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Background: The globe skimmer dragonfly ( Pantala flavescens ) is a notable
Odonata insect distributed in nature fields and farmlands worldwide and is commonly
recognized as a natural enemy, as it preys on agricultural pests and health pests.
Composing one of the sister groups of winged insects, odonatan species are key to
understanding insect evolution. Findings: We present a chromosome-level reference
genome of P. flavescens , which is also the first chromosome-level genome in the
Palaeoptera (a subclass of insects that are unable to flex their wings over their
abdomen and includes the orders Odonata and Ephemeroptera). The assembled
genome size was 662 Mb, with a contig N50 of 16.2 Mb. Via Hi-C scaffolding, 648 Mb
(97.6%) of contig sequences were clustered, ordered and assembled into 12 large
scaffolds, each corresponding to a natural chromosome. The repetitive sequences and
gene density of the X chromosome were similar to those of autosomal sequences, but
the X chromosome showed a much lower degree of heterozygosity. Our analysis
shows that the effective population experienced three declining events, which may
have been caused by climate change and environmental pollution. Conclusions: The
genome of P. flavescens is conducive for the utilization of this species in pest control
and provides more information on the biology and evolution of insects.

Wei Fan
Chinese Academy of Agricultural Sciences
CHINA

Chinese Academy of Agricultural Sciences

hangwei liu

hangwei liu

fan jiang

sen wang
hengchao wang
angi wang
hanbo zhao
dong xu
boyuan yang

wei fan

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



Order of Authors Secondary Information:

Response to Reviewers:

GIGA-D-21-00299

Chromosome-level genome of the globe skimmer dragonfly (Pantala flavescens)
hangwei liu; fan jiang; sen wang; hengchao wang; anqi wang; hanbo zhao; dong xu;
boyuan yang; wei fan

GigaScience

Dear Dr. Fan,

Your manuscript "Chromosome-level genome of the globe skimmer dragonfly (Pantala
flavescens)" (GIGA-D-21-00299) has been assessed by our reviewers. Based on these
reports, and my own assessment as Editor, | am pleased to inform you that it is
potentially acceptable for publication in GigaScience, once you have carried out some
essential revisions suggested by our reviewers.

Their reports, together with any other comments, are below. Please also take a
moment to check our website at https://www.editorialmanager.com/giga/ for any
additional comments that were saved as attachments.

In addition, please register any new software application in the bio.tools and
SciCrunch.org databases to receive RRID (Research Resource Identification Initiative
ID) and biotoolsID identifiers, and include these in your manuscript. This will facilitate
tracking, reproducibility and re-use of your tool.

Once you have made the necessary corrections, please submit a revised manuscript
online at:

https://www.editorialmanager.com/giga/

If you have forgotten your username or password please use the "Send Login Details"
link to get your login information. For security reasons, your password will be reset.

Please include a point-by-point within the 'Response to Reviewers' box in the
submission system. Please ensure you describe additional experiments that were
carried out and include a detailed rebuttal of any criticisms or requested revisions that
you disagreed with. Please also ensure that your revised manuscript conforms to the
journal style, which can be found in the Instructions for Authors on the journal
homepage. If the data and code has been modified in the revision process please be
sure to update the public versions of this too.

The due date for submitting the revised version of your article is 01 Feb 2022.
We look forward to receiving your revised manuscript soon.
Best wishes,

Hongfang Zhang
GigaScience
www.gigasciencejournal.com

Reviewer reports:

Reviewer #1: This paper describes the sequencing, assembly and annotation of a
dragonfly (P. flavescens) genome. Very importantly, the assembly is at chromosome
level, making it extremely useful for anyone who wants to run reliable comparative
genomics analyses. Effectively, the authors have produced a reference palaeopteran
genome. In addition to generating this very useful genomic resource, the authors have
run a couple of analyses such as the study of the effective population size along
evolutionary time, and a phylogenomic analysis.

| did note that the BUSCO score of the gene set is less than that of the genome
assembly. The truth is that the difference is small; only 0.7%. Nevertheless, this means
that the gene prediction pipeline doesn't work very well. If BUSCO was able to find
98.8% of conserved genes, then a usually more "sophisticated" gene prediction
pipeline should be able to find at least the same number of genes (if not more). Quite

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



often these genes could be missed because they're marked as repeats by
RepeatModeler. For this reason, manual inspection of the "unknown" repeats is
encouraged in order to exclude "normal" genes that look like repeats (e.g. duplicated
genes). For the purposes of this Data Note and since the difference is small, | believe
that it might not be necessary for the authors to improve the predicted gene set. If they
decide to do so, then that would be great for anyone who would use their data in the
future.

Response: Thanks for the reviewer’s kind suggestion, and we have refined the repeat
annotation and re-run the gene annotation.

