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Abstract

Jewel wasps in the genus Nbasoniaare ideal models for insect genetics, genomics,
epigenetics, development, and evolutioNasps in theMuscidifurax genus have a close
evolutionary relationship to the model parasitoid geNasonia Muscidifurax raptorellugM.
raptorellug has received extensive attention for its potemntibiological control against filth flies.
We reported the firsle novoNg assembly(259 Mbp)andM. raptorellusassembly (314 Mbp)
with excellent continuity and completenessngl0x Genomics sequenciagdPacBio long-read

sequencing technologies

Nasoniahas been an excellent model fotracellular bacteridVolbachiaresearchwith
11 Wolbachia strains identified infour Nasonia species Phylogenomic analyses witB10
identified core genes indicatethat all 33 Wolbachia strains maintaied the supergroup
relationshipdetermined bynultilocus sequence typing (MLST) genEsurteerinter-supergroup
recombination events (9-B events and 5 A& events) were discovered using an interclade
recombination screening method in six genes (2.9%) among 210-somyjleorthologswhich

suggestda relatively low frequency of intergroup recombinatioWolbachia

Nosema muscidifuracidN. muscidifuracisis amicrosporidian parasit@ the parasitoid
wass M. zaraptorand M. rapta. We reporteca chromosomdevel N. muscidifuraciggenome
(14.4 Mbp)with a novel composite-Bp (TAGG)n and Sp (TTAGG)n telomeric repeat motif
discovered at the ends of chromosomBEse genome exhibits extensive gene duplications and
rearrangements, withigh similarty in duplicated gene®Nosemaditers remained high iNosema
cured parasitoid waspsuggesting incomplete infection elimination. Comparagplglogenomic
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analysegevealedncongruency irNosemaand host species trees, indicating a host switch event
between parasitoid wasps and beAsconservedcis-regulatory motif ACCC was identified
upstream othe start codon. Cytogenetic analyses reveaatibstantiaNosemaoad in wasp
ovaries,suggeshg heritable infectiomndv e r t i ¢ a | . The taaotabifityofsheparasitoid

Nosemasystem makes it a potential model floe study oNosemoss.

Our studyprovides novel insights into the genetic architecture, gene regulation, and
genome evolution of parasitoid wasgolbachiaendosymbiontsandfungal pathogemNosena,
which will build the foundation for the study of comparative genomics and-paoasite
interactions in the parasitoid waspasonidMuscidifurax model systemas well asfuture

biocontrol applications.
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Chapter 1 Introduction
1.Ttlhe par asNtasDOieanes gnordege |g efncert i ecvso launtdi ionlaa gy

studi es

As a representativgenusof parasitoidwasps,Nasonia(Hymenoptera: Pteromalidpés
easy to reapbn commercially available fly pupae the laboratory witha short generation time
(abouttwo weeks at the temperature of 25°C arabastant 24ourlight), large family size, and
crossfertile species. The life cycle comprises stages of egg, larva, pupa, an(Fagpuk 1)[1].
Pupae and adultsan be stored in 4°C refrigeration for several weeks, and larvae exhibit an
inducible overwintering diapause, allowing for the maintenance of strains in refrigeration for
approximately 18 monthf2]. Nasoniawasps live a parasitoid lifestyle, where fensalgect
venom into fly pupal hosts and then deposit eggs onto the fly puparium. The venoms induce
developmental arrest and changes in host gene expression and metgblisnith the feeding
wasp larvae eventually killing the ho&tevelopment during the first three stages occurs within
the host, and mature adults emerge from the ypsthewing small holes in the host puparium

(Figure 1)[1]. Adult wasps can matewithin thehostpupa or after emergence.
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Egg
(1~2 days)

N\ 7‘,']\«.\ \J
Nl Larva
(3~4 days)

Parasitism 5T -

Pupa
(4~6 days)

Adult

. (5~7 days )

Figure 1. The life cycle ofNasoniawasps.

This figure shows the developmental stagddadoniaand the corresponding duration in days for

each stag€l].

There are fouclosely related@pecies in the geno$ NasoniaincludingN. vitripennis(Nv),
N. giraulti (Ng), N. oneida(No), andN. longicornis(NI) (Figure 2)[6-9]. Nvwas the first and only
species described in tiNasoniagenusfor a long period of time and has a worldwide distribution
[8]. Ng, NI, andNoare closely related tdvand have a more restricted North American distribution
(Figure3) wher e they parasi ti [6&]All Nasaniaspegiespypiqallye 1 n
have a haploid karyotype of n 5 @which correspondgo 5 linkage groupsThe form of sex
determinatiorin Nasoniais haplodiploidy Femalesare diploid andlevelop from fertilized eggs,
whereas males are haploid aodginate from unfertilized eggs), which is shared among the
Hymenopterd8, 10, 11] The four species in tiéasoniagenus are interfertile, whileproductive

incompatibility due toWolbachiainduced cytoplasmic incompatibilityccurs inNasonia except

18



for Ng/No (Figure 4)[12, 13] However,interspecies interspecific hybrids asoniaare readily

generated after antibiotic curing the wasgoéosymbiontWolbachia

T. sarcophagae

N. vitripennis

,I,l N. longicornis
N. giraulti
N. oneida
1 1 I 1 I 1
1.0 0.8 0.6 04 02 0.0

Approximate divergence time (millions of years ago)

Figure 2. Phylogenetic relationship between four closely relatetlasonia species and the

outgroup specieslrichomalopsis sarcophaga@ . sarcophagagT. sarg.

The grey boxshowsthe three sequenc&thsoniagenomesN. vitripennis(Nv), N. giraulti (Ng),
andN. longicornis(NI) [9]. All speciesin the Nasoniagenusare interfertileafter the removalof

theintracellular bacteriunwolbachia

19



Nasonia giraulti distribution, Darling & Werren (1990)

Figure 3. Image of N. giraulti and its geographic distribution in North America based on

Darling & Werren (1990) [6].

(A) The image of. giraultiwasp ( ) under microscopy. (B) The map of the United States shows
the geographic distribution d. giraulti in North America, and orange triangles represent the

distribution ofN. giraulti wasps.
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unidirectional bidirectional

d o] d of
C.P 9 — utr1ir'!fe|c’gdf e
== strain | infecte

O CI . CI mmm strain |l infected

O O 2 ca O

Figure 4. Cytoplasmicincompatibility (Cl) induced by different Wolbachiainfection status.

Unidirectional Cltypically occurs when infected males mated with uninfected females, athile
other crosses are compatibBdirectional Clis expressedh males and females infected with two
different Wolbachiastrains. Circles represent viable offspring, and the infection status is color
coded. CI denotes cases where no viable offspring are prodBadre credit goes to Hu.

