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ABSTRACT OF THE THESIS

Genomics and Mitogenomics of Ampulex compressa

by

Mahziar Khazaali

Master of Science, Graduate Program in Cell, Molecular, and Developmental Biology
University of California, Riverside, June 2024
Dr. Michael E. Adams, Chairperson

Ampulex compressa, also known as the emerald jewel wasp, is a parasitoid wasp
that exhibits unique behavior in incapacitating its cockroach prey. The species is notable
for its neurologically active venom, which contains a complex mixture of peptides,

primarily ampulexins, which facilitate behavioral manipulation of its host.

We conducted comprehensive genomic and mitogenomic analyses of a male
Ampulex compressa to assemble and investigate the nuclear and mitochondrial DNA
genome. The study employed advanced bioinformatic tools for sequence assembly,
annotation, and phylogenetic analysis, including SPAdes, Augustus, Geneious, and
phylogenetic inference using RAXML and MrBayes based on mitochondrial protein-

coding genes.



The assembled nuclear genome measured 277.7 Mbp across 11,507 scaffolds,
while the mitochondrial genome was 17,097 bp long, including 13 protein-coding genes,
22 tRNA genes, and two rRNA genes. Phylogenetic analysis positioned Ampulex
compressa closely with other aculeate parasitoids, corroborating the taxonomic
placement within Apoidea. Gene annotation revealed three ampulexin genes within a
single scaffold, suggesting a potential gene family. Additionally, karyotyping identified
11 chromosomes (n=11), aligning with the expected number for other Spheciformes

species.

This study provides the first complete mitochondrial genome and an extensive
nuclear genome assembly for Ampulex compressa. Findings confirm the conserved nature
of mitochondrial genomes across Apoidea and support ongoing research into the
evolutionary adaptations associated with parasitoidism, such as venom production.
Further comparative genomic studies are encouraged to explore gene functions and

evolutionary trajectories within Hymenoptera.
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Introduction

Background on Ampulex compressa

Ampulex compressa, commonly known as the emerald jewel wasp, is a member of
the Ampulicidae family within the Apoidea superfamily of Hymenoptera. This
superfamily encompasses a diverse group of insects, including both sphecid wasps and
bees. Ampulex compressa is renowned for its unique parasitoid behavior and striking
metallic green coloration. Found across equatorial regions of Southeast Asia, Africa, and
the Pacific Ocean islands, this species has also been spotted in South America and

introduced to Hawaii for biological control (Pires et al. 2014).

Biology and Behavior

The emerald jewel wasp exhibits a fascinating and unique life cycle involving
manipulating prey, typically cockroaches. Female wasps incapacitate their prey by
delivering a highly specialized sting directly to the cockroach's central nervous system.
This sting results in a hypokinetic state, rendering the cockroach zombified and
compliant. (Arvidson et al. 2018) The wasp then leads the immobilized cockroach to a
suitable location and lays an egg on its abdomen. Upon hatching, the wasp larva feeds on
the cockroach’s hemolymph before eventually consuming internal organs and tissues,

completing its development within the host remains. (Arvidson et al. 2019)



The venom of Ampulex compressa contains a complex mixture of neuroactive
peptides, with ampulexins being the most abundant. These peptides likely induce
hypokinesia through interactions with the cockroach's dopamine receptors, manipulating
the host’s behavior to the wasp’s advantage. (Arvidson et al. 2019) Understanding the
composition and function of these venom components provides valuable insights into

neurochemical processes and potential applications in neurobiology and pest control.

Phylogenetic Position and Comparative Genomics

Recent phylogenomic analyses suggest that the Ampulicidae family is
paraphyletic to other Apoidea. (Peters et al. 2017) The Dolichurus genus, also within the
Ampulicidae, and the Trypoxylon species from the Crabronidae family exhibit similar
parasitic behaviors, targeting cockroaches and spiders, respectively. (Bohart et al. 1976)
Additionally, the Pompilidae and Scoliidae families within the Aculeata subclade include
parasitoids of spiders and beetles, highlighting a convergent evolution of parasitic

strategies across diverse taxa. (Johnson et al. 2013)