To avoid protein-coding genes being marked as repeats, we aligned the 260 repeat
sequences of ‘unknown’ type to NR database by blastx (v2.7.1+) using 1e-5 as cutoff,
and 53 of them were found to have homology with known non-TE protein-coding
genes, which were filtered out of RepeatModeler de novo library. Repeatmasker was
then used to find TEs based on the filtered de novo TE library. After that, we re-run the
gene annotation pipeline, and 15,354 genes were annotated. This time, we used the
latest BUSCO (v5.2.2) version with insecta_odb10 to assess the gene set, and showed
that 98.9% genes was complete, higher than the value of genome 96.9%.

The method of genome annotation in line138 has also been updated.

Regarding the methodology and results on the effective population size, I'm not an
expert and therefore | cannot judge their correctness. As for the phylogenomic
analysis, it was properly done and the results obtained are correct.

Last, while | was able to have a look at the deposited raw reads (PacBio and lllumina)
in SRA, | wasn't able to see the deposited assembly and gene set. | know that it is
possible to generate "reviewer links" for SRA submissions, but I'm not sure if it is also
the case for submitted genome assemblies and gene sets. If it is possible, could the
authors generate such a link?

Response: Now the assembly has been released in NCBI
(https://www.ncbi.nim.nih.gov/genome/103548), and the gene set has also been
uploaded to NCBI. These data are also available in AGIS ftp:
ftp://ftp.agis.org.cn/~fanwei/Pantala_flavscens/

Some minor corrections:

- Methods -> Evolutionary analysis: In the beginning of the section, where you mention
the species you used, Zootermopsis is mentioned twice.
Response: We have revised it.

- Table S1: in the last column of the table, all numbers are "Gbp", not "G". The same is
true for the numbers mentioned in the last column of Table 1; they should be "Mbp"
and "Kbp".

Response: We have revised it.

- Table S2: | presume that the second column refers to homology-based prediction. If
true, then please change the title of the column to "Homology", because "Homo" is
confusing.

Response: We have revised “Homo” to “Homology”.

- Table S3: "Counts" doesn't adequately describe the numbers in this column. Maybe
something like "Number of genes with significant similarity" would be more appropriate.
Response: We have revised “Counts” to “Number of genes”.

Reviewer #2: In this manuscript Hangwei Liu and co-authors report the sequencing
and genome assembly of the dragonfly species, Pantala flavescens.

This 662 Mb genome assembly is distributed in 12 chromosomes. Genome annotation
resulted in almost 15,000 genes, corresponding to a high degree of completeness
using BUSCO databases. The authors also identify the sexual chromosome (X) by
comparing the ratio of sequenced reads between male and females. Finally, they
performed an estimation of the demographic history and detected three events of
population decline.

The work will be relevant for the fields of evolutionary biology, evolutionary genomics
and researchers working in the evolution of insects. Although | am missing further
analyses of different genome features that would increase the scope of the manuscript-
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especially those mentioned in the introduction, such as the appearance of wings in
insects or the study of gene families important for migration, insect ecology, etc. -, a
chromosome grade genome of an Odonata species is of great value for the
community. Therefore, | recommend the publication of this manuscript as a Data Note
in GigaScience. However, | have some comments that should be addressed prior
publication:

1. Since this is a Data note manuscript, a more detailed methodology would be
recommended. It is not clear to me how many males or females have been used for
the different sequencing protocols: for the PacBio Hifi one female was used, what
about the lllumina and the RNA-seq?

Response: We have revised the sequencing protocols in method to make it clearer.

line 96: “For lllumina sequencing, a short paired-end DNA library with a 400 bp insert
size from female and male adult P. flavescens” have been revised to “For lllumina
sequencing, a short paired-end DNA library with a 400 bp insert size from a female
adult and a male adult P. flavescens”.

line 105: We revised “Total RNA was extracted separately from females and males and
then mixed” to “Total RNA was extracted from a female adult and a male adult and
then mixed to generate the libraries.”

Line 124: We revised “A total of 170 Gb of Hi-C paired-end reads were generated” to
“A total of 170 Gb of Hi-C paired-end reads were generated from a female adult”

- "Insects were removed from the intestine to avoid bacterial contamination,":

Is it just bacterial contamination or also contamination from prey (insects?) genomes?
Please clarify.

Response: The contamination includes bacterial and prey genomes. So, we have
revised line93 “Insects were removed from the intestine to avoid bacterial
contamination” to “Insects were removed from the intestine to avoid contamination from
bacterial and prey genomes”.

- "Total RNA was extracted separately from females and males and then mixed": Does
it mean that the total RNA was mixed to generate the libraries or that libraries and
sequencing was done independently for male and females and the data was merged
for the subsequent analyses?

Response: Our meaning is that total RNA was mixed to generate the libraries. And to
make it clearer, we revised line 105“Total RNA was extracted separately from females
and males and then mixed” to “Total RNA was extracted from a female adult and a
male adult and then mixed to generate the libraries.”

2. BUSCO analysis and comparisons. Perhaps a table with the percentage of
completeness for the different arthropods would be clearer to visualize instead of the
plot with the horizontal bars.

Response: We have changed Figure1b to a Table2.