Johannes, 2010)

Unlike Drosophila melanogastemwhich lacks CpG DNA methylation, all three DNA
cytosine5-methyltransferases (Dnmts) are presemasonia(Figure 5)[9, 14]. Approximately a
third of the genes are methylated in §eandNg genomesand the methylation is primarily on
the gene bodji5, 16] Furthermore, DNA methylation appears to be regulatesin F1 hybrids
and stable inheritance of methylation status of individual genes has been observed over successive
generations in hybrid4d 7]. The biologicafeatures ofNasoniawvasps include ease of rearing, rapid
developmentashort generation time,large number of offspringnterfertile species, visible and
molecular markersand haplodiploid geneticwith a full DNA methylation toolkit These

characteristicsnake Nasoniaan excellent modebrganismfor studies ingenetics, epigenetics,
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development, evolution, and behav[8; 10, 11, 180]. Moreover the microbial diversity in

parasitoid waspdevelops a model system to investigate dmoistobiome interactionR1, 22}

Vertebrata

Dnmtt Subfamily il ¥ —
Dnmt2 Subfamily E]
Dnmt3 Subfamily Bl e
Coleoptera
f— Hymenoptera
Insecta
L Hemiptera
Phthiraptera
Crustacea
Chelicerata
| ) 1 1 |l 1 1
700 600 500 400 300 200 100

Approximate divergence time (millions of years ago)

omosapiors EZIENENED
human

Drosophila melanogaster

fruitfly i E]

Anopheles gamblae 'z]
mosquito

Bomb:

1 KN 2]
um castaneum

Tibolur 0z

Nasonla vimpennls m ‘
is mellifera

“’W Bl :E

Acyrthoslphon pisum m

Ped culus humanus

oy se” RN 2]
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Figure 5. Phylogenetic relationship ofNasoniaand other sequenced genomes.

On the right, the figure shows the DNA methylation tool kit and the presend@Na&f

methyltransferase subfamilies (Dnmtl, Dnmt2, Dnmt3) in these%%xa

1.T2he parasMusciddwhas plmixol ogi cal control agent

Muscidifurax (Hymenoptera: Pteromalidae)

is a chalcid wasp genus with nine

characterized species, all of which are pupal parasit@idscidifurax raptomwas the first species

described in the genus in 1910 by Girault and Sari@8is In 1970, four sibling species were

described:M. zaraptorKogan and Legner, collected from the southwestern United Stdtes;

raptoroidesKogan and Legner collected from Central America and MeXitoaptorellusKogan
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and Legner collected from Uruguay and Chile; and a thelytokous spécigsraptor Kogan and
Legner collected in the central mountain range of the island of PuertdZicdBased on the
mitochondrial gene sequence alignment in this genus, the most closely related sexual species to
the asexuaM. uniraptor is M. raptorellus [25]. Four additionalMuscidifurax species were

identified in Chingd26].

Muscidifurax raptorellugChilean strain) is a gregarious parasitoid typically produees 2
10 offspring per parasitized host pyga]. The number oéclosedffspring depends on the host
size[28]. A population found in Uruguay is partially gregari¢f8]. Females can lay 180 eggs
per day during their peak ovipositional period and about 150 eggs during their lif@@mén
sharp contrastM. zaraptoronly deposits one egg per host, and the first larva will eliminate
subsequent larvae or eggs deposited by superparafdi$nvl. uniraptoronly produces a single
female offspring from each host, and the parthenogenesis is caused by the infectiorstriaam A
Wolbachiabacteria[32, 33] The diverse reproductive strategies make this genus an excellent

model system for the study of sexual vs. asexual evolution.

Traditional pest management methoglied upon the application of chemical insecticides.
Nevertheless, thisapproach encountered constraints associated with its high expenses,
environmental pollution, and the emergence of resistance genespesthipopulationg’arasitoid
waspM. raptorellusis an effective biological control ageagainst dipteran filth fliethat is both
environmentally friendly and sustainalj&/7, 30, 34, 35] Furthermore waspsin the genus of
Muscidifuraxhold a special place in the realm of comparative genome studies thesrtolose
relationship with the model parasitoid genuslasonig with an estimated divergence of
approximately 15 million yeaiS86].
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1.T3he associati ons alsgltaveeddo sapadasdy mlixido nt s

The associatia between parasitoid waspgsasonidMuscidifurax and symbiontsare
complexand diverseThe symbiontsincludingintracellular bactea Wolbachia fungalpathogen
Nosemaand gut microbes, are revealed to have significant impacts on various aspects of fithess
in parasitoid wasp$revious research has provided insights into the rold® afymbiond within
parasitoid wasp Nasonia(Figure 6)[1]. These include the influence oftracellular bacteria
Wolbachiaon cytoplasmicincompatibility (CI)[37], the impact offungal pathogeiMNosemaon
development, longevity, and fecund[B8], the effect of microbiota on pesticide resistan&®],

and the role of microbiota in nutrient allocation during diap§48g
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Figure 6. The interactions between parasitoid wasfNasoniaand microbiota.

(A) Microbial-nuclear incompatibility anaytoplasmic incompatibilityinduced byWolbachia
contributed tespeciationin parasitoid wasphklasonia (B) Coevolutionof the host genome and its
microbiota occurred through continuous, multigenerational exposure N#sonia to low-
concentration atrazin€éC) The phylogeny of thredasoniaspecies closely resembles that of their
microbiota, a phenomenon known as phylosymbi@Bi$.Hologenome represent®th the host

genome and the genomes of its associated microorgafiisms

Wolbachig a widespread intracellular bacterium found in insects, plays a vital role in
parasitoid wasppt1]. It can manipulate host reproduction through mechanisms like cytoplasmic
incompatibility (CI), parthenogenesis (PI), m#i#ing (MK), and feminization37]. In the genus
of Nasonia 11 differentWolbachiastrains fromsupergroups A and Bave been identified ifour
Nasonia species, with the presence of different strains leading to reproductive barriers and
facilitating speciation. In the parasitoid wasp geMusscidifurax an AWolbachia(wUni) has
been proven to be associated with parthenogened& uniraptor [32, 33] The interactions
between parasitoid wasps afdolbachia have profound implications for the evolution of

parasitoid wasp species.

Microbiota inNasonigiewelwasps have been linked to pesticide resistf3fje Exposure
to low concentrations of atrazine pesticide led to changdiseimicrobiota (at least two rare
bacteria: Serratia marcescendlVITO1 and Pseudomonas protegemVIT02) that conferred
resistance tdNasoniahosts[39]. The altered microbial communitiesere found to be heritable
and contributed to host adaptation to environmental stress. Isolated bacteria from resistant hosts

were also identified as contributors to atrazine resistance, shedding light on the role of microbiota
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in pesticide resistancblasoniawasps undergo diapause, a period of dormancy lasting up to two
years. During thigeriod the microbiota is revealed to play a critical role in nutrient allocation
[40]. Microbiota presence or absence influences the levels of glucose, glycerol, triglycerides, and
protein inNasonialarvae during diapaudd2]. These findings offer insights into the importance

of the microbiota in nutritional distribution and metabolism, especially undertémperature

conditions[40].
1 Wol bagdhname evolution and host switch

The obligate intracellular bacteria Wolbachia (alphaproteobacteriaendosymbionts)
commonlyinfect arthropodsandfilarial nematode$43-45]. In particular,morethanhalf of the
arthropodspeciesareinfectedby Wolbachia[46, 47] dueto horizontalmovemenof the bacteria
betweendifferent host species(host switch), although Wolbachia are generally transmitted
vertically. The extensiveprevalenceof Wolbachiainfections possibly represerg a dynamic
equilibrium betweengain and loss on a global scale[48-50]. The Wolbachiahostinteraction
generallyspansa rangefrom reproductiveparasitismto mutualism.Wolbachiacan alter host
reproductiorto enhanceheir own transmissionn differentways,suchasfeminizationof genetic
males,malekilling, parthenogeneticmduction,and cytoplasmicincompatibility (Figure 4) [44,
51, 52]. Othereffectsof Wolbachiacanincludeviral suppressiof53], andnutritional mutualism
[54]. In nematodesWolbachiaappearto haveevolveda long-standingmutualisticrelationship
[43]. Wolbachiahavebeenfound to moveacrossspeciesboundarieghroughhorizontaltransfer

andhybrid introgressior}55-57].