Comparative genomics allows the inference of protein and gene functions by
homology. The conserved nature of mitochondrial genomes makes phylogenetic trees
based on mitogenomic data instrumental in resolving classification issues and
understanding evolutionary relationships within Hymenoptera. (Sann et al. 2018)
Phylogenetic studies using mitochondrial DNA (mtDNA) have proven effective in
uncovering the evolutionary history of various insect taxa, including bees, wasps, and

ants. (X.-Y. Zheng et al. 2021; Imai, Crozier, and Taylor 1977)



Significance of Mitochondrial and Nuclear Genomics

Mitochondrial genomes (mitogenomes) in insects typically range from 15,000 to
20,000 base pairs and contain a conserved set of 37 genes, including 13 protein-coding
genes, 22 tRNA genes, and two rRNA genes. (Boore 1999) Mitogenomes' structure and
gene order are often highly conserved within taxonomic groups, making them useful for
phylogenetic studies. (Cameron 2014) In this study, we aim to assemble and annotate the
complete mitochondrial genome of Ampulex compressa and explore its phylogenetic

placement within the Aculeata subclade.

Nuclear genomes provide a broader genetic landscape, encompassing numerous
genes across multiple chromosomes. The nuclear genome assembly offers insights into
gene content, structural variations, and evolutionary adaptations. Gene annotation can
reveal the presence and organization of gene families, such as those encoding venom
components like ampulexins. (King and Hardy 2013) Additionally, studying the nuclear
genome enables the identification of chromosomal features and karyotype analysis,
contributing to our understanding of genetic diversity and evolutionary processes within

Hymenoptera. (Imai et al. 1988)



Research Objectives

The specific goals of this project are to assemble and annotate the complete
mitochondrial genome and the extensive nuclear genome of Ampulex compressa. The

study aims to:

1. Investigate the phylogenetic position of A. compressa within the Aculeata

subclade using mitochondrial and nuclear genomic data.

2. Identify and characterize venom-related genes, particularly ampulexin genes,

within the nuclear genome.

3. Perform karyotype analysis to determine the chromosomal composition of A.

compressa.

By achieving these objectives, this study will enhance our understanding of the
genetic and evolutionary mechanisms underlying the unique biology of A. compressa.
The findings will also contribute to broader comparative genomic studies within
Hymenoptera, providing insights into parasitoid insects' evolutionary trajectories and

functional adaptations.



Materials and Methods

A male wasp from our insect-rearing laboratory was used for this study. The
insects are maintained under standard temperature and humidity conditions at the
University of California, Riverside. (Arvidson et al. 2018) A male was chosen because
the haploid-diploid sex determination system makes the male genome smaller and thus

simpler to analyze. A head was also used to minimize contamination from gut microbiota.

DNA extraction was performed in a collaborative laboratory (Dr. Alan Brelsford)
at the University of California, Riverside. The genomic core at UCR performed DNA
quality checks and library preparations, and sequencing was conducted at the University
of California, Davis, using a NovaSeq 6000 machine. (Baym et al. 2015; Henderson and

Brelsford 2020)

The computational work was conducted on the High-Performance Computing Center at
the University of California, Riverside, using installed modules and software for

assembly and phylogenetic analysis. (https://hpcc.ucr.edu/)

For the karyotype analysis, ovaries from an adult female were macerated under a
microscope using dissection needles, spread on a slide, and fixed using three fixative
solutions with varying concentrations of glacial acetic acid, absolute ethanol, and distilled
water as prescribed by Gokhman and Imai. (V. E. Gokhman 2009; Imai et al. 1988) The
slides were stained with Aceto-Orcein (Fisher Science Education™ Aceto-Orcein
Solution 2%) for 3 hours and examined under a phase-contrast light microscope.

(Vladimir E. Gokhman et al. 2019; Zeiss 2000)



We first anesthetized an adult female to harvest the ovary using Co2 and ice.
(Gilbertson and Wyatt 2016) Then, we pinned and dissected the adult's metasoma in a
hypotonic solution containing colchicine. We approached from the dorsal side of the
insect, and after cutting the cuticle, we dissected two ovaries into a glass slide with a
shallow hole. The specimen was incubated at room temperature in the hypotonic solution

for half an hour before fixation.

