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� The present study achieves a large-
scale SNP dataset, a total of 512
genomes comprising 487 B. dorsalis
and 25 B. carambolae.

� B. dorsalis originates from the
Southern India with three invasion
routes worldwide, mainly facilitated
by human activities.

� CYP6a9 is identified that enhance the
thermal adaptation of B. dorsalis and
thus boost its invasion to temperate
regions.

� The gene function is further verified
using the RNAi technology.
g r a p h i c a l a b s t r a c t
a r t i c l e i n f o

Article history:
Received 17 September 2022
Revised 29 November 2022
Accepted 19 December 2022
Available online 24 December 2022
a b s t r a c t

Introduction: The oriental fruit fly Bactrocera dorsalis is one of the most destructive agricultural pests
worldwide, with highly debated species delimitation, origin, and global spread routes.
Objectives: Our study intended to (i) resolve the taxonomic uncertainties between B. dorsalis and B. caram-
bolae, (ii) reveal the population structure and global invasion routes of B. dorsalis across Asia, Africa, and
Oceania, and (iii) identify genomic regions that are responsible for the thermal adaptation of B. dorsalis.
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Methods: Based on a high-quality chromosome-level reference genome assembly, we explored the popu-
lation relationship using a genome-scale single nucleotide polymorphism dataset generated from the rese-
quencing data of 487 B. dorsalis genomes and 25 B. carambolae genomes.Genome-wide association studies
and silencing using RNA interference were used to identify and verify the candidate genes associated with
extreme thermal stress.
Results: We showed that B. dorsalis originates from the Southern India regionwith three independent inva-
sion and spread routes worldwide: (i) from Northern India to Northern Southeast Asia, then to Southern
Southeast Asia; (ii) from Northern India to Northern Southeast Asian, then to China and Hawaii; and (iii)
from Southern India toward the African mainland, then to Madagascar, which is mainly facilitated by
human activities including trade and immigration. Twenty-seven genes were identified by a genome-
wide association study to be associated with 11 temperature bioclimatic variables. The Cyp6a9 gene may
enhance the thermal adaptation of B. dorsalis and thus boost its invasion, which tended to be upregulated
at a hardening temperature of 38 �C. Functional verification using RNA interference silencing against
Cyp6a9, led to the specific decrease inCyp6a9 expression, reducing the survival rate of dsRNA-feeding larvae
exposed to extreme thermal stress of 45 �C after heat hardening treatments in B. dorsalis.
Conclusion: This study provides insights into the evolutionary history and genetic basis of temperature
adaptation in B. dorsalis.
� 2023 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Invasive pests present considerable threats to global agriculture
[1], and the challenge has become more severe with increasing
international tourism and trade. Attacking >250 species of fruits
and vegetables [2], the oriental fruit fly, Bactrocera dorsalis (Hen-
del) (Diptera: Tephritidae), poses a serious threat to agricultural
products and represents one of the most detrimental invasive pests
worldwide. It presently spreads to 75 countries across Asia, Africa,
and Oceania [3]. Facilitated by the biological features of high pro-
lificacy, short life history, broad host range [1], and adaptability
[4], B. dorsalis is classified as the top member in the competitive
hierarchy of fruit flies [5] and could replace and drive various fruit
fly species to extinction, including other highly invasive fruit flies
such as Ceratitis capitata, Ceratitis cosyra, Bactrocera tryoni, and Bac-
trocera zonata [4].

To prevent or alleviate the impact of future invasions, a global-
scale population structure of B. dorsalis should be developed. This
may serve as a prerequisite to identifying the effective formulation
and implementation of preventive and mitigation agents by
inspecting the sources of different invading populations and their
corresponding invasion routes. Previous studies have attempted
to trace the spread routes and invasion history of the fly at differ-
ent temporal and spatial scales, but have yielded conflicting results
due to inadequate sampling efforts [6,7,8] or by utilizing limited
informative makers (microsatellites or a limited number of genes)
[9]. In this study, we attempted to resolve this issue by addressing
it at the genomic level for the first time. Most studies have specu-
lated that China [6], the southeastern coastal areas of China [7],
Southeast Asia [8], or South Asia [9] may be the evolutionary origin
of B. dorsalis. In addition, the question of whether the largely indis-
tinguishable morphologies of Bactrocera carambolae and B. dorsalis,
whose hybridization have been observed under laboratory condi-
tions and in the wild [10], are actually indicative of them being
the same species, has long been a focus of controversy and hin-
dered our understanding of the invasion history of the fly.

Originating from tropical Asia [11], invasions of B. dorsalis have
occurred within a timespan of two decades across sub-Saharan
Africa and the western Indian Ocean. These are tropical areas with
high temperatures, which demonstrates the extremely high tem-
perature tolerance of B. dorsalis. Recent surveillance records of
established B. dorsalis populations from areas where have been
previously considered climatically unsuitable due to overwintering
cold stress, such as the central regions of China, specifically the
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Hubei and Henan provinces, have also been reported, indicating
an intensified invasion capacity of B. dorsalis to thrive. This poses
a great concern, not only for China, but also for climatically similar
temperate regions in Europe and North America. Hence, there is an
urgent need to understand the mechanisms and role of tempera-
ture tolerance in the success of the invasive process of B. dorsalis.

In this study, we obtained a chromosome-level genome of B.
dorsalis and systematically sampled a total of 487 B. dorsalis with
various geographical populations for genome sequencing with
the aim of (i) revealing the population structure and global inva-
sion routes of this species, and (ii) identifying genomic regions that
are responsible for its thermal adaptation. Samples of the closely
related B. carambolae were also included in this research so to (a)
compare the extent of intra- and interspecific differentiation in B.
dorsalis and (b) further verify the taxonomic status of B. dorsalis
and B. carambolae by investigating possible introgression between
these two species.
Materials and methods

Development of an inbred B. dorsalis strain for genome assembly

B. dorsalis individuals used for genome sequencing and assem-
bly were collected from infested citrus fruits in an orchard in
Guangzhou, Guangdong Province, China. A laboratory colony was
established and reared on artificial diets in an artificial climate
chamber at 25 ± 1 �C, relative humidity of 70 ± 5 %, and a light:dark
photoperiod of 14:10 h. Two male adults were collected from an
inbred strain (at least 100 generations from the colony) for subse-
quent genomic sequencing.
Genome survey

Genome size and heterozygosity were estimated using a k-mer
analysis [12] and visualized using GenomeScope 1.0 [13]. DNA was
extracted from an individual male adult thorax using the Promega
Wizard SV Genomic DNA Purification System. A library with an
average insert size of 350 bp was constructed using the Illumina
TruSeq Nano DNA Library Prep Kit and sequenced on the Illumina
NovaSeq platformwith paired-end 150 (PE150) bp reads. After per-
forming quality control using fastp [14], filtered sequences were
used to generate a 19-mer distribution map using Jellyfish 2.11
[12].
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Draft genome sequencing by PacBio, assembly, and polishing

For long-read sequencing, two PCR-free SMRTbell libraries, with
an average insert size of 20 kb, were constructed using the PacBio
SMRTbell Express Template Prep Kit 3.0. Two cells were sequenced
on the PacBio Sequel II system under a continuous long read
model. Canu v1.6 [15] was used to correct and trim the polymerase
reads using default parameters to generate high-quality poly-
merase subreads. The trimmed polymerase subreads were assem-
bled to a contig-level genome using WTDBG2 [16] with the
parameter --tidy-reads 5000. To reduce the sequence error rate,
we first used pbmm2 (https://github.com/PacificBiosciences/pbm-
m2) to align the PacBio subreads to the raw contigs and corrected
the contigs by gcpp (https://github.com/PacificBiosciences/pbbio-
conda). The Illumina short reads for the genome survey were then
mapped to the first round of corrected contigs by BWA-mem [17]
and further polished using Pilon 1.16 [18]. Redundans [19] was
used to remove the redundant contigs from the second round of
corrected contigs with a parameter --overlap of 0.73 to obtain
the final version of the contig genome.