- Also regarding the BUSCO data, it would be good if you listed the source of these
numbers from other arthropods, referencing the primary articles, especially in the case
of Ladona fulva (https://doi.org/10.15482/USDA.ADC/1503790.) and Cloeon dipterum
(https://doi.org/10.1038/s41467-020-16284-8), since they are both respectively used as
the most closely related genome or as an outgroup within the Paleoptera lineage along
the entire manuscript. Actually, for the C. dipterum data, the original paper reported
96.9% complete and 1.3% fragmented whereas according to the figure 1b, C. dipterum
genome has more than 97% of complete and around 1% of fragmented sets, could you
explain this minor discrepancy?

Response: Thanks for the suggestion, and we have revised the reference and cited the
primary articles about other genomes used in this manuscript.

The BUSCO assessments were performed by ourselves using BUSCO (5.2.2), not
copied from reference papers. So, the discrepancy of C. dipterum BUSCO assessment
between the original paper and this manuscript might be caused by different versions
of BUSCO and insecta_odb.
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3. "Genomic resources for insects available in public databases are mainly focused on
dipteran flies, lepidopterans and hymenopterans":

While it is true that historically available genomes belong mainly to Diptera,
Lepidoptera and other holometabola, genome projects for hemimetabolous insects
have been developed recently, thus acknowledging the existence of these efforts and
new genomes would be desirable: see for instance crickets: Ylla et al.

2021 (https://doi.org/10.1038/s42003-021-02197-9), Ephemeroptera: Almudi et al. 2020
(https://doi.org/10.1038/s41467-020-16284-8), damselfly: loannidis et al. 2017
(https://doi.org/10.1093/gbe/evx006), Sinella curviseta, collembola: Zhang et al. 2019
(https://doi.org/10.1093/gbe/evz013), giant collembolan: Wu et al. 2017
(https://doi.org/10.1186/s12864-017-4197-1), water strider: Armisén et al. 2018
(https://doi.org/10.1186/s12864-018-5163-2), cockroach: Harrison et al. 2018
(https://doi.org/10.1038/s41559-017-0459-1), among many others.

Response: Thanks for the suggestion, we have revised

line67 “Genomic resources for insects available in public databases are mainly focused
on dipteran flies, lepidopterans and hymenopterans, most of which are sanitary or
agricultural pests. They do not capture the profile of whole insects, hindering the study
of insect evolution.”

into

“Genomic resources for insects available in public databases include dipteran flies,
lepidopterans, hymenopterans, blattarias, and so on. However, only four genomes of
Odonata species with low continuity have been released, and a high-quality genome of
Odonata species is necessary for research.”.

4. The text needs some proofreading, | detected some typos or sentences that sound a
bit odd:

- 4a. Page 4:

"... is the most parasitoid species used worldwide [3]."

| think that the authors probably meant:

"...is the parasitoid species most used worldwide"

Response: The sentence has been revised according to the reviewer’s kind
suggestion.

- 4b. Page 5:

"of Palaeopteran insects, which is the first winged insect and the sister of Neopterans"
change to:

"of Palaeopteran insects, which are the first winged insects and the sister group of
Neopterans "

Response: The sentence has been revised according to the reviewer’s kind
suggestion.

- 4c. Page 5:

"Powerful flight capabilities with varied wing dimorphism facilitate migration, escape
and mating of winged insect (Pterygota), as well as more resources and habitats can
be occupied by Pterygota insects." instead of "dimorphism facilitate winged insect
(Pterygota) migration, escape and mating, and more resources and habitats can be
occupied by Pterygota insects."

Response: The sentence has been revised according to the reviewer’s kind
suggestion.

- 4d. Page 5:

"Despite the attractiveness of this group for evolutionary genomic analysis, efforts have
lagged behind for other insect orders." instead of "Despite the attractiveness of this
group for evolutionary genomic analysis, efforts have lagged behind those of other
insect orders."

Response: The sentence has been revised according to the reviewer’s kind
suggestion.

- 4e. Page 8:

"Zootermopsis nevadensis, Zootermopsis nevadensis," appears duplicated.
Response: The sentence has been revised according to the reviewer’s kind
suggestion.
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Additional Information:

Question

Are you submitting this manuscript to a
special series or article collection?

Experimental design and statistics

Full details of the experimental design and
statistical methods used should be given
in the Methods section, as detailed in our
Minimum Standards Reporting Checklist.
Information essential to interpreting the

data presented should be made available
in the figure legends.

Have you included all the information
requested in your manuscript?

Resources

A description of all resources used,
including antibodies, cell lines, animals
and software tools, with enough
information to allow them to be uniquely
identified, should be included in the
Methods section. Authors are strongly
encouraged to cite Research Resource
Identifiers (RRIDs) for antibodies, model
organisms and tools, where possible.

Have you included the information
requested as detailed in our Minimum
Standards Reporting Checklist?