We tried other tissues at different developmental stages using different stains but
could not find the chromosomes. We first used the squashed testis samples from 3-4
weeks pupa. We followed the DAPI stain technique developed by Dr. Patrick Ferree for
Karyotyping and fluorescent in-situ hybridization. (Ferree and Barbash 2009; Kakazu et
al. 1999) However, we could not find the chromosomes because we needed to capture a
very narrow development window to catch the mitotic chromosomes. Also, because the

tissue differs from Nasonia, we might need a tailored fixation protocol.

To prepare karyotypes for male Ampulex compressa using the DAPI staining,
male wasp pupae in early development were selected based on their smaller pupal size
and weight. (Arvidson et al. 2018) The fixative mixture comprising glacial acetic acid,
water, and 20% paraformaldehyde (450 pL, 425 pL, and 125 pL, respectively) was
prepared in an Eppendorf tube. The dissection was conducted on a Petri dish lid under a

dissecting microscope using 1xPBT buffer as the medium.



The bottom of the abdomen was pulled using a fine tweezer to dissect the
genitalia and reveal the testes, which were then transferred to the PBT solution. (figure 1)
Subsequently, 12 uL of the prepared fixative was applied onto a coverslip, and the testes
were moved onto this drop, waiting about three minutes to avoid over-fixing. After

fixation, a frosted glass slide was brought close to the coverslip to attach it.

The coverslip was gently blotted and pressed firmly to adhere to the slide without
sliding. The slide was then frozen in liquid nitrogen for a couple of minutes until the
nitrogen stopped boiling. After freezing, the slide was removed, and the coverslip was
detached using a razor blade. The tissue and chromosomes were now attached to the glass
slide and dehydrated in an ethanol-filled Coplin jar for 10-15 minutes. The slide was left
to dry at room temperature. For staining, 12 uLL of VECTASHIELD mounting medium
with DAPI was added to the slide, covered with a coverslip, and sealed with nail polish,
drying in a dark drawer for at least half an hour. The prepared slide was then ready for

observation under an epifluorescent microscope.



Computational Methods

The genomic DNA was extracted using the QTAGEN DNeasy Blood & Tissue
Kit. The entire wasp was ground with a pestle in a 1.7 ml tube in liquid nitrogen and
incubated overnight with 180uL buffer ATL and 20uL proteinase K at 56°C. The
supernatant was transferred to the QIAcube HT/QIAxtractor robot to complete the
extraction, and the DNA was eluted in 100 pL of buffer Tris-HCI (pH 8.0). The DNA
extract was stored at -20°C and sent to the UCR core genomics for short-read Illumina
sequencing. (Henderson and Brelsford 2020) Nanodrop and Qubit were used to check the
quality of the DNA extraction, and the library preparation was then produced. The
specimen was sequenced using a NovaSeq 6000 sequencer at the University of

California, Davis.

We trimmed the whole genome paired-read sequences using the bbduk program
from the BBTools suite (Bushnell, n.d.) Then we used GetOrganelle v1.7.7.0 software
(SPAdes version 3.13.0) (Dong, n.d.) to assemble the mitochondrial genome and annotate
the genes. The average animal mitochondrial kmer coverage was 925.5, and the average
animal mitochondrial base coverage was 3017.9. We used KmerGenie software
(kmergenie/1.7051) (Chikhi and Medvedev 2014) to find the best kmer for genome de

novo assembly. The analysis predicted that kmer 117 was optimal for assembly.



We used SPAdes version 3.15.5 for genome assembly and utilized the draft
reference genome as a trusted source and one available genome as untrusted. The
assembly was filtered with seqkit software (seqgkit/2.4.0) (Shen et al. 2016) to remove
sequences below 200bp. We also used NCBI-BLAST software (ncbi-blast/2.14.1+)
(Altschul et al. 1990) Kitto exclude the mitochondrial genome from the nuclear genome.

The coverage for this assembly was 104x and contained 11,200 scaffolds.