Hi-C sequencing and scaffolding

We used the 3rd instar larvae after 3 days of starvation treat-
ment for cellular protein cross-linking in 2 % formaldehyde. MobI
was selected as a restriction enzyme for chromatin digestion. Trea-
ted Hi-C sample DNA was extracted and fragmented to 350 bp for
Hi-C library preparation. The Hi-C library was sequenced using the
Illumina NovaSeq platform with the PE150 read strategy. After fil-
tering by fastp [14], the clean Hi-C data were mapped to the
contigs-level genome using JUICER [20] to generate the contracted
matrices. After polishing, splitting, sealing, and merging using a 3D
de novo assembly [3D-DNA] pipeline, a chromosome-length
assembly-level genome was generated.

Full-length transcript sequencing and analysis

Total RNA was extracted from the mixed samples (larvae,
pupae, and adults) using the Promega SV Total RNA Isolation Sys-
tem kit. RNA samples with RIN � 7.5 were evaluated with the Agi-
lent 2100 RNA 6000 Nano kit to construct two libraries (1–4 kb and
1–10 kb) for IsoSeq. Full-length cDNA sequencing was performed
on the PacBio Sequel II system using the circular consensus
sequencing (CCS) model. Raw polymerase read data were filtered
and analyzed using the IsoSeq software in SMRT� Analysis v3.0
(https://smrt-analysis.readthedocs.io/en/latest/SMRT-Analysis-
Software-Installation-v2.3.0/) including building the CCS, classifi-
cation, and clustering.

Completeness and quality assessment of genome assembly and
annotation

Repeat sequences, non-coding RNA genes, and protein coding
genes were annotated respectively (Supplementary Material and
Methods). BUSCO version 4.1.4 [21] was used to evaluate the com-
pleteness and quality of the contig-level genome, Hi-C scaffold-
level genome, and annotated coding sequence based on the
insecta-odb10 database (1,367 genes).

Whole-genome synteny

The genome of Drosophila melanogaster (GCA_000001215.4
Release 6 plus ISO1 MT) was selected for whole-genome synteny
with B. dorsalis. The protein sequences of B. dorsalis and D. melano-
gaster were aligned using blastp with 1e-10 value. Syntenic blocks
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against each chromosome were detected using MCScanX [22]. Syn-
teny visualization was performed using SynVisio [23].
Dipteran orthology identification, phylogenetic analysis and
divergence time estimation

Twenty dipteran species and the cotton leafworm, Spodoptera
litura (Lepidoptera: Noctuidae), were selected as outgroups for a
comparative genomic analysis (Table S12). OrthoFinder [24] was
used to identify orthologs and orthogroups with parameters -S dia-
mond, -Mmsa, and -T fasttree. The phylogenetic tree was automat-
ically generated in the OrthoFinder pipeline using an
approximately maximum-likelihood method based on a concate-
nated alignment of single-copy genes. The divergence time was
estimated using MCMCTree in PAML [25]. We set the divergence
time between Drosophila and Scaptodrosophila as 70–74 Ma and
Diptera and Lepidoptera as 243–317 Ma, the values of which were
acquired from the TIMETREE database (https://timetree.org/) as
calibrations for estimation.
Dipteran gene family expansion and contraction analysis

A computational analysis of gene family evolution (CAFE) [26]
was used for dipteran gene family expansion and contraction anal-
yses with the parameters -p 0.05, -t 10, and -r 10,000. The input file
was generated from the Orthogroups GeneCount.tsv in OrthoFin-
der. The results were visualized using the CAFE_fig (https://
github.com/LKremer/CAFE_fig). The expanded and contracted
genes were visualized using the R package clusterProfiler.
Samples collection, DNA extraction, and resequencing

We collected 487 male adults of B. dorsalis using methyleugenol
traps in 50 populations from 29 countries, roughly covering the
entire distribution range of B. dorsalis (Fig. 2a, Table S15). The 50
populations were divided into six geographical groups: China
(CN) (N = 160), Northern Southeast Asia (NSA) (N = 40), Southern
Southeast Asia (SSA) (N = 60), South Asia (SA) (N = 84), Africa
(AF) (N = 133), and Hawaii (HW) (N = 10). The sampling number
of each group used depend on the distribution range of B. dorsalis
in the corresponding regions.

Compared to B. dorsalis, B. carambolae has a more restricted dis-
tribution. In this study, 25 adult male samples were collected from
Malaysia (N = 10), Indonesia (N = 5), and Suriname (N = 10), which
nearly covered the global distribution of the species (Fig. 2a). B.
dorsalis and B. carambolae have very similar morphologies, and
sympatric distributions, with possible hybridization both in the
laboratory and wild in Malaysia [10] and Indonesia. Samples from
known sympatric distributions of these species were identified at
the species level by Wee S.L. and Tati Suryati S., respectively.
Malaysian strains were collected from infested wax apples (Syzy-
gium spp.) near a forest fringe in the Raub district, Pahang state,
Peninsular Malaysia. Five closely related Bactrocera species (B. cor-
recta, B. zonata, B. tuberculata, B. nigrotibialis, and B. tryoni), not
within the B. dorsalis complex, were selected as the outgroup.