- 4f. Page 9:

"Therefore, the genome assembly of P. flavescens is a high-quality and highly
contiguous genome." instead of "Therefore, the genome assembly of P. flavescens
presents is highly contiguous and has a high sequence quality."

Response: The sentence has been revised according to the reviewer’s kind
suggestion.

5. Supplementary figure legends are missing, a brief description of the figure should be
added besides the title of the figure.

Response: We have added figure legends and a brief description to Supplementary
figures.

Please also take a moment to check our website at for any additional comments that

were saved as attachments. Please note that as GigaScience has a policy of open
peer review, you will be able to see the names of the reviewers.

Response

No

Yes

Yes
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Availability of data and materials Yes

All datasets and code on which the
conclusions of the paper rely must be
either included in your submission or
deposited in publicly available repositories
(where available and ethically

appropriate), referencing such data using
a unique identifier in the references and in
the “Availability of Data and Materials”
section of your manuscript.

Have you have met the above
requirement as detailed in our Minimum
Standards Reporting Checklist?
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ABSTRACT

Background: The globe skimmer dragonfly (Pantala flavescens) is a notable Odonata
insect distributed in nature fields and farmlands worldwide, and it is commonly
recognized as a natural enemy as it preys on agricultural pests and health pests. As one
of the sister groups of winged insects, odonatan species are key to understanding the
evolution of insect wings. Findings: We present a high-quality reference genome of
P. flavescens, which is the first chromosome- level genome in the Palaeoptera

(Odonata and Ephemeroptera). The assembled genome size was 662 Mb, with a contig

*
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N50 of 16.2 Mb. Via Hi-C scaffolding, 648 Mb (97.6%) of contig sequences were
clustered, ordered and assembled into 12 large scaffolds, each corresponding to a
natural chromosome. The X chromosome was identified by sequence coverage depth.
The repetitive sequences and gene density of the X chromosome are similar to those
of autosomal sequences, but the X chromosome shows a much lower degree of
heterozygosity. Our analysis shows that the effective population size experienced three
declining events, which may have been caused by climate change and environmental
pollution. Conclusions: The genome of P. flavescens provides more information on
the biology and evolution of insects, and will help for the utilization of this species in

pest control.

Data Description

Background

The use of predatory insects has resulted in enormous economic and ecological benefits
[1]. There have been many successful cases, such as Vedalia ladybird beetle Novius
cardinalis (Mulsant, 1850) in control of cottony cushion scale[2], and Trichogramma
spp. used for control of Lepidoptera pests[3]. Many odonatan species are considered
important natural enemies of many insect pests such as Anopheles mosquitoes, flies,
and gnats [4]. The globe skimmer dragonfly Pantala flavescens (NCBI:txid185825), a
member of the Libellulidae (Insecta: Odonata), occurs worldwide and contributes to
control of agricultural pests and health pests [5]. Previous studies have revealed that P.
flavescens is the most widespread species of the Odonata, widely distributed throughout
the tropics and many temperate areas. P. flavescens has a powerful capability to migrate
several thousand kilometers across the globe [6-8], and transoceanic migration of P.
flavescens more than 10,000 km often occurs every October—December. However, P.
flavescens has exhibited drastic population decreases in the last several hundred years
due to environmental pollution and human activities [5].

Odonata are diverse, numerous, commonly observed and species rich, and more
than 6000 species have been described [9, 10] ; these insects have strikingly colourful

bodies, giant compound eyes and an active flying ability. Odonata consists of two main
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suborders, Anisoptera (dragonflies) and Zygoptera (damselflies), which show
significant discrepancies. Dragonflies are generally robust, and their wings spread flat
at rest, while damselflies are slender and hold their wings over their abdomen at
rest[9].Odonatan species date to the Carboniferous (360-290 million years ago)
according to many complete and well-preserved fossil records [11]. Odonata and
Ephemeroptera (mayflies) are members of Palaeopteran insects, which are the first
winged insect and the sister group of Neopterans[12]. The evolution of wings in insects
is a major event, as the appearance of wings has promoted insects to become the largest
and most abundant animal taxon on Earth[13, 14].

Genomic resources for Odonata available in public databases are much fewer than
other orders of insects such as dipteran, lepidopteran, hymenopteran, and blattaria.
Only four genomes of odonatan species (Rhinocypha anisoptera, Calopteryx splendens,
Ladona fulva, Ischnura elegans) with low continuity have been released[15-17], and a
high-quality genome of odonatan species is necessary for insect research. Recent
advances in circular consensus sequencing (CCS), which can generate highly accurate
(99.8%), long, high-fidelity (HiFi) reads[18], combined with sophisticated assembly
software such as Hifiasm (Hifiasm, RRID:SCR_021069) [19] and HiCanu[20]
provide a promising way to generate high-quality reference genome sequence. In this

study, we sequenced the genome of P. flavescens, as a representative odonatan species,

with HiFi technology, and obtained a chromosome-level genome assembly, along with

an integral comprehensive gene set. The high-quality genomic data enables the
identification and analysis of the sex chromosome, and the inferring of evolution and

demographic history.

