineage, which was genetically distinct
from the known H. a. conferta and H. a. armigera lineages. This conclusion may well explain why
NR and CRR & YRR lineages have heterogeneous resistance levels to chemical and Bt insecticides
(Yang et al., 2013). Noticeably, we found that three outliers in the PCA were sampled from Sc
population that lies“on the western region of Xinjiang. Previous research has demonstrated that
European corn borer, Ostrinia nubilalis, invaded into Yili area and made secondary contact with
native Asian corn borer, O. furnacalis (Wang et al., 2017). Thus, these three outliers may provide
an important cue for,the likely presence of other genetically distinct H. armigera lineages in the
India subcontinent, Burope, and/or Africa. Variations in genomic diversity in several other insects
have been attributed to factors, such as climate stress, artificial domestication and biological
invasion (Dinget al., 2018; Montero-Mendieta et al., 2019; Xia et al., 2009; Wu et al., 2019).
Interestingly, although suffering from severe coldness and deficient diets, NR lineage maintains a
similar level of genetic diversity to the CRR & YRR lineage (Table S14). Therefore, the NR lineage
exhibits remarkable.genetic plasticity and capacities to adapt to intensive planting of transgenic Bt
cotton and hag the potential to generate new mutations conferring Bt resistances such as that
observed in the northern region of China. The explicit population relationships we have identified

form a basis to monitor and manage this pest complex across spatial and temporal scales.

Contemporary studies in a wide range of taxa are using genomic variation to track the biological
processes of speciation and population differentiation on a landscape scale (Wolf & Ellegren,
2017). Aided bysamyultra-dense variation map, we investigated the patterns of divergence in three
distinct cotton bellworm lineages. We found that Z-chromosomes had higher divergence levels than
autosomes in (any pairwise lineage comparisons, reflecting their faster cumulative rates of
differentiated loci. Similar phenomena have been reported during the speciation processes of the
sibling speciessofibirds, fish, and other moths (Presgraves, 2018; Van Belleghem et al., 2018). The
Z-chromosomemiswiless exchangeable between species, and thus more refractory to gene
introgression.than autosomes (Presgraves, 2018). We infer gene introgression from CRR & YRR to
NR effectively reduced their interspecific divergence level in the autosomes, but the divergence
level in Z-chromosome remained similar across H. armigera subspecies and populations. We also
identified nine universally divergent genes in inter-lineage comparisons, including two circadian

genes (per and clk). It is worth noting that the per gene was among the genes that exhibited elevated
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Fsr in a less well-powered but independent study of Chinese and Australian H. armigera
populations (Song et al., 2018). Previous studies developed mitochondrial COI markers or used full
mitochondrial genomes to distinguish species in the Helicoverpa complex (Behere et al., 2008;
Behere et al., 2007; Walsh et al. 2019) and track the invasion routes of H. a. armigera (Tay et al.
2017; Arnemann~et al., 2019). However, mitochondrial markers are maternally transmitted and
non-recombinifig compared to nuclear markers, and they have limited resolution to distinguish
different lineages within H. armigera (Behere et al., 2007). These nine genes we listed in Table S13
have the potential to,be developed as lineage-specific markers to accurately identify the different

evolutionary lineages within the H. armigera subspecies.

The patterns of differentiation across the genomes measured by Fst imply local environments could
shape genomic_divergence. Our analyses indicated that genes that were involved in climate
adaptation, feeding behaviors, and insecticide tolerance, were also under strong positive selection.
Previous research also demonstrated that different host plants could induce these GST genes to
become highly expressed in detoxification and digestive tissues, such as mid-gut, Malpighian
tubules and fat body (Pearce et al., 2017), which is consistent with its recent duplication and
diversificationrevolution. The Delta clan of GSTs highlighted in this study have been inferred to be
involved in the adaptation of fly species to brassica (Gloss et al., 2014). Cotton bollworm residing
in the northwestern China have a unique evolutionary ancestry and local habitat (Figure 3 and Table
S14), and they are still sensitive to most chemical insecticides and Bt toxins. Meanwhile, a
dominant pointgmutation underlying resistance to CrylAc was only detected in northern China
populations (Jingetsal., 2018), and highlighted the need for concerted management practice to
prevent the introgression of the dominant CrylAc resistance gene from the northern populations

into the NR populations of H. armigera in China.
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N90 contig length 1.65 Mb 6.21 kb
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Gene annotation