All samples were preserved in an 95 % ethanol solution after
collection and stored at �80 �C. DNA was extracted from the tho-
racic muscle of each fly using a Promega Wizard SV Genomic
DNA Purification System. For each sample, a library with an aver-
age insert size of 350 bp was constructed using the Illumina TruSeq
Nano DNA Library Prep Kit and sequenced on the Illumina NovaSeq
platform with PE150 bp reads. Every sample was sequenced at a
capacity of 6 Gb data to guarantee a sequencing depth of at least
10 � coverage.

https://github.com/PacificBiosciences/pbmm2
https://github.com/PacificBiosciences/pbmm2
https://github.com/PacificBiosciences/pbbioconda
https://github.com/PacificBiosciences/pbbioconda
https://smrt-analysis.readthedocs.io/en/latest/SMRT-Analysis-Software-Installation-v2.3.0/
https://smrt-analysis.readthedocs.io/en/latest/SMRT-Analysis-Software-Installation-v2.3.0/
https://timetree.org/
https://github.com/LKremer/CAFE_fig
https://github.com/LKremer/CAFE_fig


Fig. 1. Chromosome-level genome assembly features of Bactrocera dorsalis and the Diptera evolutionary analysis. (a) Genomic landscape of the six B. dorsalis chromosomes
including basic genomic features, shown in Circos plots from outer to inner circles: I, six chromosomes at the Mb scale; II, repeat density (blue) across the genome per 0.1-Mb
non-overlapping windows; III, gene density (orange) across the genome per 0.1-Mb non-overlapping windows; IV, CG contents (brown) across the genome per 0.1-Mb non-
overlapping windows; center: intra genomic synteny of B. dorsalis. Colored arcs indicate homologous genomic blocks within B. dorsalis. (b) Whole-genome synteny between B.
dorsalis (Bd) and Drosophila melanogaster (Dm). (c) Divergence time, gene orthology, and expanded and contracted gene family analysis of the Diptera species with Spodoptera
litura as the outgroup. Divergence times were estimated by the MCMCTree algorithm: mean age is given for each node with gray bars indicating 95 % posterior densities. The
horizontal blue bars on the nodes show divergence times with 95 % highest posterior density (HPD) intervals. Gene orthology comparison among 17 species. The bar charts on
the right show the five subdivided orthology relationships, including single-copy orthologs, multiple-copy orthologs, unique orthologs, other orthologs, and unassigned
genes. The numbers of expanded gene families (colored in red) and contracted gene families (colored in blue) are shown on the branch and at each node. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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Read mapping, variant calling, and filtration

The raw sequencing data were filtered using fastp with default
parameters before mapping. The filtered data were mapped to the
new B. dorsalis chromosome-level genome assembly using the
Burrows-Wheeler Aligner (BWA) - mem algorithm [17] with
default parameters. Samtools [27] was used to sort the bam output
and calculate the sequencing coverage and depth for each sample.
Duplicates were removed using Picard (https://sourceforge.net/
projects/picard/). Variants were called using the GATK [28]. The
following steps were executed in consecutive order: Haplo-
typeCaller (calling per sample single nucleotide polymorphisms
(SNPs) and InDels), CombineGVCFs (combining per-sample gVCF
files), GenotypeGVCFs (joint genotyping of all samples), SelectVari-
ants (extracting SNPs and InDels), and VariantFiltration (hard-
filtering variant calls based on the criteria: quality-by-depth ratio
(QD) < 2.0 || read mapping quality (MQ) < 40.0 || probability of
strand bias (FS) > 60.0 || symmetric odds ratio (SOR) > 3.0 ||
MQRankSum < –12.5 || ReadPosRankSum < –8.0).
Population genetic structure analysis

Before the analysis, PLINK [29] was used to remove SNPs with a
missing genotype rate > 0.1 and minor allele frequency < 0.01. To
avoid the effect of linkage disequilibrium (LD) on the results (espe-
cially for recently admixed populations), SNPs were pruned using
PLINK with the following parameters: a window size of 50 kb, step
size of 10, and a LD coefficient (r2) threshold of 0.2.

To construct a neighbor-joining tree, the program DNADIST of
the Phylip package [30] was used to generate a distance matrix
using multisample sequence alignments, after which the NEIGH-
BOR function of the Phylip package was used to build the
neighbor-joining tree itself.
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A principal component analysis (PCA) was performed on the
variance-standardized relationship matrix. We plotted PC1 against
PC2, PC1 against PC3, and PC2 against PC3.

ADMIXTURE [31] is an accurate, efficient, and versatile tool for
ancestry estimation that utilizes maximum likelihood estimates,
which could automatically rationalize the best value of ancestral
populations K (number of ancestral groups) through cross-
validation. We used ADMIXTURE to estimate ancestry proportions
and population structures under K values ranging from 2 to 18.
Cross-validation criteria were used to determine the optimal K.

TreeMix [32] was used to infer patterns of historical splits and
admixture events among populations and six geographical groups
by reconstructing the maximum-likelihood population tree with
100 bootstrap replicates. PLINK [29] was used to filter LD sites
and generate a Freq file. The migration edges were set from 0 to
1, 2, . . ., until the variance of relatedness between populations
explained by the model reached 99.8 %.

Linkage-disequilibrium analysis

PopLDdecay [33] was used to calculate the r2 between pairwise
high-quality SNPs of six geographical groups (the maximum dis-
tance between two SNPs was set at 500 kb) and plot the LD decay
graphs.

Genetic diversity and differentiation statistics

The Genetic diversity index (p), observed heterozygosity (Ho),
expected heterozygosity (He), and pairwise genetic differentiation
(FST) were calculated at the population level and at the level of six
geographical groups using the populations function in the software
Stacks 2.2 [34] with the parameters --hwe, --fstats, -k --smooth-
fstats, and --smooth-popstats. The comparison of pairwise FST fol-
lows the criterion: FST � 0.05 signifies negligible genetic differenti-

https://sourceforge.net/projects/picard/
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ation; 0.05 < FST � 0.15 signifies small genetic differentiation;
0.15 < FST � 0.25 signifies moderate genetic differentiation; and
FST > 0.25 signifies very large genetic differentiation.

Demographic history and effective population sizes [Ne] estimation

Seqbility (https://bit.ly/snpable) was used to mask the positions
of the missing data and uncalled regions. The effective population
sizes (Ne) were estimated using SMC++ [35]. For each group, we
selected 10 representative individuals as composite likelihood
samples to improve the precision of the estimates. The mutation
rate was set to 2.9 � 10�8 per generation [36], and the generation
time was set to 0.083 years (approximately 1 month).

Genome-wide association study (GWAS) and identification of the
candidate genes associated with 11 temperature bioclimatic variables

To identify the loci that were potentially associated with envi-
ronmental variables, a GWAS was performed using all 407 samples
of B. dorsalis and 11 temperature bioclimatic variables (Table S23)
using EMMAX [37] and TASSEL [38]. The 11 bioclimatic variables
are available in WorldClim version 2 [39] and are the averages
for the years 1970–2000 (Table S24). For EMMAX, we tested two
models: an expedited mixed linear model and expedited mixed lin-
ear model with a Q-matrix as incorporating covariates. For TASSEL,
we tested three models: the general linear model (glm), mixed lin-
ear model (mlm), and compressed linear mixed model (cmlm). The
genome-wide significance threshold was determined using the
Bonferroni correction as –log10 (0.05/SNP number) and –log10
(0.01/SNP number). The results for further analysis were compared
to determine the best model using the corresponding quantile–
quantile plots of observed versus expected log10 (P) of the GWAS
results.