MATERIALS AND METHODS

Insect arrest and genomic sequencing

Male and female P. flavescens adults were collected at ShenZhen Station of the Chinese
Academy of Agricultural Sciences, Guangdong Province, China. Insects were removed

from the intestine to avoid contamination from bacterial and prey genomes, cleaned
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using 30% ethanol and ddH-O, and then immersed in liquid nitrogen.

For lllumina sequencing, a short paired-end DNA library with a 400 bp insert size
from a female adult and a male adult P. flavescens was constructed using standard
[llumina protocols and sequenced on an Illumina HiSeq 2500 platform (Illumina HiSeq
2500 System, RRID:SCR_016383). For PacBio HiFi sequencing, two libraries with
~15 kb insert sizes were constructed from a female adult using PacBio SMRT. PacBio
long reads were sequenced using 2 cells on a PacBio Sequel Il system (PacBio Sequel
Il System, RRID:SCR_017990). A total of 831 Gb of subreads were generated with an
N50 of 14.3 kb. Consensus reads (CCS reads) were generated using ccs software v.3.0.0
[21] with the following parameters: --min-passes 0 --min-rg 0.99 --min-length 100 --
max-length 50000. The total CCS read yield was 50 Gb, with a read length of 14.5 kb.

Total RNA was extracted from a female adult and a male adult and then mixed to
generate the libraries. Synthesized full-length cDNAs were then used to prepare three

20 kb SMRTbell template libraries for sequencing on a PacBio Sequel instrument.

Genome assembly and quality assessment

The PacBio reads were assembled using Hifiasm (0.12-r304) with the following
parameters: -1 1 -s 0.7. This resulted in 196 contigs with a total length of ~691 Mb and
a contig N50 of 15.8 Mb. To filter duplicate contigs in the assembly, purge_dups
(v1.2.3) (purge dups, RRID:SCR_021173) [21] was used with the following
parameters: -2 -a 50. This resulted in a purged primary assembly with a total length 662
Mb and a contig N50 of 16.2 Mb.

The quality of the assembly was evaluated using BUSCO v5.2.2 (BUSCO,
RRID:SCR_015008) [22] based on OrthoDB v10 of |Insecta (OrthoDB,
RRID:SCR_011980). Iso-seq full-length transcripts were also used to evaluate the
accuracy of the genome. First, raw Iso-seq data were subjected to read quality filtering,
read clustering, consensus calling and polishing using SMRT Analysis v.2.3 (SMRT-
Analysis, RRID:SCR_002942) [22] and then assembled into high-quality and full-
length transcripts. These full-length transcripts were then aligned to the genome using

GMAP (version 2020-10-27) (GMAP, RRID:SCR_008992) [23] to evaluate the



117

118

119
120
121
122
123

124

125

126
127
128

129

130

131
132

133

134

135
136
137
138
139
140
141
142
143

144

structural accuracy of the assembly.

Genome scaffolding

A total of 170 Gb of Hi-C paired-end reads were generated from a female adult, with a
Q30 of 92.28%. After quality control, the clean reads were mapped to the genome by
Bowtie2 (v2.3.4.3) (Bowtie 2, RRID:SCR_016368), and then HiC-Pro (v2.11.0) (HiC-
Pro, RRID:SCR_017643) was used to generate an alignment file to detect valid
alignments and filter multiple hits and singletons. Finally, LACHESIS (LACHESIS,
RRID:SCR_017644) [24] was used to cluster, order and orient the contigs.

Detection of X chromosome

Clean Illumina female and male read data were mapped to the chromosome-level
genome with BWA, and the sequencing depth was calculated with SAMtools
(SAMTOOLS, RRID:SCR_002105). The autosomes should have equal coverage,

while the X chromosome should show approximately half coverage in males.

Genome annotation

Ade novo repeat library was constructed with RepeatModeler (v1.0.8) (RepeatModeler,
RRID:SCR_015027)  (parameters:  -engine  nchi-database). = RepeatMasker
(RepeatMasker, RRID:SCR_012954) was then used to identify TE repeats by

combining the contents of the de novo repeat library and a TE database (Dfam 3.0,

RRID:SCR_021168 and RepBase 20170127, RRID:SCR_021169). To avoid protein-
coding genes being marked as repeats, we aligned the 260 repeat sequences of
‘unknown’ type to NR database by blastx (v2.7.1+) (BLASTX, RRID:SCR_001653)
using 1e7° as cutoff, and 53 of them were found to have homology with known non-TE
protein-coding genes, which were filtered out of RepeatModeler de novo library.
Repeatmasker was then used to find TEs based on the filtered de novo TE library.