The completeness of the Ampulex compressa genome assembly was evaluated
using the Benchmarking Universal Single-Copy Orthologs (BUSCO) tool, version 5.5.0.
BUSCO (Seppey, Manni, and Zdobnov 2019) assesses genome assembly quality by
searching for near-universal single-copy orthologs within the genome. The insecta odb10
lineage dataset, which contains 1367 single-copy orthologs specific to insects, was
employed for this analysis. The genome assembly was analyzed in 'genome' mode,
optimized for raw genome sequences. The BUSCO analysis was conducted with a high-
performance computing cluster, utilizing 32 CPUs to expedite the process. The results,
including the percentages of complete, fragmented, and missing BUSCOs, were
subsequently summarized to assess the genome assembly's completeness and quality

comprehensively.



Gene annotation was performed using Augustus/3.5.0 software (Stanke and
Waack 2003) with Nasonia vitripennis as the model. The annotation file in gff3 format
was converted to an sqn file using ncbi-table2asn software (version 1.0.883) and
submitted to NCBI. We used Geneious software (v2024.0.5) (Kearse et al. 2012) to
annotate the genome and perform BLAST searches for the Ampulexin genes. We also
utilized the Berkeley Drosophila Genome Project to predict promoters for each gene

using a neural network-based program. (Fig 5)

We searched the NCBI database for complete mitogenomes within the Aculeata
subclade and included three outgroup species to construct phylogenetic trees. We
excluded six from the 35 mitogenomes found due to different annotations or significant
annotation overlap that could affect the analysis. (Table.1) We extracted protein-coding
genes from the remaining 29 mitogenomes using Clustal Omega and MAFFT software
(Katoh 2002; Katoh and Standley 2013) for multiple sequence alignments of each gene.
We used Geneious software to concatenate the alignments, ensuring each sequence
contained only protein-coding genes. Phylogenetic trees were constructed using MrBayes
(Ronquist et al. 2012) and RAXML software for Bayesian and maximum likelihood

methods, respectively. (Stamatakis 2014) (Figure 3 and 4)
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Results

Sequencing and Assembly

We obtained 500,828,020 paired reads from the short-read [llumina sequencer.
After trimming, 500,772,062 reads remained for downstream analysis. These trimmed
reads were used to assemble the mitochondrial genome using the GetOrganelle program.
The mitochondrial genome, measuring 17,097 bp, contains 22 tRNA genes, 2 rRNA
genes, and 15 protein-coding genes. The regulatory region of the mitochondrion is AT-
rich. The annotated mitogenome (NCBI Reference Sequence: PP341299.1) is illustrated
in Figure 4. The nuclear genome was assembled, submitted to NCBI, and published in
GenBank under the reference GCA_038496175.1. It comprises 11,507 scaffolds and
spans a total length of 277.7 Mbp. (Table 2) The gene annotation for the whole genome

has also been submitted to NCBI.

BUSCO Analysis Results

The completeness of the Ampulex compressa genome assembly was assessed
using BUSCO v5.5.0 with the insecta_odb10 lineage dataset, comprising 1367 single-
copy orthologs. The analysis revealed that 98.4% of the BUSCOs were identified as
complete, of which 98.2% were single-copy and 0.2% were duplicated. Additionally,
0.8% of the BUSCOs were found to be fragmented, and 0.8% were missing. These results
indicate a high-quality genome assembly with minimal fragmentation and duplication.

The detailed results are summarized in Table 3.

11



Identification and Characterization of Ampulexin Genes

The genome was subjected to BLAST searches for ampulexin mRNAs and
proteins. three ampulexin genes were identified on scaffold number 2235
(JBCFX1010002235.1), spanning approximately 4.8 Kbp. Two venom extracts (13 and
17) were also localized to this region. A similar genome assembly (GCA 019049445.1)
on NCBI displayed the same annotations on scaffold 3. The venom-specific region of the
genome contains five genes: Ampulexin 1, Ampulexin 4, venom isolates 13 and 17, and a

gene coding for both Ampulexin 2 and 3. (Figure 5)

We predicted the promoter regions upstream of each gene with 95-100%
confidence (Table 4). Each core promoter featured a TATA box region for transcription
factor binding and measured approximately 50 bp in length. The distance between the

promoter and the transcription start site was about 30 or 100 bp. (Figure 5)