Quantitative Real-time PCR (qRT-PCR) for transcriptome verification
of Cyp6a9 in B. dorsalis

Previous studies regarding thermal tolerance of B. dorsalis have
shown that the most temperature-sensitive development stage of
B. dorsalis was 7-day-old 3rd early-instar larvae [40]. For this rea-
son, we subjected two groups of 7-day-old 3rd early-instar larvae
to different temperatures during hardening. Following Gu et al.
[41], we subjected one group to a temperature of 38 �C for 4 h
while a control group was kept at a temperature of 25 �C. Both
groups consisted of three biological replicates, containing 60 lar-
vae, each contained in a 2 ml centrifuge tube.

RNA extraction and cDNA synthesis was completed per the
instructions of Gu et al. [41]. The expression level of Cyp6a9 after
heat hardening at 38 �C was quantified by qRT-PCR using TB
Green� Premix Ex TaqTM II (Tli RNaseH Plus), with 18S rRNA as ref-
3

Fig. 2. Geographic distribution, species delimitation, and population structure of resequ
carambolae in which that specimens of B. dorsalis were divided into 6 groups: China (C
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(d) Population genetic structure of B. carambolae and B. dorsalis based on ancestry fract
population. Each sample is represented by a vertical bar, and the length of each colore
populations. (e) Linkage disequilibrium (LD) between SNPs as measured using the squa
diversity (p) and population differentiations (FST) across the six groups. Values in each ci
population divergence (FST). Different colors represent the six designated groups, CN: pin
interpretation of the references to color in this figure legend, the reader is referred to th

66
erence gene (The primers are listed in Table S27). Three technical
replicates were established for each biological replicate. Each reac-
tion included 1 ll cDNA template, 12.5 ll TB Green Mix, 1 ll for-
ward primers (10 pm), 1 ll reverse primers (10 pm), 0.5 ll ROX
Reference Dye II, and 9 ll ddH2O. The thermocycler conditions
were as follows: 95 �C for 30 s, followed by 40 cycles at 95 �C for
5 s, and 55.4 �C for 34 s. The following melting curve condition
was 95 �C for 15 s, followed by 55.4 �C for 60 s with a decreasing
rate of 1 �C/s from 95 �C. The relative expression level was calcu-
lated using the 2�DDCT method.
Functional validation of Cyp6a9 in thermal adaptation through RNAi
silencing

Double-stranded RNA (dsRNA) of Cyp6a9 (dsCyp6a9) was used
to knock down the expression of Cyp6a9, with the double-
stranded RNA of green fluorescent protein (dsGFP) as the negative
control (The primers are listed in Table S27). The dsRNAs were syn-
thesized with the T7 RiboMAX Express RNAi system (Promega,
United States) using specific primers containing a T7 promotor
sequence.

The 3-day-old 1st instar larvae of B. dorsalis were collected and
placed into a 50 ml tube with 3 holes in the lid. Five biological
replications were performed for each treatment, with 50 larvae
for each replicate. The larvae were fed 3 g artificial diet material,
comprised of 30 ll dsCyp6a9 solution, dsGFP solution, and ddH2O,
respectively, with the primary concentration of 1 lg/ll. After
96 h, the larvae developed into 3rd instar. Five larvae of each bio-
logical replication were used for the expression level detection of
Cyp6a9. Three technical replicates were established for each bio-
logical replication. The rest of the 3rd late-instar larvae (N = 45)
were transferred to a 2 ml tube with 4 g diet material for the heat
hardening treatment in a 38 �C circulating water bath for 4 h. Then,
all the tubes were moved to 25 �C for 1 h, and exposed heat stress
treatment at 45 �C for 1 h. After heat stress treatment, the tubes
were kept at 25 �C for 4 h, after which the survival rate was calcu-
lated (Fig. 5a).
Statistical analysis

The qRT-PCR results and survival rate are presented as the
mean ± standard error (SE) with three independent biological
replicates. Comparisons between the means of two independent
samples were determined by Student’s t-test, and multiple com-
parisons were performed with a one-way ANOVA followed by
Least Significant Difference (LSD) test in SPSS 26 (IBM Corporation,
USA. Statistically significance was set at P < 0.05. Graphs were gen-
erated using OriginPro 8 (OriginLab Corporation, USA).
enced Bactrocera dorsalis samples. (a) Sampling collection map of B. dorsalis and B.
N), Northern Southeast Asia (NSA), Southern Southeast Asia (SSA), South Asia (SA),
istributed. (b) Principal component analysis plot of 458 B. dorsalis samples with PC1
bolae based on whole-genome SNPs using other Bactrocera species as the outgroup.
ions inferred by ADMIXTURE when K = 3 to 8. Each color represents one ancestral
d segment in each vertical bar represents the proportion contributed by ancestral
red coefficient of correlation (r2) of alleles at any two loci (y-axes). (f) The genetic
rcle represent nucleotide diversity for the group, and values between pairs indicate
k, NSA: yellow, SSA: blue, SA: light green, AF: light brown, and HW: dark green. (For
e web version of this article.)
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Results

Chromosome-level genome sequencing, assembly, and annotation of
the B. dorsalis genome

The 19-mer analysis based on Illumina sequencing data
(31.08 Gb) estimated the genome size to be approximately
538.31 Mb with a high degree of duplication (0.91 %) and heterozy-
gosity (2.85 %) (Fig. S1). For long-read genome sequencing,
200.05 Gb of data were obtained with an average length of
11,256 bp and N50 of 16,822 bp, corresponding to approximately
350-fold coverage of the B. dorsalis genome (Table S1). The genome
assembly generated 3,334 contigs with an N50 of 1,514,667 bp and
total length of 565,511,047 bp (Fig. S2, Table S2). Chromosome-
level assembly (Fig. 1a) was achieved with the assistance of Hi-C
libraries (Table S4), generating six pseudo-chromosomes that con-
sisted of 97.58 % (2,241 contigs) of the contigs and reached a scaf-
fold N50 of 86.23 Mb (Fig. S4). The Benchmarking Universal Single-
Copy Orthologs (BUSCO) analysis revealed a high proportion of
complete orthologous genes (95.8 %) (Fig. S5). The genome annota-
tion identified 255.60 Mb of repeat elements (45.11 %) in the gen-
ome (Table S6), 630 non-coding RNAs (ncRNAs) (Table S7), and
20,777 genes (Tables S8-S10) with an average length of
11,165 bp. The BUSCO analysis identified 93.70 % (single-copy
genes: 92.1 %, duplicated genes: 1.6 %) of the 1,367 gene ortho-
logues as complete (Fig. S5). Both the assembly and annotation
processes demonstrated that we obtained an assembly with qual-
ities that were significantly higher than those of other published
genome versions of B. dorsalis (Table S11).
Synteny and comparative genomics analysis of dipterans

The synteny analysis showed that B. dorsalis and D. me-
lanogaster shared a highly conserved gene order with small-scale
rearrangements and translocations (Fig. 1b). Chr04 could be
the X chromosome for its conserved synteny with the ChrX of D.
melanogaster. We only identified two Y-linked short scaffolds (scaf-
fold1 and scaffold2) based on several Y-specific genes (MoY [42]
and spermless [43]). This could be attributed to the heterochro-
matin of ChrY, which consists of rich repeats and limited protein-
coding genes [44].