De novo prediction of coding genes was performed using repeat-masked genome
sequences. The gene model parameters of AUGUSTUS (Augustus,
RRID:SCR_008417) [25] were trained using lso-seq full-length transcripts. For

homology-based prediction, the protein sequences of odonatan species were
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downloaded from the NCBI and UniProt (UniProt, RRID:SCR_002380) databases and
mapped to the genome with exonerate (version 2.4.0) (Exonerate, RRID:SCR_016088),
and incomplete gene models were filtered and removed. Quality-controlled reads from
two RNA libraries (SRR1184263 and SRR1184243) were mapped to the genome using
Bowtie2, and StringTie (StringTie, RRID:SCR_016323) was employed to construct
gene prediction models. 1so-seq full-length transcripts were mapped to the genome with
GAMP. Finally, all the genes predicted with the four approaches were integrated with
EVidenceModeler (EVidenceModeler, RRID:SCR_014659) [26] to generate high-
confidence gene sets (Table S2).

To evaluate the accuracy of the gene sets, the coverage of highly conserved genes
was assessed using BUSCO based on OrthoDB v10 of Insecta. For gene functional
annotation, we aligned the protein sequences of genes with the KEGG (KEGG,
RRID:SCR_012773), eggNOG (eggNOG, RRID:SCR_002456), NR, and UniProt
(SwissProt) databases in Diamond, with 1e™ used as a cutoff, and obtained the best hit.
We also used InterProScan (v5.38-76.0) (InterProScan, RRID:SCR_005829) to search
the InterPro (InterPro, RRID:SCR_006695) database to identify motifs and domains.

Evolutionary analysis

Fifteen sequenced arthropoda species, including Parasteatoda tepidariorum[27],
Strigamia maritima [28], Daphnia pulex [29], Folsomia candida [30], Catajapyx
aquilonaris, L. fulva[16], P. flavescens, Cloeon dipterum [31], Zootermopsis
nevadensis[32], Acyrthosiphon pisum[33], Drosophila melanogaster[34], Danaus
plexippus[35], Tribolium castaneum[36] and Apis mellifera [37], were used to infer
orthologous genes in OrthoFinder (OrthoFinder, RRID:SCR_017118) [38] with the
default parameters. The protein sequences of single-copy genes from each species were
aligned in MUSCLE (v3.8.1551) (MUSCLE, RRID:SCR_011812) [39] and then
concatenated into one supersequence. RAXML (version 8.2.12) (RAXML,
RRID:SCR_006086) [40] was subsequently used to construct a phylogenetic tree based
on the concatenated supersequence with the PROTGAMMALGX model. Divergence
times among species were calculated in MCMCtree (PAML package, v. 4.9) (PAML,
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RRID:SCR_014932) [41]. The calibration times were set according to the data in a
previous paper: a minimum of 308 Mya and maximum of 366 Mya for D. melanogaster
and A. pisum, a minimum of 413 Mya and maximum of 483 Mya for D. melanogaster
and C. aquilonaris, a minimum of 413 Mya and maximum of 483 Mya for D.
melanogaster and C. aquilonaris, and a minimum of 452 Mya and maximum of 557
Mya for D. pulex and A. pisum [12]. The phylogenetic tree and gene results were

displayed and annotated using Evolview [42].

Demographic history

Raw reads were processed to obtain clean reads using fastp (0.20.0) (fastp,
RRID:SCR_016962) [43]. The quality-controlled reads were mapped to the genome
using BWA (version 0.7.15) (BWA, RRID:SCR_010910), with the default parameters.
SAMtools (version 1.4) was used for sorting, and Picard (v.2.17.0) (Picard,
RRID:SCR_006525) was used to remove duplicates. SNP calling was then performed
using the GATK (4.0.4.0) (GATK, RRID:SCR_001876) HaplotypeCaller. To obtain
high-quality SNPs, we initially used the GATK hard filter to remove the merged VCF
data with the following options: QD > 2.0 && FS < 60.0 && MQ > 40.0 &&
MQRankSum > —12.5 && ReadPosRankSum > —8.0. SNPs present on the X
chromosomes were excluded to avoid potential bias by sex. Female and male data were

used to estimate demographic history using SMC++[44]. We used a mutation rate of 1

x 107° per generation per year, and one generation per year.
Results

Chromosome-level genome assembly of P. flavescens

To obtain a high-quality genome, 50 Gb (80-fold) of high-fidelity (HiFi) reads (Table
S1) from an adult female were generated with a read N50 length of 14.5 kb. Before
genome de novo assembly, a genome survey based on k-mer frequency showed that
the genome size is 663 Mb (Figure S1). The total length of the genome assembly
produced by Hifiasm is approximately 691 Mb, comprising 196 contigs with an N50
size of 15.8 Mb. This genome assembly is slightly larger than the estimated genome

size, which may result from genome heterozygosity. Using purge_dups to reassign
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allelic contigs, a reference assembly was generated comprising 99 contigs with a total
length of 662 Mb (Table 1), which is comparable to the estimated genome size. The
contig N50 size of the genome assembly is 16.2 Mb, and the longest contig is 41.7
Mb. The completeness of the draft genome was evaluated via benchmarking universal
single-copy orthologs (BUSCO) [22]. Of the 1,367 single-copy orthologous genes in
the BUSCO insecta_odb10 database, 1,325 (96.9%) were identified in this draft
genome, including 1,280 (93.6%) complete and single-copy BUSCO genes and 45
(3.3%) complete and duplicated BUSCO genes. A total of 45,601 transcripts produced
using PacBio single-molecule long-read sequencing were mapped to the genome
assembly with GAMP (version 2020-10-27)[23] , and 99.5% (45,366) were mapped
successfully with an average identity of 99.1% and an average coverage of 98.4%.
These results also reflect the high accuracy of our assembly.