Wolbachia pipientidrave been divided into supergroupsHA based on 16S ribosomal

RNA sequences and other sequence information, including six supergroups (A,BH)nd E
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primarily identified in arthropods and two supergroups (C and D) commonly found in filarial
nematode$44]. However, it has been proposed that supergroup G be decommissioned, as it is
based primarily on recombinantsp (Wolbachiasurface proteinsequences and cluster with A
supergroup based on five mtliticus strain typing gend88, 59] eight supergroups (A) are

still widely used in the research community. A nidtus strain typing (MLST) system based on
five housekeeping genescOxA gatB, hcpA ftsZ andfbpA) has been developed févolbachia
(Figure7) [59], and is widely used for strain typing and to characterize strain variation within
Wolbachia However, the increasing number of genome sequenceé&/dtivachiaallows fora
more detailed characterization of their diversity, including isteain recombination eventshe
jewel wasp genus tdasoniahas been an excellent model YWolbachiaresearchl3, 52,60-62].
ElevenWolbachiastrainshave so far been identified in the four speciedagonia(Table 1)[62].
These are often maintained as multiple infections within individual wasps of each §pEcesl

have diverse evolutionary origins, indicating horizontal transfers from divergent host species.
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Figure 7. The map of the wMel (A-Wolbachia parasite of Drosophila melanogastér
chromosome shows the location of the five MLS§enes(coxA, gatB, hcpA, ftsZ and fopA)

and wspgene[59].

Table 1. The summary of Wolbachiastrains identified in the four Nasoniaspecies

Nasoniastrain in Wang
Nasoniaspecies Wolbachiastrain
Lab (w/Wolbachig

N. vitripennis - WNvit A, wNvit B
NvLabll wNvit A, wNvit B
NvV12 WNvit A
N. giraulti - wNgir A1, wNgir A2, wNgir B
NgVA19 008U wNgir A1, wNgir B
N. oneida - wNone Al,wNone A2,wNone B
NONY11/36 wNone Al
NONYAUD108 wNone A2,wNone B
N. longicornis - wNlon A, wNlon B1,wNlon B2
NIMTMC13A wNIlon A, wNlon B2
1. Nbosegeanomes and infections

Microsporidia a@ae unicellular eukaryotes that comprise a large group of obligate
intracellular fungi. They are able to parasitize a wide range of vertebrates and invertebrates,

particularly abundant in insecf83, 64] More than 1,400 microsporidia belonging to over 200
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genera have been reported thus f2aompared with other eukaryotes, the genomes of some
microsporidia are extremely compd6éb, 66] Microsporidia are highly specialized and have
undergone massive reductions in morphology, ultrastructure, metabolism, and geneaontgnt

with other adaptations to their intracellular parasitic life cy6l& 68] NosemaMicrosporidia:
Nosematidae) is one of the most diverse genera of microsporidian parasites, and they are widely

distributedin insects and other arthropdds, 64}

The honey bees are susceptible to the-kestvn Nosemaspecies,Nosema apisand
Nosema ceranadl. apisinfects the Western honey bapis melliferaThe only availabléN. apis
genome has an assembly size of 8.6 Mb, and the BUSCO score was onl\j6%.0ds ceranae
is parasitic on the Asian honey b&pis ceranaThe latest reported assembly (BRL strain) was in
good quality with agenome size of 8.8 Mb amBUSCO score of 97.0470]. Nosemasp. YNPr
has the smallest reported genome size of 3.6 Mb and a completeness BUSCO score of 84.5%,
which is pathogenic to the cabbage butteiigris rapae[71]. Nosema bombycis considered to
be a parasite of the silk moBombyx motiand the genome size Nf bombyciss 15.7 Mb with
an 83.0% BUSCO scoll@2]. The smaller genome size and lower BUSCO score suggested that
the genome assembly may be incomplete or loss of some conserved genes in microsporidia.
antheraeagq7.1 Mb) was isolated from th€hinese tussar mothntheraea pernyj73], andN.
granulosis (8.9 Mb) infects the Amphipodsammarus dueben(Table 2)[74]. High-quality
genomes are important genetic resources for the studies of comparative genomics and genome
evolution ofNosemaathogensCompared to other Microsporidi&. cuniculiGB-M1 strain: the
genome size of 2.5 Mb with 100% completengss) 76] the limitation of low GC content makes

it hard to achieve complete and highality genome assembly.
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Table 2. The genome accession numbers and hesbf Nosemaspecies

Species (strain) Host name Host order Accession

N. apis(BRLO1) Apis mellifera Hymenoptera GCA _000447185.1
N. ceranagBRL) Apis cerana Hymenoptera GCA 004919615.1
N. ceranagPA08) Apis cerana Hymenoptera GCA_000988165.1
N. ceranagBRLO1) Apis cerana Hymenoptera GCA_000182985.1
Nosema sp(YNPT) Pieris rapae Lepidoptera N/A

N. antheraeagYY) Antheraea pernyi Lepidoptera N/A

N. bombyciCQ1) Bombyx mori Lepidoptera GCA _000383075.1

N. granulosiOu3
Oub3)

E. cuniculi(GB-M1)

Gammarus duebeni Amphipoda GCA 015832245.1

Lagomorpha/

Rabbit/Human )
Primates

GCA_000091225.2

Nosemanfection, a disease known as Nosemosis, occurs throughout the world and leads
to agricultural economic losses through detrimental effects on pollinators Nuapesinfections
found in European honeybégis melliferaandN. ceranaenfections originally detected in Asian
honeybeeApis cerang69, 7779]. Nosemaparasitism has destructiveapact on honeybees,
including digestive disorders, poor colony development, and reduction in metabolism and
reproduction[80-82]. N. ceranaeis more prevalent, impairing bee health and declining bee
colonies. It damages the physical and immune barriers of honeybees, making them more
vulnerable to other pathogenic factors, whachrelated to colony collapd83-87]. Despite the
low prevalence oN. apiscompared toN. ceranae[88], there is no substantial difference in

virulence between the two species and the negative impabisagfison the infected colonies
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cannot be neglecte®9, 90] N. apiswas reported to be associated with reduced lifespan and
increased winter mortality in infected bees, and its negative effects on colony strength and
productivity have been described in several stydiz94].

AnotherNosemaspeciesN. bombycisinfects the silk motBombyx moricausing a lethal
disease called Pébrine, which is a serious threat to silk prodyé&hnThe consequences of
Nosemanfection were extensively studied due to its economic import&dhdesombycisnfected
larvae are inactive and develop slowly, with black spots spreading all over the bodies, eventually
leading to deathr2]. Currently, there is no effective treatment for the disease.