Based on the phylogenetic tree of the genome scale datasets,
including 20 dipteran species (Table S12), the gene family evolu-
tion analysis showed that (Fig. 1c, Tables S13 and S14, Fig. S6), in
contrast to the overall tendency of gene family contraction in the
tephritids, B. dorsalis showed a trend of expansion for 1,044 genes
in 238 gene families, including odorant-binding proteins (OBPs),
chemosensory proteins (CSPs), olfactory receptors (ORs), gustatory
receptors (GRs), cytochrome P450, carboxyl/cholinesterase (CCEs),
and glutathione-S-transferase (GST). The expanded gene family
could have played an essential role in polyphagy and invasive
behaviors, such as host recognition and selection [45], feeding
habitats [46], and insecticide resistance and detoxification [47].
In addition, the Kyoto Encyclopedia of Genes and Genomes (KEGG)
analysis was mainly enriched in the pathways of lipid metabolism,
xenobiotic biodegradation, and metabolism of cofactors and vita-
mins, which may facilitate the absorption of nutrients from plant
hosts and the detoxification of natural xenobiotics from unripened
fruits [48].
Whole-genome resequencing and variant detection

To elucidate the origin, invasion history, and genetic basis of
thermal adaptation in B. dorsalis, we created the most extensive
collections to date. These comprised samples from 50 populations
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around the world, including group CN (N = 160), group NSA
(N = 30), group SSA (N = 70), group SA (N = 84), group Africa
(AF) (N = 133), and group HW (N = 10) (Table S15). This sampling
covered all of the geographical regions where the species occurs
originally and has invaded (Fig. 2a). We acquired a total of
14.15 TB of data for 518 samples, including 487 B. dorsalis, 25 B.
carambolae, and five other Bactrocera-related species. This resulted
in an average genome coverage of approximately 12 � per sample.
In total, 59 samples of B. dorsalis were excluded from further anal-
yses because of the low coverage rate (<70 %) (Table S16). The
GATK pipeline identified 278,357,047 SNPs and 46,121,915 small
InDels (shorter than 50 bp) (Table S17). The whole-genome
heterozygosity estimation showed that the oriental fruit fly had a
high level of polymorphisms (the genetic diversity index [p] of B.
dorsalis was 0.099–0.131) (Table S18, Figs. S14a and S14b) com-
pared to other invasive pests, such as, B. carambolae (0.039–
0.070), Drosophila athabasca (0.002–0.009) [49], Crapholita molesta
(0.066–0.116), and Carposina sasakii (0.063–0.088) [50]. This could
have empowered the fly to invade and thrive in new habitats.

Species delimitation and evidence of hybridization between B. dorsalis
and B. carambolae

The population structure analyses using PCA (Fig. S7), phyloge-
netic tree (Fig. 2c, Fig. S12), and admixture (Fig. 2d, Fig. S10)
revealed that B. dorsalis and B. carambolae formed two distinct lin-
eages. In addition, most of the B. dorsalis individuals from Myan-
mar and several from Indonesia (MMYG01, MMYG02, MMYG04,
MMYG05, MMYG06, MMYG08, MMYG10, IDJI04, and IDJI06) were
hybrids of B. dorsalis and B. carambolae. Evidence based on the
genome-scale datasets revealed that they were phylogenetically
distinct from each other, but could naturally hybridize in the wild.
Further investigations of the fertility of hybrids are needed to clar-
ify their isolation and speciation. In addition, the phylogenetic tree
demonstrated that B. carambolae was at a basal position and dis-
played a topological relationship between ((Suriname
population + Indonesia population) + Malaysia population), imply-
ing that the population that invaded Suriname was from Indonesia.

Genetic structure of the population and demographic history of B.
dorsalis

We characterized the genetic relationships among all popula-
tions and groups of B. dorsalis using a PCA (Fig. 2b, Fig. S8),
neighbor-joining tree (Fig. 2c, Fig. S13), and ancestry estimation
(Fig. 2d [with K values ranging from 3 to 8]). Both the phylogeny
and ancestry estimation analyses identified four major distinct
clusters for the non-hybrid B. dorsalis samples, which exhibited
strong geographical separation with shared properties in the CN
and NSA groups. The phylogenetic tree provided strong support
for a basal position (Cluster I) of populations in SA, suggesting that
SA may be where B. dorsalis originated. The AF clade (Cluster II)
was monophyletic and branched off from the SA populations, indi-
cating that the initial propagule population that invaded the Afri-
can continent was most likely from South Asia. This was
validated by the detected gene flow in the ancestry estimation
analysis at K = 3 and 4. The FST score also showed that SA had
the lowest level of differentiation with AF compared to the other
groups (Fig. 2f, Fig. S14, Tables S19 and S20). Cluster III encom-
passed all individuals from NSA, CN and HW, with most NSA indi-
viduals being basal. The remaining NSA individuals were mixed
with Southwestern China individuals and nested into Cluster III,
which showed the existence of gene flow between the south-
western border regions of China and neighboring Laos and Thai-
land. The exclusive SSA populations formed Cluster IV, which
was consistent with the ancestry estimation analysis. The
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Fig. 4. Genome-wide association analysis of 11 bioclimatic variables in the 407 samples of Bactrocera dorsalis by EMMAX with Q-matrix as incorporating covariates. For each
bioclimatic variable, black horizontal dashed lines represent the thresholds of –log10 (0.05/SNP number), and black horizontal solid line represents the thresholds of –log10
(0.01/SNP number). The histogram in the lower right-hand corner shows the distribution of genes associated with the 11 bioclimatic variables in the 407 samples of B.
dorsalis. Horizontal bars to the right represent genes in each bioclimatic variable. Vertical bars indicate the number of genes exclusively associated with one or multiple
bioclimatic variables.
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maximum-likelihood tree generated by the treemix analysis
(Fig. 3a and 3b) largely recapitulated the NJ tree (Fig. 2c).

The three features of the preliminarily inferred structures were
special interest. First, the populations of group CN were subdivided
into two subclusters: populations distributed in coastal areas and
those populations distributed in southwestern and central areas.
The Hawaii clade nested in the subcluster consisted of coastal indi-
viduals, implying that the origin population that invaded Hawaii
could be sourced from the coastal areas of China. This was consis-
tent with the ancestry estimation under K = 5, in which high-level
genetic admixture was detected between groups CN and HW. Com-
pared to SA, SSA, NSA and AF, HW had a lower FST score with CN,
further supporting this hypothesis (Fig. 2f). Second, the popula-
tions distributed in SSA also showed a clear stepwise invasion
and spread route from NSA to Thailand, then to Malaysia and the
3