12



Phylogenetic Analysis

We searched the NCBI database for complete mitogenomes within the Aculeata
subclade, excluding six mitogenomes due to different annotations or significant overlaps
that could affect the analysis. From the remaining 29 mitogenomes, three were
considered outgroups: Nasonia giraulti, Diadegma semiclausum, and Cotesia vestalis. We
could not find a suitable mitogenome for Thiphioidea as all available partial genomes
lacked several mitochondrial genes. Additionally, no mitogenomes were found for
Thynnoidea. The phylogenetic analysis results based on both Bayesian and maximum
likelihood methods are presented in Figures 6 and 7. Furthermore, we predicted a tree

based only on 16S rRNA gene. (see figure 8)

Phylogenetic trees correctly grouped Anthophila, Crabronidae, Sphecidae, and
Formicidae. Ampulex compressa was shown to be closely related to Pompiloidae and

Scoliidae. The trees also suggest that Ampulex compressa is paraphyletic to Apoidae.

Anthophila, Crabronidae, and Sphecidae are monophyletic. Also, chrysoidae, mutilidae,
,Formicidae, and Vespidae are monophyletic. Ampulex is closely related to Pompilidae
and Scoliidae. However, the Ampulex compressa is farther from Apoidea than predicted

before.

13



These relationships are very novel regarding systematics and need a closer look
and study.Although the phylogenetic trees correlate well with predictions based on the
nuclear genome (Peters et al. 2017), there are some differences which is related to

inherent differences between mitogenomics and genomic approach. (see discussion)

Karyotype Analysis

The karyotype analysis of Ampulex compressa revealed that it possesses 11
chromosomes (n=11), aligning with the bimodal distribution of chromosome numbers in
the Apocrita (n=6 and n=11) described by Gokhman. (V. E. Gokhman 2009) Each ovary
has three ovarioles, which converge into an oviduct. The germarium is the youngest
oocyte at the tip of the ovariole. (Eastin, Huang, and Ferree 2020) (Figure 9) Although we
could not capture metaphysic chromosomes, we believe that with further study and more
slide preparation, we could find metaphysic chromosomes to better understand
chromosome structure. Using fluorescent in-situ hybridization also could help to find the

rearrangements and indels that help classify the Ampulicidae species.

14



Discussion

Mitogenome Assembly and Phylogenetic Analysis

This study represents the first comprehensive assembly of the complete
mitogenome of Ampulex compressa, including the regulatory region and all 37 genes.
Our findings align with previous studies, such as those by Zheng et al. (B.-Y. Zheng et al.
2018), which noted significant rearrangements in the mitochondrial genomes within the
Apoidea superfamily. Specifically, in A. compressa, we observed the rearrangement of
the ATP8 gene and tRNA-Asp, forming a unique rnal.-tRNAV-rnaS cluster, a feature not
commonly seen within this superfamily. (Beckenbach and Joy 2009) This unique
arrangement can provide insights into the evolutionary pressures and genetic mechanisms

underlying the adaptation of A. compressa to its parasitoid lifestyle.

The phylogenetic trees constructed using Bayesian and maximum likelihood
methods confirmed the monophyly of major groups such as Anthophila, Crabronidae,
Sphecidae, and Formicidae. Our analysis suggests that A. compressa is closely related to
Pompilidae and Scoliidae, supporting the hypothesis that Ampulicidae is paraphyletic to
other Apoidea. (Johnson et al. 2013) This finding is consistent with the phylogenomic
analysis by Peters et al. (Peters et al. 2017), which used an extensive dataset of protein-
coding genes to classify Hymenoptera based on evolutionary history. Our study further
emphasizes the utility of mitogenomic data in resolving complex phylogenetic

relationships within this diverse group.

15



Discrepancies Between Mitogenomic and Nuclear-Based Phylogenetic Trees

In this study, the phylogenetic tree generated using mitogenomic data for 29
samples of Aculeata showed some discrepancies when compared to the available trees
based on nuclear genome data. While the overall topology of the mitogenomic tree aligns
closely with the nuclear-based trees, certain divergences are evident. These discrepancies
can be attributed to the inherent differences in the evolutionary dynamics of

mitochondrial and nuclear genomes.