Nosemaalso infects other beneficial insects, including the parasitoid wpepies in
Muscidifurax(Hymenoptera: Pteromalidagenus which serve abiological control agestfor
filth flies. The microsporidium was first found infectiiy raptor collected from New York dairy
farms in 199(/95], and was later described Bs muscidifuracid96]. Nosemosis significantly
affects the development, longevity, and fecundity Mf raptor. M. raptor infected by N.
muscidifuracigakes longer to complete development, lives about half as long, and produces about
10% as many progeny as uninfected individ (8.

The mechanisms dosemaransmission are directly related to the control of Nosemosis.

N. bombycigan be transmitted from the mother host to their eggs vertically and gradually invades
the whole body of the larvae, including muscles, intestines, silk glands, and Malpighian tubules.
Nosemaransmission in honelees is primarily through the mouth to uninfected bBesapis

tends to restrict its life cycle to gut epithelial cells after infection, wiKileeranaeis mainly
distributed in the midgut but also spread in other tis§88s 97] Due to the limitations of

conductingNosemanfection experiments in bees, another Hymenoptarsemanodel system
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is needed for research in controlled laboratory settings to determine the infection, distribution,

transmissionand evolutiorof Nosemaand inform the control afosemosis.
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C h a p t Gemomeassembly andevolution of the parasitoid wasgs Nasonia giraultiand
Muscidifurax raptorellus

2 AMbstract

Jewel wasps in the genus blasonia are excellent models for insect genetics, genomics,
epigenetics, development, and evolutidh. vitripennis(Nv) and N. giraulti (Ng) are closely

related speciethatcan be intercrossed, particularly after removal of the intracellular bacterium
Wolbachia serving as a powerful tool to map and positionally clone morphological, behavioral,
gene expression and DNA methylation phenotypes. N\heeference genome was assembled
using Sanger and PacBio data and annotated with extensivesBiNAata. In contragtie Ng

genome is only available through laseverage resequencing. Therefate,novoassembly of a
high-quality genome is urgently needed to advance uses of this system. Wasps in the genus
Muscidifuraxhave a close evolutionary relationship to the model parasitoid géamania The
parasitoid waspMuscidifurax raptorellugM. raptorellug is a gregarious species that has received
extensive attention for its potential in biological pest control against house fly, stable fly, and other
filth flies. It hasa high reproductive capacity and can be reared easily. However, genome assembly
is not available foM. raptorellusor any other species in this genus. In this study, we report the
first de novoNg assembly using 10x Genomics linkesads with 608 sequencing depth. The
current assembly has a genome size of 259 Mbp in 3,160 scaffolds with a BUSCO completeness
score of 98.6% and a 97% perfect mapping rate of RBi\reads, indicating high quality in
contiguity and completeness. The higirality genore of M. raptorelluswas assembled using a
combination of longead (104x genome coverage) and sheatd (326X genome coverage)

sequencing technologies. The genome size is 314 Mbp in 226 contigs with a 97.9% BUSCO
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completeness score and a contig N50 of 4.67 Mb, suggesting excellent continuity of this assembly.
Our assemblies dflg andM. raptorellusbuild the foundation for comparative and evolutionary
genomic analysis in the model thie NasonidMuscidifuraxresearch system and possible future

biocontrol applications.

22l ntroducti on

Nasonia has been a good model for genetics, epigenetics, developmental biology,
evolutionary biology, and behavioral stud{8s10, 11] Whole-genome sequencing efforts have
been made iNv, Ng, and NI [98]. The Nv genome was sequenced with 6x coverage Sanger
sequencing to generat@&la novaassembly, whereddég andNI genomes were sequenced with 1x
coverage supplemented with shoetd lllumina sequences, and aligned toNiwveassembly for

referencebased genomg98].

Plenty of datasets have been publishedtlierNv genome and transcriptomes after its
reference genome was available. Crosses betiveandNg have been extremely successful for
mapping and positional cloning of genes involved in species differ§hites some cases using
chromosomal regions dflg introgressed into amv genetic background99]. Comparative
genomicdetweerNgandNvis informative to investigate many aspeaft®Nasoniabiology, such
as behavior[100], development[101], pheromoneg102], sex determinatiorf103], gene
expressiorf104-106], venom evolutiorj107], and regulation by DNA methylatidi6, 17, 98]
Therefore, a welassembled reference genomeNgfwill advancethe utility of the system by the
research community. In this study, we generated adugiity reference genome assemblyNor

giraulti, which will provide essential new genomic tools I@soniaresearch.
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Wasps in the genuduscidifuraxare also of interest for comparative genome studies, due
to their close relationship to the model parasitoid géWasonia which currently has genome
assemblies for three specj8s108] with Muscidifuraxestimated to be 15 million years divergent
[36]. M. raptorellusis an effective biological control agent of dipteran filth flies, including house
fly (Musca domestich.), stable fly Gtomoxys calcitran..]), horn fly (Hematobia irritandL.]),
black dump fly HydrotaeaaenescenBNeidemann]), and flesh flySarcophaga bullat@Parker])
[27, 30, 34] The aplication of insecticide, which is the primary control strategy, is of limited
effectiveness due to the evolution of resistant genes in these pests. Parasitoid wasps have great
potential as an alternative management strategy that is more environmernatyfand

sustainablg¢35].

Here, we report the first draft genome assemblyl ofaptorellususing PacBio longead
sequencing. This wellssembled and annotated genome will provide an essential genetic toolkit
for functional and evolutionary genomic studie®linraptorellusand its sibling species. The high
quality reference genome could also inform and facilitate future genome manipulation in parasitoid

wasps for more effective biological control strategi9].

23Mat eri Mes hadd

2.3.1 Sample source and insect rearing

The source oM. raptorellusused in this study was derived from a colony maintained by
Dr. Chris Geden at the Center for Medical, Agricultueaid Veterinary Entomology, USDA
Agricultural Research Service (Gainesville, FL). Genomic sequencing samples were collected

from two independent colonies, both derived from the same USDA colony: one maintained in at
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Auburn University College of Veterinary Medicine in Auburn, Alabama since 2019 (Aub sample),
and the other one maintained at Koppert Biological Systems in the Netherlands (Kop sample) since
20 years agoM. raptorelluswas originally collected in 1965 from Chile, but referred tdvas

raptor [110], and was subsequently describedvasaptorellusin 1970[24], and was afterward
distributed in North America for biological control efforts. The current colony was originally
established from fieldollected specimens on a New York poultry f4frhl], and maintained in

the Geden laboratory on housefly pupae. Samples from the colony were obtained by the Werren
laboratory in 2016 and maintained $arcophaga bullatpupae, and sent to the Wang laboratory

in Auburn, Alabama in 2019, and maintained on comme&aatophagdullata pupae (flesh fly

pupae) and at a constant temperature of 25°C and 24h constaniThghKop sample was
maintained orucilia spp. pupae for 20 years and was sent to the Verhulst laboratory in 2014 and
maintained orCalliphora spp. pupae since &°Cand 18h/6h light/dark. Both the Aub and the

Kop samples were from the same fully inbred straillofaptorellus

2.3.2 Genomic DNA extraction, library preparation, and sequencing

2.3.2.1 Genomic DNA extraction, library preparation, and sequencing

DNA was extracted from 2hour male adults of th#l. giraulti RV2X[u] strain. High
molecular weight (HMW) genomic DNA (gDNA) was isolated using MagAttract HMW DNA
Mini Kit (Qiagen, MD). The quality of extracted gDNA was examined on a Qubit 3.0 Fluorometer
(Thermo Fisher Scientific, USA). The size distribution oféRracted gDNA was accessed using
the genomic DNA kit on Agilent TapeStation 4200 (Agil&ethnologies, CA).