Fig. 3. Demographic history and global spread routes of Bactrocera dorsalis. (a) Popula
migration events inferred from TreeMix analysis. The graph shows the topology and
according to their weight. (b) Group splits and mixtures using the maximum-likelihoo
Demographic history of B. dorsalis; five groups illustrated by the effective population s
mutation rate of 8.4 � 10�9 per site per generation. The light blue shade denotes the
horizontal and vertical coordinates are logarithmically scaled. (d) A proposed scenario o
independent dispersal routes of B. dorsalis from India toward other areas. (For interpreta
version of this article.)
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Philippines, Indonesia, and Papua New Guinea. This may have been
due to the limited gene flow between island populations and
between island andmainland populations, owing to the geographic
water barrier. Third, the phylogenetic tree further recovered four
main clusters: SA, AF, NSA + CN + HW, and SSA, whereas the ances-
try estimation under K = 4 was divided into four clusters: AF, SA +
NSA + CN, HW, and SSA. One possible cause of the conflict may
have been that the absence of geographic isolation among groups
SSA, NSA, SA, and CN facilitated the repetitive invasions of different
lineages and subsequent gene flow. Most individuals in the four
groups exhibited a high-level admixture detected under K = 3–8.
In addition, we detected greater similarity in the genetic back-
ground and existence of gene flow among groups SA, NSA, SSA,
and CN, as revealed by the PCA. An extremely low level of differen-
tiation was also found among the CN, NSA and SA groups
tion splits and mixtures using the maximum-likelihood method with six possible
branch lengths according to the drift parameter. Migration arrows were colored
d method with six possible migration events inferred from TreeMix analysis. (c)
izes (Ne) inferred by SMC++, scaled with a generation time of 0.0833 years and a
period of the last glacial maximum (LGM, approximately 20,000 years ago). The
f global spread routes of B. dorsalis. Arrows in different colors denote the proposed
tion of the references to color in this figure legend, the reader is referred to the web



Fig. 5. Functional analysis of Cyp6a9 on thermal adaptation using RNA interference (RNAi) in B.Bactrocera dorsalis. (a) Experimental design. The blue line represents
temperature treatments in the control group. The red line represents the treatments under heat hardening and heat stress temperature. (b) The relative expression level of
Cyp6a9 at hardening temperature of 38 �C and the 25 �C as control in B. dorsalis (Bd). Three biological replicates with three technical replicates each biological replicate were
studied, and the data are presented as mean ± SE. (c) The relative expression level of Cyp6a9 after RNAi silencing in B. dorsalis. Three biological replicates with three technical
replicates each biological replicate were studied, and the data are presented as mean ± SE. (d) Survival rate of dsRNA-feeding larvae exposed to extreme thermal stress 45 �C
after heat hardening treatments of 38 �C in B. dorsalis. Five biological replicates were studied, and the data are presented as mean ± SE. The symbol ‘‘*” above the bars
represents statistically significant differences at P < 0.05 determined by a t-test or LSD test; The letters ‘‘ns” above the bars represents no statistically significant difference
(P > 0.05) determined by a t-test or LSD test. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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(FST < 0.01), which further testified to the limited differentiation
within these three groups despite their frequent gene flow
(Fig. 2f). This corresponded with the high p values in SA
(0.1155), CN (0.1174), NSA (0.1148), and SSA (0.1120) compared
to the lower p values in AF (0.0917) and HW (0.0778) populations
(Fig. 2f). Alternatively, the results of the Hawaii and Africa groups
could have been due to two independent invasion events with dif-
ferent genetic sources and separate founder events: that is, from
South Asia to China to Hawaii over at least 100 years ago and from
South Asia to Africa in the 21st century. This was further supported
by the PCA in which the AF and HW groups were positioned on
opposite sides of the SA group. This was in agreement with the
hypothesis presented by Qin et al. regarding multiple global path-
way scenarios under the ABC framework [9]. These fine separations
between genetically closed groups demonstrated a high level of
resolution in our study.

The LD decay patterns with physical distances between the
SNPs of the HW and AF groups decreased sharply compared to that
in the other groups (Fig. 2e), suggesting that the HW and AF groups
had a significant reduction in genetic diversity and underwent a
more severe bottleneck during their invasion history. We also
observed distinct demographic trajectories for AF and HW com-
pared to the other populations, of which the AF and HW showed
recent bottlenecks at a time scale of <100 years.

We then reconstructed the evolutionary scenario and diver-
gence times along the invasion histories for the different groups
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of B. dorsalis using SMC++ (Fig. 3c). We found that all of the
groups shared similar and multiple substantial demographic fluc-
tuations throughout history, which may have led to the variant
pattern of B. dorsalis. The most ancient bottleneck event occurred
during the last glacial maximum (LGM) period in all groups and
suffered a sharp decrease in population size. The NSA, SSA, and
CN groups diverged from a common ancestor at a similar time
approximately 1,000 years ago, whereas the HW group mani-
fested a later divergence time when splitting off from Asian
ancestral populations. The second bottleneck may have occurred
at the beginning of the invasion of new regions for each group,
owing to the founder effect. B. dorsalis displayed a strong pre-
or post-introduction adaptation as it could rapidly establish
stable populations and increase the population size after the
two main previously mentioned bottleneck events, which mainly
contributed to its frequent gene flow, high reproductive and bio-
tic potential, and broad host range.

Based on the whole-genome resequencing data analysis, we
found that India was most probably the ancestral origin of B.
dorsalis. With Southern India being the center, three distinct
and subsequent independent invasion routes are also speculated:
(i) from Northern India to Northern Southeast Asia, then to
Southern Southeast Asia, (ii) from Northern India to Northern
Southeast Asian, then to China and Hawaii, and (iii) from South-
ern India toward the African mainland, and then to Madagascar
(Fig. 3d).
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Identification of the candidate genes associated with local thermal
adaptation

B. dorsalis has a strong adaptability to newly invaded environ-
ments and rapidly expands its population size. The GWAS was
undertaken with 11 temperature bioclimatic variables (Tables
S23 and S24) under five different models, of which the expedited
mixed linear model with Q-matrix as incorporating covariates
(EMMAX + Q) fitted the best (Fig. 4, and Figs. S17–S27). After Bon-
ferroni correction, the associated SNP numbers ranged from 298
(in Bio6) to 854 (in Bio3), and 1,192 SNPs were significantly asso-
ciated with the 11 bioclimatic variables. The Gene Ontology (GO)
enrichment analysis of the 27 candidate genes showed significant
functional representations in the categories of cellular processes
(14/27), cellular anatomical entities (13/27), catalytic activities
(11/27), and metabolic processes (11/27) (Fig. S28). The KEGG
pathway analysis revealed enrichment in the xenobiotic biodegra-
dation and metabolism, lipid metabolism, and digestive system
pathways (Fig. S29). Cyp6a9 was the most pleiotropic candidate
gene involved in environmental adaptation, which was associated
with 10 of the 11 temperature bioclimatic variables (Fig.4, Tables
S25 and S26).
Functional validation of Cyp6a9 in thermal adaptation in B. dorsalis