Mitochondrial DNA (mtDNA) is maternally inherited and does not undergo
recombination, simplifying its evolutionary history and making it susceptible to linecage
sorting and genetic drift. As a result, mtDNA may reflect recent evolutionary events more
prominently than nuclear DNA (nucDNA), which is inherited from both parents and
undergoes recombination. This can lead to a more comprehensive and balanced
representation of an organism's phylogeny in nuclear-based trees. (Ballard and Whitlock
2004) Additionally, selective sweeps and population bottlenecks can affect mtDNA more
profoundly, potentially obscuring true phylogenetic signals. (Galtier et al. 2009) These
factors collectively contribute to the observed discrepancies between mitogenomic and

nuclear-based phylogenies.

16



Furthermore, nuclear genomes represent a broader genetic background,
encompassing numerous genes from different chromosomes, providing a more robust
dataset for phylogenetic inference. (Funk and Omland 2003) On the other hand, the
mitochondrial genome, being a single genetic locus, may present a biased picture of
evolutionary relationships, particularly in cases where introgression or hybridization
events have occurred. (Rubinoff and Holland 2005) Therefore, while mitogenomic data is
invaluable for resolving recent evolutionary relationships due to its high mutation rates,
integrating mitochondrial and nuclear data in a concatenated or multi-locus approach is
crucial for a more comprehensive understanding of evolutionary histories. (Degnan and

Rosenberg 2009)

Recent studies have highlighted the importance of integrating multi-locus data to
resolve phylogenetic relationships accurately. For instance, analyses combining
mitochondrial and nuclear genomes have provided deeper insights into the evolutionary
histories of complex taxa, such as the stinging wasps within Aculeata. (X.-Y. Zheng et al.
2021) These integrated approaches can mitigate the limitations of single-locus data and

enhance our understanding of the evolutionary processes shaping biodiversity.

17



Genomic Insights and Ampulexin Genes

Our genome assembly revealed a total length of 277.4 Mb with a non-gapped
length comprising 11,507 scaffolds. The identification and characterization of ampulexin
genes within the genome highlight their significance in the venom of A. compressa.
These genes clustered in a region approximately 4.5 Kbp in length suggest a gene family.
The presence of these genes in a haploid male without a venom apparatus implies they
may be inactive in males and active in diploid females, potentially requiring dimerization

to function. (Arvidson et al. 2019; 2018)

Blasting the ampulexin genes in the NCBI database yielded no homologs in other
organisms within the aculeate family, indicating a unique evolutionary path for these
proteins in A. compressa. Transcriptomic and proteomic analyses of tissue-specific
venom glands further support the tissue-specific expression of these proteins, which are
not detectable in whole-body transcriptomics due to their lower mRNA concentrations.
(Crampton-Platt et al. 2015) Also, this region may be a supergene that controls the
different components of the venom. This type of supergene has been described in ants
and proposed to regulate the organism's eusociality. (Lagunas-Robles, Purcell, and

Brelsford 2021)

18



The evolutionary uniqueness of the ampulexin genes suggests that A. compressa
has developed specialized venom components for its parasitoid lifestyle. Comparative
genomics of venomous insects, such as other Hymenoptera, can provide insights into the
evolutionary pressures shaping venom composition and function. (Drukewitz and Von
Reumont 2019; McKenzie, Oxley, and Kronauer 2014) Understanding these evolutionary
adaptations can also have practical applications in biotechnology and medicine, where

venom peptides are being explored for therapeutic uses. (King and Hardy 2013)

Furthermore, the detailed study of venom genes can uncover potential targets for
pest control. For example, exploring the molecular mechanisms underlying the
neurotoxic effects of ampulexins could lead to the development of novel biopesticides
that mimic these natural compounds, offering environmentally friendly alternatives to

chemical pesticides. (Ayilara et al. 2023)

Karyotype Analysis

The karyotype analysis of A. compressa revealed that it possesses 11
chromosomes (n=11), consistent with the bimodal distribution of chromosome numbers
in the Apocrita (n=6 and n=11) described by Gokhman. (V. E. Gokhman 2009) This study
is the first to describe the chromosome number of a species from the Ampulicidae family,
providing valuable cytogenetic data that aligns with the evolutionary history of other

stinging and parasitoid wasps.