A 10x Genomic library was prepared with the Chromium Genome Reagent Kits v2 on the

10x Chromium Controller (10x Genomics Inc., CA). In brief, HMW gDNA was diluted from
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original concentrations to ~ 0.9 ng/pl with EB buffer. The diluted denatured gDNA, sample master
mix and gel beads were loaded to the genomic chip, and then ran on 10x Chromium Controller to
create Gel Beath-EMulsions (GEMs). After the run, the obtain&EMs were used for the
subsequent incubation and cleanup. Chromium i7 Sample Index was used as the library barcode.
Quality control of post library construction was accessed with Qubit 3.0 Fluorometer and Agilent
TapeStation 4200. The prepared 10x gendibrary was sequenced on a HiSeq X sequencer at

the Genomic Services Lab at the HudsonAlpha Institute for Biotechnology. An llluminasadrt
resequencing library (300 bp insert size) was made from genomic DNA samples extracted from
six N. giraultiadult males (whole body), using TruSeq DNA Sample PrepAlgjpiroximately 5&
pairedend sequencing was done usihglllumina HiSeq 2000 platform.

2.3.2.2 Genomic DNA extraction, library preparation, and sequencing

High-molecularweight (HMW) genomic DNA (gDNA) was extracted from adults of the
M. raptorellusAub sample using the Genomiilp 20/G kit (Qiagen, Catalog No. 10223) with
DNA concentration checked on a Qubit 3.0 Fluorometer (Thermo Fisher Scientific, United States).
The size distribution and gDNA quality were assessed on an Agilent TapeStation 42@@mach
(Agilent Technologies, CA) using the genomics kit (Agilent, Catalog No.-536B5). A total of
1 0 ¢ gqudlity M. haptorellusgenomic DNA was sheared into Rb fragments, and the end
damage was repaired. After sequencing adapter ligation, the Edg/mént was annealed with
Sequencing Primer v2 and Sequel Il DNA Polymerase and bound to the SMRTbell templates, and
the library was constructed following SMRTbell Template Prep Kit v2 following the CCS HiFi
library protocol (Pacific Biosciences, CA). Tleee distribution of the constructed library was

assessed using LabChip GX Touch HT (PerkinElmer, MA, United States), and the final library
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guantity was examined with a Qubit 3.0 Fluorometer (Thermo Fisher Scientific, United States).
The PacBio library was sequenced on a PacBio Sequel Il System at the HudsonAlpha Genome

Sequencing Center.

HMW genomic DNA was dilutedt® 0. 8 ng/ eL with elution buf
library preparation using Chromium Genome Reagent Kit v2 (10x Genomics, Inc., CA). The
diluted denatured gDNA, sample master mix, and gel beads were loaded to the genomic chip
following the protocol and theran on a 10x Chromium Controller to generate Gel Baad
EMulsions (GEMs). The obtained GEMs were used for the subsequent incubation and cleanup.
The Chromium i7 Sample Index served as the library barcode to provide Ivi@edation. After
quality control with a Qubit 3.0 Fluorometer (Thermo Fisher Scientific, MA, United States) and
Agilent TapeStation 4200 (Agilent Technologies, CA), the 10x genomic sequencing was

performed on an lllumina NovaSeq 6000 machine.

HMW gDNA was extracted from a pool of thirty females of kiheraptorelluskop sample
that were collected at the black pupal stdg&6( days after egtpying), using the Genomigp
100/G kit (Qiagen, Catalog No. 10243) combined with the Genomic DNA Buffer Set (Qiagen,
Catalog No. 19060). The sample was ground to fine powder in liquid nitrogen by a plastic pestle,
and the total DNA waextracted following the protocol provided by the manufacturer. After
extraction, genomic DNA was sheared irdn 830 Kb range by using gTUBE (Covaris)
foll owing the manufacturerdés protocol . The qu
checked by gel electrophoresis with 1.5% TAE agarose gel stained with Midori Green (NIPPON
Genetics) and by spectrophotometry (NanpBrd@2000, Thermo Fisher). The genomic DNA was

measuredand quality controlled at Novogene Co., Ltd. (Beijing, China). SMRTbell library
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templates were prepared for lerepd sequencing on the PacBio Sequel system using three flow
cells, to generate up to Kb long reads with an average read length e13Kb. A total of 1.57

million high-quality subreads were obtained, with an estimated read depth of 55.8x.

2.3.3Genome assembly, polishing, and assessment

2.3.3.1N. giraulti genome assembly and assessment

The raw sequencing reads from both 10x library #redllumina resequencing library
were checked for sequencing quality by FastQC vI112] before being used for genome
assembly. The genome assembly stratedN. giraulti includes the constructions of three didgt
novoassemblies using different assemblers and a final step to reconcile three draft assemblies into
a final highquality assembly. The firste novoassembly oN. giraulti genome was performed
with the Supernova 2.0 assemijlet3] using linked reads from 10x Genomics library. To achieve
the bestde novoassembly result, we examined a grid of barcode subsampling percentage
parameters and the maximum number of input raadkiding no barcode subsampling with all
linked reads. A seconde novoassembly was conducted by MEGAHIT v1.2194]. The 10x
linked reads were transferred to regular pagad Illumina sequencing reads by trimming the
barcode sequences and potential adaptor sequences with Trimmomatifl¥6]38ll trimmed
sequencing reads were used for the sedendovoassembly using MEGAHIT v1.2[414] with
all default parameter settingk addition, a thirdde novoassembly (ngirB_goodCOV) was
generated by velvet v1.2.1(116] using sequencing reads from the Illlumina shead

resequencing library
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A final high-quality assembly was generated by merging these three draft assemblies using
an assembly reconciliation tool Metassembler J1&/]. All reverse complementary scaffolds
with same length, coverage, A/T/C/G counts, as well as the duplicated scaffolds identified by self
BLAT version 35[118] were removed from the final assembly. To estimate the contiguity and
completeness of our genome assembly, two evaluation pipelines were performed: (1) genome
sequencing reads were aligned to our assembly with BX¥ZM aligner version 0.7.1[119]; (2)
transcriptomic data of different developmental stages and sexes were mapped to the current
assembly using Tophat v2.1[120]; (3)The BUSC(121] score of our genome assembly was

calculated by aligning to arthropoda_odb9 with a total of 1,066 orthologs.