The fold change in the group subjected to the 38 �C hardening
treatment (1.416 ± 0.385) was 1.42 times that in the control group
(1.000 ± 0.399), suggesting the expression level of B. dorsalis
Cyp6a9 could significantly increase after exposure to the heat hard-
ening temperatures (P = 0.039) (Fig. 5b). After exposure to
dsCyp6a9 solution at 1 lg/ll for 96 h, the mRNA expression level
of Cyp6a9 (0.590 ± 0.279) was significantly reduced by 0.59 times
in the 3rd early instar larvae stage of B. dorsalis (P = 0.015), com-
pared to the control dsGFP group (1.000 ± 0.042) (Fig. 5c). After
the heat hardening treatment and heat stress treatment, the sur-
vival rate of dsCyp6a9-feeding group, dsGFP-feeding group, and
ddH2O-feeding group was 65.40 % ± 3.85 %, 73.60 % ± 6.66 %, and
72.40 % ± 4.16 %, respectively. Compared to the negative control
(P = 0.025) and blank control (P = 0.049), the survival rate signifi-
cantly decreased after dsCyp6a9 exposure (Fig. 5d), suggesting that
constitutively expressed Cyp6a9 could be beneficial to the survival
of B. dorsalis under heat stress. The expression of Cyp6a9 plays an
important role in the heat hardening of B. dorsalis, which can
enhance the tolerance and increase the survival rate under extre-
mely high temperatures.
Discussion

The presence of species complexes that cannot be adequately
resolved by morphological or molecular characteristics leads to
increased trade barriers and a lower efficiency of sterile insect
technique (SIT) application [5]. In this study, a population structure
analysis, based on genomics data, successfully supported the asser-
tion that B. dorsalis and B. carambolae are two separate phyloge-
netic species that remain unresolved by fragmentary
mitochondrial and nuclear genes (EF-1a, COI and period) [51],
which could be in an incipient process of speciation that may or
may not end up in two different species in the future. During
recent or ongoing speciation, restricted markers have led to con-
flicting or misleading phylogenetic resolutions due to incomplete
lineage sorting, introgression, and limited speciation time to accu-
mulate fixed and adequate interspecific differences [52]. Multilo-
cus sequencing data, such as genome-wide SNPs, can provide
unprecedented and accurate insights into species delimitation
and speciation. In addition, hybrids were found in the Myanmar
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and Indonesian populations of B. dorsalis by an ancestry estimation
under any K value. Substantial gene flow was also found in the
sympatric regions (Indonesia and Thailand) inferred from
microsatellite DNA data [53], which further demonstrated the
incomplete reproductive isolation between the two species in the
wild. Given the sympatric distribution of B. dorsalis and B. carambo-
lae in Indonesia, it is not surprising that hybrid individuals were
found in the Indonesian population of B. dorsalis. However, B.
carambolae has not been reported in Myanmar [54]. Considering
that B. carambolae was already present in neighboring countries,
such as Bangladesh and Thailand (the distribution points were
located near the borders with Myanmar) [54], the hybridized indi-
viduals possibly disperse from these neighboring countries or the
lack of geographical isolation allowed B. carambolae to disperse
to Myanmar and mate with B. dorsalis. Aketarawong et al. [6] and
Qin et al. [9] also previously found that the Myanmar population
of B. dorsalis was unique and demonstrated low genetic diversity
and high differentiation with all of the other Asian populations,
as revealed by microsatellites. They speculated that geographic
barriers resulted in the lack of long-distance fruit trade and gene
flow between the Myanmar population and neighboring countries.
Considering the hybridization evidence found in the present study,
we speculate that their previous studies may have used hybrid
individuals for the analysis to explain the low genetic diversity
and high differentiation in Myanmar.

The ancestral origin and genetic structure of B. dorsalis have
been the focus of research in recent years. Previous studies have
explored the genetic structure of B. dorsalis at different geo-
graphic scales using microsatellites and fragmentary genes to
determine the ancestral origin of the species. By providing inte-
grative evidence based on whole-genome resequencing data of
428 B. dorsalis samples from 50 geographic populations, we iden-
tified the origin of B. dorsalis as India, with three independent
spread routes around the world. Although an initial taxonomic
record does not necessarily reflect a presumed origin [11], our
results match the first record of B. dorsalis from ‘‘East India” (India
orientali) under the synonymous name of Musca ferruginea by
Fabricius in 1794 [11]. This hypothesis is further in accordance
with that of Qin et al. [9] who speculated that South Asia (India
and Bangladesh) is the most likely origin of B. dorsalis rather than
Southeast Asia [8] or mainland China [6,7]. Before clarifying the
first record to be East India [11], the generally accepted origin
of B. dorsalis was Taiwan province, China, where it was first
detected in 1912 [11]. This misled previous demographic analysis.
For example, Aketarawong et al. [6] used an approximate Baye-
sian computation analysis under the incorrect definition of sce-
narios, resulting in opposite invasion routes from Taiwan
province to mainland China, and then to Southeast Asia between
1918 and 2000. This study did not consider that B. dorsalis was
widely distributed in South and Southeast Asia before 1912
[11]. In addition, the limited sampling representation, which has
mainly been focused on populations from Southeast Asia and
China in previous studies, could not reveal the actual invasion
history of B. dorsalis under the incomplete framework. However,
the present study and that conducted by Qin et al. [9], which used
a set of populations that better represent the global distribution
of B. dorsalis, may contribute to a comprehensive understanding
of the invasion history of B. dorsalis.

The recent expansion of B. dorsalis has been associated with
human activities, such as trade and colonization. According to
the divergence times estimated by SMC++, the SA, NSA, SSA, and
CN groups diverged from a common ancestor approximately
1,000 years ago. This time period is associated with the ancient
Maritime Silk Road during the rule of the Song Dynasty. The devel-
opment of shipbuilding and navigation technology promoted com-
munication and trade with South Asia and Southeast Asia, which
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further facilitated the spread and colonization of B. dorsalis in Asia.
The HW group manifested a later divergence time when splitting
from the Asian ancestral population approximately 100 years
ago. Based on the findings that the Hawaiian population originated
from China, we speculate that the invasion of Hawaii was associ-
ated with large-scale labor migration from the coastal areas of
China for Hawaiian development in the 20th century. This specu-
lated history is consistent with the first detection of B. dorsalis in
Hawaii in 1945.

Geographical distances and dispersal limitation is an impor-
tant driver of population genetic differentiation in nature [55].
Populations exhibit increasing genetic divergence as the geo-
graphic distance increasing. In contrast, high genetic diversity
and frequent gene flow were observed in all four Asian groups,
which is similar to previous studies [6–9]. The high dispersal abil-
ity of B. dorsalis may have contributed to gene flow in regions
without geographic isolation. For example, the frequent gene flow
detected between populations caught on the Chinese border and
populations caught in nearby countries (Laos, Thailand, and Viet-
nam), can be attributed to B. dorsalis being able to move and mate
freely, if its host plants are continuously distributed throughout
these areas. The polyphagous habits of B. dorsalis may facilitate
gene flow and repeated introduction driven by frequent trades
of fruits and vegetables. Previous studies have shown that gene
flow, mediated by repeated introduction and admixture, provides
an adaptive advantage for invasive species to overcome environ-
mental constraints [56]. In contrast, restricted gene flow and
reduced genetic diversity result in higher vulnerability to rapid
environmental change [57]. This study suggests that long-
distance dispersal and repeated introductions by humans pro-
mote the rapid spread and adaptation of invasive species to the
local environment rapidly.