19



Karyotype analysis in insects has proven to be a powerful tool for understanding
chromosomal evolution and speciation. The chromosomal diversity observed in
Hymenoptera results from various chromosomal rearrangements, including fusions,
fissions, and inversions, contributing to their evolutionary adaptability. (Imai et al. 1988)
The karyotype data from A. compressa adds to the growing body of knowledge on insect
cytogenetics and highlights the importance of chromosomal studies in elucidating

evolutionary relationships.

According to Gokhman's comprehensive review, the distribution of parasitic wasp
species by chromosome number is bimodal, with two obvious modes atn=6 and n= 11,
characteristic of most members of the superfamilies Chalcidoidea and Ichneumonoidea,
respectively. (Vladimir E. Gokhman 2022) The karyotype of A. compressa with its 22
chromosomes aligns it more closely with these groups, suggesting that the evolutionary
pathways of these wasps involve significant chromosomal rearrangements. Gokhman
emphasizes that these chromosomal changes are not merely incidental but are indicative
of broader evolutionary trends within parasitoid Hymenoptera, where reductions in
chromosome number and karyotypic desymmetrization are common evolutionary

Processes.

Recent advancements in molecular cytogenetics, such as chromosome painting
and fluorescent in situ hybridization (FISH), have provided more profound insights into
chromosomal evolution in Hymenoptera. (Rens et al. 2006) These techniques can be
applied to A. compressa to explore further chromosomal organization and its implications

for species evolution and adaptation.
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Comparative Genomics and Future Research

Comparative genomics allows for the inference of protein and gene functions by
homology. Due to the conserved nature of mitochondrial genomes, phylogenetic trees
based on mitogenomic data are instrumental in resolving classification issues within
Hymenoptera. (Sann et al. 2018) Our study demonstrates the utility of mitogenomics in
providing a precise picture of evolutionary relationships, corroborating results obtained

from nuclear genome analyses with fewer computational resources.

Future research should focus on the experimental and genetic study of ampulexin
proteins, including comparative genomics, to identify possible homologs in closely
related species such as Dolichurus, Pompiloidae, and Scoliidae. This study lays the
foundation for further investigations into gene rearrangement, evolutionary adaptations,
and the functional roles of the ampulexin genes in A. compressa. Additionally, advances
in gene editing technologies, such as CRISPR/Cas9, offer exciting opportunities to
manipulate these genes and experimentally study their functions in vivo. (Jinek et al.

2012; Zhang et al. 2024)
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The insights gained from this study not only enhance our understanding of the
genetic and evolutionary mechanisms underlying the unique biology of A. compressa but
also provide a framework for future research on other parasitoid wasps. By integrating
genomic, transcriptomic, and proteomic data, researchers can further elucidate the
complex interactions between these insects and their hosts, shedding light on the

evolutionary strategies that have enabled their success as parasitoids.

Moreover, expanding the scope of comparative genomics to include more
parasitoid species could reveal broader evolutionary patterns and adaptive traits within
Hymenoptera. This integrative approach could also uncover genetic determinants of host
specificity and venom potency, providing valuable information for developing targeted