2.3.3.2M. raptorellusgenome assembly, polishing, and assessment

The raw sequencing reads (Aub sample) from both PacBio library and 10x Genomics
library were checked for sequencing quality using FagiQg] before genome assemblye novo
genome assembly favl. raptorellus Aub sample was performed by Supernova 2[1243]
assembler using 400 million reads subsampled from the total amount of reads generated from the
10x Genomics library. Filtered HiFi PacBio reads were assembled by hifiasm[¥@4]3and
HiCanu v2.1.1J125], dedicated assemblers using leegd sequencing reads. The Kop PacBio
data was assembled using Canu \j226]. Aub and Kop cultures have identical mitochondrial
genomes (100% sequence identity) with only oné@@d indel. The Aub 10x Genomics reads were
aligned to the repeat masked Kop assembly using Longranger {22¥]6software suite with
ALIGN pipeline. 58,350 SNPs were called by UnifiedGenotyper in the Genome Analysis Toolkit
(GATK) [128, 129] SNP positions in repetitive regigrand variants outside the coverage depth

threshold (126600 bp) were filtered out using BEDTools v2.301B0]. A total of 11,523
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homozygote SNPs between Aub and Kop were identified, and the percentage of fixed differences
in the nuclear genome was estimated to be 0.003&%achieve the best assembly, these draft
assemblies with different assemblers from both Aub and Kop samples were merged into a draft
assembly using an assembly combination tool quickmerge v{131]. Potential bacterial
contaminations were checked and removed using a pipeline described in our previous research
[108]. The draft assembly was polished to yield a final fgghlity assembly with the lllumina
shortreads for indel correction using Pilon v1.23XB2]. The final genome assembly was
evaluated based on the N50 size of contigs, &4 read mapping percentages, and genome
completeness was assessed by BUSCO version[43Bp The BUSCO scores were calculated

using arthropoda_odb10 with a total of 1,013 orthologs.

2.3.4RNA-seq data processing and transcriptome assembly

2.3.4.1 Total RNA extraction, library preparation, and sequencing of developmental stage

samples inN. giraulti

Male and femal&. giraulti RV2X][u] strain samples were collected at five developmental
stages: @L.0hr early embryo, 124hr late embryo, 484hr larva, yellow pupa andday adult.
Sarcophaga bullatéS. bullatg pupae were inserted into foam plugs, with only anterior available
for oviposition. To obtain the male samples, two host pupae were provided to each virgin female,
allowing host feeding for 48 hr. These unmated females lay unfertilized eggs and prbduaie al
progeny. For female sample collectionated females will produce more than 90% daughters
under the experimental conditions, allowing the expression quantification of mostly female
progeny for embryo and larva stages. Six individuals were pooled per stage, except early embryo

for which 40 indviduals were pooled due to the small size. All samples were homogenized in 1
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mL TRIzol and stored aB0°C freezer. Total RNA extractions, quantification, library preparation

and sequencing protocol were previously descrjbad].

2.3.4.2 Total RNA extraction,RNA-seq data processing, and transcriptome assembly

Total RNA was isolated from adult whebedy samples of adult male and femile
raptorellus in three biological replicates for each sex from samples collected in the Werren
laboratory. The RNA extraction, quantification, library preparation, and sequencing protocol were
previously describefl07]. A total of 308,475,537 reads were obtained from six samples. FastQC
[122] was used for quality control of raw RNgeq data. The paireshd RNAseq reads were
processed with Trimmomatic v0.3815]. After trimming the potential adapter sequences, we
performed de novo assembly of thle raptorellustranscriptome using Trinity v2.4[a35], and

pre-aligned transcripts were annotated by Cufflinks v2[23B].

2.3.5 Repeatannotation

A de novoM. raptorellusrepeat database was constructed using RepeatModeler v2.0.1
[137] with the default parameters, which employs three complementary computational programs,
RECON v1.0.8[138], RepeatScout v1.0.A39], and Tandem Repeats Finder (TRE4O0] to
annotate repetitive elements in our genome assembly. RepeatScaolgt moeorepeat finder to
identify highly conserved repetitive elements, while RECON can find less conserved elements.
TRF is a program to locate and display tandem repeats. Theaybadity library of transposable
element (TE) families was then used to mask hogmls repeats and low complexity DNA

sequences using RepeatMasker v4[044 ] with RMBIlast v. 2.10.0 as the default search engine.

2.3.6 Gerpmeannotation
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2.3.6.1 Gene annotation foN. giraulti genome

The annotation of thBl. giraulti genome was performed using MAKER version 2.31.9
[142] based on the following pipeline: (1) A custdingiraulti repeat database constructed with
RepeatModeler v.1.08 using the default parameter settings, with low complexity repeat regions
softmasked by MAKER; (2) Ade novoassembly of th&. giraulti transcriptomes by Trinity v
2.4.0[143] and prealigned transcripts annotated by Cufflirjkd4]. For gene annotatioab initio
gene prediction algorithms were trained to predict gene models using protein and transcriptome
evidence by EST2GENOME and PROTEIN2GENOME in MAKER. After filtered based on gene
length and quality, the predicted genes were then used to train both the SiNhE AUGUSTUS
gene predictors. The results were fed to MAKER to repeat this procedure for another round, to

generate the final predicted genedingiraultigenome.

2.3.6.2 Gene prediction and functional annotation foM. raptorellusgenome

To annotate the structures and functions ofMheaptorellusgenome, we integratesb
initio and RNAseq based methods to predict the genes in repasiked assembly. For RNgeq
prediction, the trimmed RN&eq reads were aligned to the repeasked genome assembly using
Tophat v2.1.1145], and then assembled into transcripts using cufflinks v P126] with default
parameters. In additiode novaassembly oM. raptorellustranscriptome was achieved by Trinity
v2.4.0[135]. The annotation of the genome assembly was performed using MAKER 2.84].9
annotation pipeline. Gene models were predicted wanigitio gene prediction algorithms with
protein and transcriptome evidence by EST2GENOME and PROTEIN2GENOME procedures in
MAKER. The generated GFF3 file and assembled transcriptome fromdgiArediction were

provided as expressed sequence tags (ESTs) eviddmeArthropoda_odb10 dataset served as
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protein homology evidence. After evaluation and filtering with evidence scores, the predicted
genes were used to train both the SNA®7] and the AUGUSTUS$148, 149]gene predictors.

Two additional iterations were performed to generate the final predicted gene modés for
raptorellusgenome A homologybased gene prediction tool, Gene Model Mapper (GeMoMa)
[150], was also utilized to annotate the coding geneMirraptorellus using wellannotated

Nasonia vitripenni©OGS2 (official gene set 2)151] as the protein reference.

2.3.7 Comparative genonic analysis

2.3.7.1 Comparativegenomicanalysis betweerN. giraulti and N. vitripennisgenomes

To compare the genome structure betwblergiraulti and N. vitripennisgenomes, we
conducted wholggenome alignment of olMg assembly and the recedtr genome assembly of
[152] using NUCmer in the MUMmer v4.0 program suite with default p parameter sditb®]s
The pairwise alignments (match length longer than 500bp) betWgencaffolds andNv

chromosomes were visualized using Mummerlé8].