Protein-coding genes 18,668 17,086
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Mean ge (bp) 6,776.03 9,364.52
Exons per gene 5.97 6.05
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Mean exon length 239.40 219.96
Intron (% 23.93 3548
Mean int th 919.69 1,368.88
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922 Figure 1. Genome assembly and scaffolding of the HaSCD?2. (a) - (b) The differences of contigs length between

923  HaSCD2 and csiro4b assemblies. The proportions and levels of contig lengths are represented by rectangular areas
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and filled colors. (c) Assigning contigs into chromosomes with the guide of high-resolution genetic map. Markers
with identical recombination distance are collapsed into bins to succinctly show their congruent relationship, and
the first markers were linked with the corresponding recombination distance. Graduated colors filled in two
rectangles are determined with loglO-transformed marker density and recombination distances along 31

chromosomes.“The"94 anchored contigs are represented by red and blue lines and their arrows indicate their

orientation, and dark blue dotted lines indicate the contigs not oriented.
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Figure 2. Genome comparisons between HaSCD2 and csiro4b assemblies. (a) - (b) Genomic mapping rate and
breadth of coverages(more than 2-fold coverage) against HaSCD2 and csiro4b assemblies. (c) Comparisons of
chromosomes size between HaSCD?2 and csiro4b assemblies. (d) The distribution of the sizes of closed gaps in the
csiro4b assembly. (e) Proportions of major repeat categories distributed in the HaSCD2 assembly. The outer circle
represents the repeat in whole HaSCD2 genome and the inner circle represents the repeat in assigned N-gap
regions. LINE: long interspersed nuclear elements; RC: rolling-circle transposition; LTR: long terminal repeats;
SINE: short interspersed nuclear elements. (f) A case of assigned N-gap affecting the completeness of two
odorant-binding proteins (OBPs). Blue rectangles represent odorant binding proteins, grey shadows represent
mapping relationships between two assemblies.
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Figure 3. Geographic distribution and genetic structure of collected cotton bollworm. (a) Schematic map denoting
the sampling 10(!1ities in mainland China. Blue solid circles represent localities in the Yellow River Region
(YRR) and the jiang River Region (CRR), green solid circles represent localities in the Northwestern
Region (NR), l\mcurves represent Yellow River (top) and Changjiang River (bottom), respectively. (b)

Neighbor-joinin, tree of cotton bollworm inferred from whole-genome SNPs using H. punctigera as

outgroup. (c) Principle; components analysis, PC1=2.67% and PC2=2.05% (Tracy-Widom statistics, P <

4.91e-291). (d) Pjn admixture plot with K equals to 2 (top panel) and 3 (bottom panel).
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Figure 6. Selectg si;atures between CRR & YRR and NR lineages. (a) Distribution of log,-transformed 6,
ratio (Y axis) “formed Fsr (X axis) between CRR & YRR and NR lineages. Black lines represent their
highest 1% thresholds. Green dots represent genomic regions under selection for the NR lineage and blue dots for

the CRR & YRR lineage. (b) - (¢) Tajima’s D and @, values around selection signatures in HaChr7. Green line

represents NRJ e and blue line represents CRR & YRR lineage. (d) Six glutathione S-transferase (GST)
genes annotated in the selection signatures of HaChr7. (e) Patterns of LD blocks around these six GST genes in
the CRR & YRR lineage. (f) Expressions of six GST genes in H. armigera larvae fed on artificial diet
supplemented with different insecticides. AM: abamectin; CP: chlorpyrifos; IC: indoxacarb; LC:

lambda-cyhalothrin; TF: tebufenozide; CK: control. (g) Genotypes of loci distributed around these six GST genes.
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