The LACHESIS pipeline was employed to anchor and orient 648 Mb (97.6%) of
contigs to 12 pseudochromosomes (Table 1, Figure 1, Figure S2), which corresponded
to the 12 chromosomes. The N50 size of this chromosome-level genome was 53 Mb,
with the longest 79 Mb and the shortest 36 Mb. Approximately 80% of the 31
unanchored contigs constituted repetitive sequences, indicating that most unanchored
contigs were repeat fragments.

A total of 117 Mb (17.8% of the nuclear genome) of interspersed repeats were
identified in the P. flavescens genome (Table 1). Among them, DNA (31 Mb), LINEs
(13 Mb) and LRTs (1.3 Mb) were the major types of TEs. A total of 15,354 protein-
coding gene models were predicted by EVidenceModeler (Table S2), with an average
CDS length of 1,528 bp and an average exon number of 7.1, comparable to that of
other published insects. In terms of evaluating the completeness of the predicted gene
sequences with the sequences of 1,367 BUSCO genes from insecta_odb10, 1,352
BUSCOs (98.9%) were determined to be complete, which is better to that of the
genome (96.9%). Compared to those of the other two Palaeopteran species, C.
dipterum and L. fulva, the BUSCO complete ratio of P. flavescens is the highest
(Table2). For functional annotation, 12,995 (85%), 12,417 (81%) and 10,346 (67%)

genes have homologous sequences in the NR, Uniprot and KEGG databases,
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respectively. In addition, 13,240(86%) genes were annotated by InterProScan. In
summary, 14,024 (91%) genes were annotated by at least one functional databases or

methods (Table S3).

X chromosome identification

Sex chromosomes evolved from autosomes and play important roles in tissue
development, mating and speciation [45-47]. A previous study showed that P.
flavescens has an X0 sex determination, in which females possess two X
chromosomes and males possess one X chromosome [48]. The X chromosome was
determined by mapping resequencing data from males and females to the genome
assembly. In males, the average depth of chr12 was almost half that of the other
chromosomes, and the average depths of all chromosomes in females were similar
(Figure 2a). Therefore, chrl2, which has a total length of 36.2 Mb and contains 6
contigs, was designated as the X chromosome. This is the shortest chromosome and is
consistent with karyotype[48]. X0 sex determination has also been discovered in
Orthoptera and some Hemiptera species such as aphids and psyllids [49, 50]. In
aphids, the characteristics of the X chromosome are different from those of the
autosomal chromosomes. The X chromosome of A. pisum (aphids) is enriched in
repetitive sequences, and the gene density is lower than that of the autosomes[51].
However, in P. flavescens, repeat sequences constitute 20.8% of the X chromosome,
comparable to that of the autosomal sequences (17.6%), and the gene density is also
comparable between the X chromosome and autosomals.

The heterozygosity of the P. flavescens genome was estimated by heterozygous
single-nucleotide polymorphisms (SNPs), and a sharp decrease in heterozygosity was
noticed. The heterozygosity of the X chromosome is 0.5%, which is less than half that
of the autosomes (1.3%) (Figure 2b). The evolution of sex chromosomes is poorly
understood in Palaeopteran insects. Here, we present the first X chromosome
sequence information in Palaeopteran insects, which may promote research on the

evolution of sex chromosomes.

The population size decline
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To investigate the genome evolutionary history of P. flavescens, gene family members
were subjected to clustering analysis using P. flavescens and 14 other arthropoda
species, including chelicerates, myriapods, crustaceans, and hexapods[16]. From the
gene family clustering results, 447 single-copy orthologs shared between P. flavescens
and 14 other arthropoda species were used for phylogenetic construction and species
divergence time estimation, representing arthropod evolution spanning more than 500
million years. We estimated that P. flavescens and L. fulva shared a common ancestor
at ~125 Ma, and divergence of P. flavescens and C. dipterum was estimated to have
occurred at ~420 Ma (Fig. 2a). Our phylogenetic tree and estimated divergence time
are mostly consistent with previous arthropod phylogenetic studies[12, 16].