To identify the candidatblg-specific genes, genes with no assigned orthogroup between
N. giraulti and N. vitripenniswere generated using OrthoFinder v2.PLB34]. The Ng genes
identified to have no assigned orthogroup Wthwvere potential candidates fg-specific genes.
To ensure the absence of these candidatié® Mv genome, protein sequences of these candidate
Ng-specific genes were BLASTed to twdv genome assemblies, including tNe reference
genome assembly (GCA_00000232598] and the newly releasédv PacBio genome assembly
(GCA_009193385.1155] with an Evalue cutoff of 1E5 and protein length larger than 30. Genes

with no BLAST hit to the twoNv genome assemblies were then aligned to the anndiged
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transcripts. The annotatédy transcripts were generated with availabig RNA-seq data from
different developmental stages and sexes (Embryo stagg&®hf) 1024 hr, 2436 hr, female and
male pupa and adult) using Cufflinks44]. Genes with support from annotated transcripts were
kept asNg-specific candidates. The protein sequences of these genes were alignedNto the
vitripennis (Nvit_psr_1.1)[152] and Trichomalopsis sarcophagagssemblies using tBLASTn
with an Evalue cutoff of 1E5. The final genes were annotated using both Blast2GO and

KofamKOALA with an Evalue cutoff of 1E4.

2.3.7.2 Comparativegenomicanalysis betweerM. raptorellusand N. vitripennisgenomes

To compare the genome structure betwdemaptorellusandN. vitripennisgenomes, the
homologous regions these two genomes were identified using MCSc§tb6] with default
parameterswhich is a Python package for synteny detection and evolutionary andljisis
inferred gene pairs and linked relationships were visualized and placed in the context ef whole
genome collinearity using a genomic circle generated by C[dd®4. The chromosomkevel
genome assembly of. vitripennis(Nvit_psr_1.1)152] was downloaded at NCBI Assembly with

accession number GCA 009193385.2.

2.3.8 Phylogenetic analysis

2.3.8.1 Phylogemtic analysis ofN. giraulti and eight sequence@rthropod species

We conducted a phylogenomic analysis using our assermbigidaulti genome aneight
other sequencedinsect genomes, including the fruit flyDrosophila melanogaster
(GCA _000001215.4)[158], pea aphidAcyrthosiphon pisum(GCA_005508785.1)[159],
honeybee Apis mellifera (GCA _003254395.2) [160], water flea Daphnia pulex
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(GCA_000187875.1161], human licePediculushumanugGCA _000006295.1162], mosquito
Anopheles gambia@GCA_000005575.1)163], silkk moth Bombyx mori(GCA _000151625.1)
[164], and jewel wasplasoniavitripennis(GCA_000002325.2)98]. Homologous genes among
these 9 genomes were identified using OrthoFiftie4, 165]with default settings. The protein
sequences of the core singlepy genes shared in all 9 genomes were aligned with MAFHED7

[166]. ProtTest 3[167] was used to evaluate The b&stmodel of protein evolution. The
Maximum Likelihood (ML) phylogenetic tree of the concatenated protein sequence was inferred
by using RAXML v8.2[168] with the VT protein model (best fit model identified by ProtTest 3)

and 1,000 rapid bootstrap replicates.

2.3.8.1 Phylogenetic analysis dfl. raptorellusand nine representativeHymenoptera insect

species

To investigate the phylogenetic relationship betwedn raptorellus and other
Hymenoptera insect species, nine representative species (jewel Neagmia vitripennis
honeybeeApis mellifera turnip sawfly Athalia rosae fig wasp Ceratosolen solmsi marchali
Indian jumping antHarpegnathos saltatorBraconid waspMicroplitis demolitor wood wasp
Orussus abietinysred paper waspPolistes canadensisand minute polyphagous wasp
Trichogramma pretiosujnwere selected from 40 Hymenoptera species in OrthoDB v10.1

(https://www.orthodb.org/[169]. A total of 4,390 1:1 singleopy orthologs among these nine

genomes were identified. The protein sequencelifaaptorelluswere aligned tdN. vitripennis
using BLASTp alignments with a minimum of 60% sequence identity, and 3,662 1:1 orthologs
were identified. Subsequently, the protein sequences of the -simgyeorthologs in the nine

species were extracted from the OrthoDB fasta file Mnihptorellusprotein sequences of these
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genes were extracted from our genome assembly. The protein sequences across the selected
Hymenoptera species aMl raptorelluswere independently aligned with MAFFT v7.4{1566].

The protein alignments were concatenated for phylogenomic analysis. ProfI@#} Was used

to estimate the best protein model of protein evolution. The maxihkeithood (ML)
phylogenetic tree was finally built with the concatenated protein sequence by using RAXML v8.2
[168] with the best JTT protein model. 1,000 rapid bootstrap replicates were applied for evaluation

of their branch supports. The tree was displayed by FigTree v1.4.4

(http://tree.bio.ed.ac.uk/software/figtree/

24Resul t s

24.1 Genome assembly and assessment

24.1.1 Genome assemblgnd assessment foN. giraulti

The draftde novoassembly was found to contain some artifacts, which was also reported
for this assembler in a recent stydlyO]. We removed all the identical or nearly identical scaffolds
as well as reverse complementary scaffolds prior to subsequent analyses. All thede tionez
assemblies generated from different algorithms were further reconciled using an assembly
reconciliation tool Metassembl¢t17]. To identify the mitochondrial scaffold, we aligned the
final assembly to the previously assembled mitochondrial genorNe gifaulti. Scaffolds with
high identity (>90%) and high coverage (>16,8D@ere assigned as mitochondrsaaffolds
(Figure8). The detailed genome statistics of our final assemblN. giraultiand all other available

wasp genomes, including previously assembled genomes, arerlidteble3. The final genome
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assembly oN. giraultiis a total of 259,040,977 bp in 3,160 scaffolds. The contig N50 is 34,917

bp and the scaffold N50 is 545,346 bp, respectively

Ng genome Ng mtDNA

06 A

04

GC%

02 A

00 A

100 1000 10000
Coverage of Scaffold

Figure 8. Scaffold median coverage and GC content in thi. giraulti genome assembly

Scatterplot of median coverages onxtrexis and GC percentage on jhaxis for eachN. giraulti

scaffold. Red dots represedg genome scaffolds, and green triangle repreégtatDNA.

Table 3. Statistics of theN. giraulti genome assembly compared to other wagpecies

Genome

assembly Ngir_v5 Ngir_1.0 Nvit_2.1 Nlon_1.0 Tsac_v1
Species N. giraulti N. giraulti N. vitripennis N. longicornis T. sarcophaga
No. of scaffolds 3,16C 4,91z 6,09¢ 5,214 4,0891
No. of contigs 14,03¢ 373,227 25,48¢ 385,077 57,93(
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Scaffold length

bp) 259,040,97 283,606,95 295,780,87 285,726,34 236,484,27.
g)%')‘“g length 255,292,56 178,561,03 238,616,30 181,397,29 235,211,35
Gap percentage 15% 37.0% 19.3 % 36.5 % 0.5%
ﬁ)cpf’;ffo'd NS0 545,34¢ 759,431 897,13 758,401 22,35
Contig N50 (bp) 34,917 1,972 18,84( 1,877 9,957
ﬁ)cp”;ffo'd N9O 46,391 62,47C 46,45¢ 59,33/ 2,77¢
Contig N90 (bp) 9,262 163 4,18¢ 162 1,947
Scaffold

maximum 6,445,08° 9,412,11; 33,571,68 9,412,41 350,167
length (bp)

Contig

maximum 385,69¢ 35,70z 226,69¢ 39,25¢ 140,64¢
length (bp)

Percentage of . c
comtrold DEoKkh 89.51 91.3¢ 89.44 91.02 26.3¢
GC contents 38.05 % 39.40 % 38.33% 39.02 % 40.29 %
BUSCO 98.6% 97.0 % 97.0 % 92.8 % 98.6 %
completeness

GenBank

assembly QLYP0000000I GCA_000004775. GCA_000002325. GCA_000004795. GCA_002249905.

accession No.