biological control agents. (Whitfield 2003; Jalali, Ojha, and Venkatesan 2015)
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Fig 1. A. a Pupa extracted from the carcass of a cockroach, B. a 4-week larva extracted
from the pupa, C. Male genitalia including testis and accessory glands
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Figure 2. Genomic workflow.
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Figure 3. Phylogenetic workflow.
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Fig 9. A. Structure of an ovary in an adult female. B and C. Karyotype of Ampulex
compressa. 2n=22; Stained with Aceto-Orcein; X100 magnification. Chromosomes are
marked with blue lines.
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Infraorder/Subclade Superfamily Subgroup/Family Organism Accession number | Length (bp) Common name
Aculeata Apoidea Anthophila Colletes gigas KMS78210 15,855
Hylaeus dilatatus KP126800.1 15,475 Dilated Yellow-faced
Bee
Bombus ignitus NC 010967.1 16.434 Chinese Honey Bee
Apis florea NC_021401.1 17,694 Dwarf Honeybee
Rediviva intermixta NC 030284.1 16.875
Andrena chekiangensis NC 042768.1 15,804
Euaspis polynesia NC 056370.1 17.682
Seladonia aeraria NC 0570841 15,410
Crabronidae Cerceris bucculata MW376475.1 16.178 digger wasp
Cerceris quinquefasciata MW402864.1 16,188 digger wasp
Cerceris sp. OM215185.1 16.790
Sphecidae Ammophila clavus NC_086963.1 16,154 thread-waisted
wasps
Ammophila sickmanni sickmanni OM220041.1 17,401 thread-waisted
wasps
Ampulicidae Ampulex compressa PP341299.1 17.097 Emerald jewel wasp
Chrysidoidea Chrysidoidae Sclerodermus sichuanensis NC_065376.1 15,491 flat wasps
Formicoidea Formicidae Camponotus atrox KT159775.1 16.540 carpenter ant
V lia auropunctata NC_030541.1 16,362 Little Fire Ant
Ectomomyrmex javanus NC 042678.1 15.512 stinging ant
Ochetellus glaber NC_049860.1 16,259 Glabrous crazy ant
Harpegnathos venator NC_084286.1 16,089 hunter ant
Pompiloidea Mutillidae Wallacidia oculata FJ611801.1 18,442
Pompiloidae Agenioideus sp. SJW-2017 KX584356.1 16,596 spider wasps
Scolidioidea Scoliidae Megacampsomeris sp. 1 YJY-2023a OM142776.1 20,649 scoliid wasps
Vespoidea Vespidae Eustenogaster scitula NC 044146.1 17.867 hover wasp
Vespa magnifica NC_064062.1 16,731 Magnificent Hornet
Vespa orientalis OR367661.1 16,092 Oriental Hornet
Proctotrupomorpha Chalcidoidea Pteromalidae Nasonia giraulti NC 066199.1 16,415 ewel wasp
Ichneumonoidea Ichneumonidae | Campopleginae Diadegma semiclausum EU871947 1 18.728 parasitoid wasp
Ichneumonoidea Braconidae Microgastrinae Cotesia vestalis FJ154897 .1 15,543 parasitoid wasp

Table 1. Mitogenomes that are used for this study.
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Parameter Value
Genome size 277.4 Mb
Total ungapped length 277.4 Mb
Number of scaffolds 11,507

Scaffold N50 141.4 kb
Scaffold L50 556
Number of contigs 11,950
Contig N50 131.3 kb
Contig L50 589

GC percent 42.5
Genome coverage 101.0x
Assembly level Scaffold

Table 2. Statistics of the whole genome assembly.
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Category Count Percentage

Complete BUSCOs (C) 1345 98.4%
- Complete and single- 1342 98.2%
copy (S)

- Complete and 3 0.2%

duplicated (D)

Fragmented BUSCOs (F) 11 0.8%
Missing BUSCOs (M) 11 0.8%
Total BUSCO groups 1367 100%
searched

Table 3: BUSCO analysis results for the Ampulex compressa genome assembly using the
insecta_odb10 lineage dataset. Most BUSCOs were identified as complete, with a very
low percentage of fragmented and missing BUSCOs, indicating a high-quality genome
assembly.
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Gene Promoter Locati | Probabi
on lity

Ampule | TCAGTTAACATAAATAACACTCGCCCTTTGGTATTTG | -149 0.95

xin 1 CAGTGACGTAATT to -99

Ampule | AATTTATTTTTAAAAAACGCCCACAAACTTATTGTGA | -83to |1

xin 4 TTCTAAAAGCTAG -32

Venom | GCTTACCGAATATAAATACCTTGCGTCTTTGGGCTTT | -81to | 0.97

13 TGCGGTAGTGCTA -30

Venom | CTACTCGGTATATATATCTTCCGCATTTTGGGCTTTG |-85to | 0.99

17 AGGAAGTATTGTC -34

Ampule | ATTTTATTTTTAAAAAACGCCCACATACTTATTATGAT | -149 1

xin 2&3 | TCAGAAGCTAG to -98

Table 4. Promoter prediction by the Berkeley Drosophila Genome Project. TATA boxes
are shaded in yellow.
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