Emerging research indicates that host plant adaptation is a
prominent factor that drives the shaping of genome-wide patterns
in genetic differentiation, especially in polyphagous and oligopha-
gous insects (e.g. Frankliniella occidentalis and Pseudatomoscelis ser-
iatus) and is referred to as host-associated genetic differentiation
[58]. Changes in host preference is presumed to raise assortative
mating and consequently creates a barrier to gene flow. Among
tephritids, host-related restrictions to gene flow and associated
elevation in genetic differentiation was detected among local Pru-
nus and Lonicera populations of Rhagoletis cerasi [59]. Furthermore,
Wan et al. [60] experimentally demonstrated that genetic differen-
tiation between lab populations of B. dorsalis can occur after 20
generations when the host plant was shifted from banana to navel
orange compared to when the host species remained the same.
Due to the limitation of our sampling method which obtained from
pheromone scented traps in open land and thus cannot tell their
host plants by observation. While the host plant adaptation may
play a prominent role in forging genomic diversities and thus con-
tribute to genetic differentiation, we suppose further studies are
needed to take characteristics of host plant into consideration to
provide a better insight into the invasive route and evolutionary
history of B. dorsalis.

During the invasion process, species have to adapt to their
new environment through genetically evolutionary changes, phe-
notypic plasticity, or a combination of these two mechanisms
[61]. A wide host range, high reproductive potential, adaptability
to environmental stress, insecticide resistance, and immune prim-
ing most likely greatly contribute to the rapid adaptive capacity
of B. dorsalis. Jiang et al. [62] identified several gene families that
were associated with environmental adaptation by comparative
genomic analysis, among which, genes encoding heat shock pro-
teins (Hsps), mitogen-activated protein kinases (MAPKs), chemo-
sensory receptors, and cytochrome P450 monooxygenase
(CYP450s). For host preferences, Rh6 was found to play a uniquely
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essential role in the vision-mediated host preference, which was
highly selected by the classic specialist species Bactrocera minax,
rather than the derived generalist species B. dorsalis [63]. For
immune regulation, Yao et al. [64] found that PGRP-LB and
PGRP-SB establish a protective zone consisting of symbiotic bac-
teria colonies by diminishing Imd-pathway activation, and
PGRP-LC and AMPs in the foregut allow increased antibacterial
peptide production to efficiently filter the entry of pathogens,
protecting the symbiotic bacteria. Additionally, epigenetic modifi-
cations can also contribute to adaptation responses underlying
adaptive phenotypic variation and adaptive evolution. For exam-
ple, numerous genes associated with the wing development and
muscle energy supply were modified by H3K4me3 and
H3K27me3 in B. dorsalis compared to D. melanogaster, implying
the role of histone modification in facilitating phenotypic change
during insect development as well as invasive range expansion
[65]. In the present study, the GWAS analysis showed that Cyp6a9
was the most pleiotropic candidate gene involved in thermal
adaptation. The P450 CYP6 family is specific to insects [66] and
comprises a variety of enzymes that play vital roles in detoxifying
numerous xenobiotic chemicals, including plant secondary meta-
bolites (for example, larval adaptation to the unripened citrus
fruits in Bactrocera minax [67]) and insecticide metabolism and
resistance (for example, dichlorodiphenyltrichloroethane, pheno-
barbital and caffeine in D. melanogaster [68], and malathion, and
beta-cypermethrin in B. dorsalis [69]). The P450 CYP6 family is
also related to the thermal stress response, including acute stress
(for example, cold stress in Solenopsis japonica [70] and heat
stress in Monochamus alternatus [71]) and long-term stress (for
example, the upregulated expression of CYP6s has been shown
to aid the overwintering of Laodelphax striatellus at high latitudes
[72]). Suffering from temperature stress can activate stress-
responsive signal transduction pathways to regulate intracellular
oxidative stress and cellular toxic substance metabolism [73].
CYP6a17 affects the temperature preference behavior (TPB) of D.
melanogaster which is an important target of cAMP-dependent
protein kinase signaling that mediates TPB in mushroom bodies
[74]. In this study, Cyp6a9 is also proved that be associated with
the adaptation to thermal temperatures in B. dorsalis. Interest-
ingly, it is also positively associated with pupal diapause in B.
minax [75]. Members of the P450 CYP6 family have further been
found to be involved in diapause in Drosophila montana [76] and
B. dorsalis [77], although the mechanisms remain unknown.
Further study could improve our understanding of the mechan-
isms and regulatory roles of the P450 CYP6 family in the environ-
mental adaptation and invasive process.

Dupuis et al. [78] filtrated 28 highly informative SNPs that could
trace the geographic source of Anastrepha ludens, and succeeded in
tracing back the intercepted specimens from Texas and California
to Mexico. Popa-Báez et al. [79] also developed reference datasets
of genome-wide markers for B. tryoni and found that the recent
incursions into Tasmania and South Australia originated from the
east coast of Australia. As climate change facilitates the invasion
of B. dorsalis into other continents, B. dorsalis was intercepted in
Italy in 2018, which was the first record of B. dorsalis occurring
in a European orchard [80], although the origin of the population
remains unknown. In this study, we built a global variant datasets
of B. dorsalis which will be a valuable resource for extracting
geography-specific SNPs. Accurate and rapid origin tracing of mon-
itored samples at ports of entry or in the field can provide scientific
evidence for the maintenance or further elaboration of phytosani-
tary protocols. Furthermore, it can aid in efficient decision-making
(including quarantine restrictions, surveillance, and pest manage-
ment response) in terms of allocation of funds and resources and
target trade relationships at risk of importing pest species via fruit
trade.
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Conclusion

In summary, we assembled a high-quality chromosome-level
genome of B. dorsalis as reference genome. Based on 512 resequen-
cing accessions, we supported that B. dorsalis and B. carambolae as
separated phylogenetic species and clarified that B. dorsalis origi-
nates from the Southern India region with three independent inva-
sion and spread routes worldwide, which is mainly facilitated by
human activities including trade and immigration. This study pro-
vides insights into the evolutionary history and invasion routes in
B. dorsalis in detail as first time. Further, the Cyp6a9 gene was the
most pleiotropic candidate gene involved in environmental adap-
tation, which was associated with 10 of the 11 temperature biocli-
matic variables. Thus, we found the novel environmental
adaptation mechanism, involving the P450 family, of insects.
Further research on the mechanisms and regulatory roles of the
Cyp6a9 gene could further reveal the environmental adaptation
during invasion and establishment process. In addition, we built
a global variant datasets of B. dorsalis, which will be a valuable
resource for extracting geography-specific SNPs. Accurate and
rapid origin-tracing of intercepted samples at ports or in the field
can facilitate the decision-making in the prevention and mitigation
of the invasive B. dorsalis.
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