Effective population size (Ne) is considered a pivotal parameter in population
genetics and has been applied in the analysis of evolutionary biology, conservation
genetics and animal molecular breeding, as it measures genetic drift and inbreeding in
real-world populations. A decline in population size comes with a loss of genetic
diversity and an increase in inbreeding[52, 53], which is harmful for adaptation to
complex environments. Global climate change has been recognized to profoundly
reshape animal population demographics [17, 54]. Monitoring the changes in effective
population size over time for wild species is important for understanding genetic
health and evaluating the risk of extinction. Here, we estimated the history of
population sizes using SMC++[44], and identified three events in which the
population declined severely (Fig. 3b). The most ancient decline occurred during the
Penultimate Glaciation [0.30-0.13 Ma], and afterwards, population expansion
occurred. The second declination occurred at the Last Glacial Maximum (LGM;
approximately 26.5-19 ka)[55] , which is the most recent period of extreme cold.
Many wild species, such as pandas, buffaloes and ibis, experienced significant
population declines during these two periods [56-58]. The results also revealed
population declines in the last several thousand years (Figures 3b), which might be
due to recent human exploitation and habitat loss. Evidence has indicated that, while
global climate change has been the primary driver of population fluctuations for

millions of years, human activities likely underlie recent population divergence and
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severe decline. Further genome resequencing of P. flavescens will provide more

detailed insights into the demographic history.

DISCUSSION

Here, we present a 662 Mb chromosome-scale reference genome of P. flavescens
obtained using PacBio HiFi and Hi-C data, which is the first chromosome-scale
reference genome in the Palaeoptera, and we also identified sex chromosomes in the
Palaeopterans for the first time. The high BUSCO complete ratio and RNA mapping
percentage confirmed the high quality of the reference genome assembly. Our analysis
showed three events in which the population declined severely. The key features of
odonatan species, including their ancient phylogenetic position, strong migration
capability and complex living environment, make P. flavescens to be a potential model
of insect species. The genome and gene data of P. flavescens would facilitate the
exploration of many important evolutionary, developmental and physiological studies
on insects. Furthermore, P. flavescens preys on many agricultural and sanitary pests,
this species has great potential for use in pest control. Our data and results will also

help the development of pest management technologies.

Data Availability

All the raw sequencing data and genome data in this study have been deposited at
NCBI as a BioProject under accession PRINA763384. Genomic sequence reads have
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SRR15910096, SRR15910131. Transcriptome sequence reads have been deposited in
the SRA database with Accession: SRR15914636. Raw data of Hi-C have been
deposited in the SRA database with Accession: SRR15910100. Genome assembly has
been deposited at DDBJ/ENA/GenBank under the accession JAIUJI010000000.
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334  Table 1: Major indicators of the P. flavescens genome

Assembly feature Value
Estimated genome size 663Mbp
Contigs Counts of contigs 662Mbp
Counts of contigs 99
N50 size 16.2Mbp
Scaffolds Total size of scaffolds 648Mbp
Counts of scaffolds 12
N50 size 53Mbp
Genome annotation Total gene number 15,354
Average CDS length 1,528
Average exon number 7.1
Repeat annotation SINEs 35Kbp
LINEs 13Mbp
LTR 1.2Mbp
DNA 31Mbp
Unclassified 73Mbp

335

336  Table 2: BUSCO assessment of gene sets of P. flavescens and other insecta species.

Species C S D F M

A. mellifera 99.1% 61.4% 37.7% 0.2% 0.7%
T. castaneum 99.0% 98.6% 0.4% 0.3% 0.7%
D. plexippus 99.5% 97.7% 1.8% 0.2% 0.3%
D. melanogaster 99.2% 98.3% 0.9% 0.6% 0.2%
A. pisum 95.7% 89.6% 6.1% 1.0% 3.3%
F. occidentalis 98.8% 97.1% 1.7% 0.7% 0.5%
Z. nevadensis 98.0% 97.4% 0.6% 0.6% 0.8%
C. dipterum 95.2% 91.8% 3.4% 1.0% 3.8%
P. flavescens 98.9% 95.5% 3.4% 0.0% 1.1%
L. fulva 81.7% 79.7% 2.0% 13.0% 5.3%
C. aquilonaris 85.0% 83.6% 1.4% 6.7% 8.3%

337 Note: Complete BUSCOs (C), Complete and single-copy BUSCOs (S), Complete and duplicated
338  BUSCOs (D), Fragmented BUSCOs (F), Missing BUSCOs (M).

339

340  Figure legends

341  Figure 1. The genome landscape of Pantala flavescens. Circular representation of the



342
343
344
345
346
347
348
349
350
351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

chromosomes. Tracks a-d represents the distribution of tandem repeats density,
transposable elements (TES) density, gene density and GC density, respectively, with
densities calculated in 500 Kb windows.

Figure 2. X chromosome identification. (a) Male and female sequence depth plotted
in 500 bp of every chromosome. Red line represented the average sequencing depth. (b)
Heterozygosity of X and autosome chromosome.

Figure 3. Genome evolution of P. flavescens. (a) Phylogenetic relationships and gene
orthology of P. flavescens with other arthropoda species. The maximum likelihood
phylogenomic tree was calculated based on 447 single-copy universal genes. (b)
Demographic history of P. flavescens reconstructed from two adult resequencing data.

Blue frame represents the geological events.
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