The 10x Genomics reads were aligned to the final assembly to compute the summary
statistics. The average scaffold coverage is 671.87x% and theo@ént is41.4 % (FigureB).
RNA-seq reads from different development stages Kéaterials and Methodsn N. giraulti
samples were also aligned to the final assembly with an average mapping percentage of 97%,
indicating a highquality assembly oN. giraulti genome. To assess the completeness of this
genome, the BUSCO scores of all five wasp genome assembliegemerated (Tabl®). The

BUSCO completeness score for the current assemibly gifaultiis 98.6% (N=1,066; Complete:
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98.6%; Fragmented:0.4%; Missing:1.0%), indicating a high level of completeness of our genome

assembly.

24.1.2 Genome assembly and assessment kbr raptorellus

Two independent PacBio libraries were constructed for the assembly r@ptorellus
genome (see Materials and Methods). The PacBio Sequel Il HiFi reads (14,992,520,996 bp)
generated from Aub sample were assembled using hifiasm and HiCanu, and the Kop PacBio data
(17,675,696,457 bp) wassembled using Canu (see Materials and Methods). The genome size of
all three assemblies ranges from 315.7 to 316.9 Mbp (Aabdnich is very close to the estimated
size from 10x Genomics data using Supernova based-merKprofiles (315 Mbp), indicating
high confidence in the genome size. The merged genome has significant improvement over
individual assemblies, in terms of reduction in the number of contigs (from 527 to 226), increase
in contig N50 (from 1.5 Mb to 4.7 b) andmaximum contig length (from 8.7 Mb to 21.2 Mb), as
well as a reduced proportion of duplicated BUSCO (from 2% to 1.1%), without sacrificing the
DNA and RNA sequencing mapping rate (Ta#leThe final assembled genome3is3,931,273
bp in length with 226 scaffolds (GC content is 40.06%) and a circularized mitochondrial genome
(GenBank accession numb®T985329)[171]. The contig N50 is 4,673,378 bp, and the BUSCO
completeness score is 97.9% (96.8% shugley, 1.1% duplicated, 0.5% fragmented, and 1.6%
missing). The adult RNAeq reads were aligned to the raptorellusassembly using Tophat
[120], and 97% of the reads were mapped to the genome. The 10x Genomicsahdeta were
also mapped to the genome assembly, and the alignment rate was 96.68%. The proportion of the
genome with zero depth is 0.06%. The assembly and mapping statisticd sugjgithe quality of

our assembly is high in both genome completeness and continuity @yable
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Table 4. Summary statistics of theMuscidifurax raptorellusgenome assemblies

Genome assembly Aub_Hifiasm  Aub_HiCanu Kop_PacBio Final

Data and coverage

15.0 Gb 15.0 Gb 17.7 Gb
PacBio sequencing data Sequel I CCS Sequel Il CCS Sequel CLR -
reads reads reads
lllumina sequencing data 81.6 Gb 81.6 Gb 20.6 Gb -
CCS: 48x CCS: 48x CLS: 56x PacBio: 104x

Genome coverage Hlumina: 260x lllumina: 260x lllumina: 66x Illumina; 326x

Assembly statistics

Genome size (bp) 315,727,724 316,569,142 316,926,883 313,931,273
No. of scaffold 489 527 384 226 + chrM
Scaffold N50 (bp) 1,479,014 2,597,351 2,784,708 4,673,378
Contig N50 (bp) 1,479,014 2,597,351 2,784,708 4,673,378
Maximum contig length (bp) 8,668,935 14,498,644 14,510,203 21,163,931

Completeness

BUSCO completeness 97.90% 97.90% 97.90% 97.90%
singlecopy BUSCO 95.90% 95.90% 96.20% 96.80%
duplicated BUSCO 2.00% 2.00% 1.70% 1.10%
fragmented BUSCO 0.50% 0.50% 0.50% 0.50%
missing BUSCO 1.60% 1.60% 1.60% 1.60%

Mapping statistics

% of gDNAseq reads mapped 96.67% 96.74% 96.71% 96.68%
% of gDNAseq covered positions 99.99% 99.91% 99.78% 99.94%
Adult RNA-seq, all mapped 97.41% 97.49% 97.42% 97.24%
Adult RNA-seq, uniquely mapped 95.02% 94.78% 95.19% 94.56%
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2.4.2 Repeat annotation

2.4.2.1Repeat annotation forN. giraulti genome

In our curreniN. giraultiassembly, we have identified a total repeat content of 83,899,561
bp, by using aNg-specific repeat library, consisting of approximately 32.39 % ofgthreome
assembly (Tabl&). Among the classified repetitive elements, the top three repeat types are DNA

elements (7.58%), LINEs (6.71%nd SINEs (6.68%) (Tab®.

Table 5. Summary of repetitive element content found in thé\. giraulti genome assembly

Categories Number of Length occupied Percentage occupied
elements (bp) (%)
SINES 586 99,652 0.04
LINEs* 18,830 17,387,298 6.71
LTR* elements 23,401 17,311,094 6.68
DNA elements 41,707 19,644,786 7.58
Small RNA 25 4,445 0.00
Satellites 1,824 745,156 0.29
Simple repeats 130,377 5,623,109 2.17
Low complexity 8,384 400,042 0.15

*SINEs: Short interspersed nuclear elements

*LINEs: Long interspersed nuclear elements

*LTR: Long terminal repeat

2.4.2.2 Repeat annotation forM. raptorellusgenome
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Repetitive regions accounted for 40% of Meraptorellusgenome with a total length of
126 Mbp based on thd. raptorellusspecific repeatlatabase (Tabl@). The proportion of repeat
regions is similar to that itNasonia vitripennisa jewel wasp species in tiNasoniagenus
(40.27%). LINEs (6.0%) and Gypsy (7.2%) elements are the most abundant claddes in
raptorellus both with significantly higher abundance compared to thode intripennis(Table

6).

Table 6. Summary repeat element classes Muscidifurax raptorellusand Nasonia

vitripennis genomes

Muscidifurax raptorellus Nasonia vitripennis
# of elements Length (%) # of elements Length (%)
Retroelements
Penelop 913 327,347 (0.1%) 1,065 317,344 (0.11%)
LINEs* 17,663 18,752,397 (5.97%) 14,783 14,534,403 (5.07%)
L2/CR1/Re) 7,925 7,800,224 (2.48%) 6,577 5,837,873 (2.03%)
R1/LOA/Jocke) 6,013 6,346,9052.02%) 4,008 3,617,626 (1.26%)
R2/R4/NeSl 0 0 (0%) 151 406,741 (0.14%)
LTR* elements
BEL/Pac 1,496 1,683,607 (0.54%) 883 993,809 (0.35%)
Tyl/Copie 1,992 1,660,186 (0.53%) 2,396 2,624,950 (0.91%)
Gypsy/DIRS: 17,473 22,464,754 (7.16%) 9,516 9,681,184 (3.37%)
DNA transposons
hobaActivator 5,99 261,203 (0.08%) 646 248,902 (0.09%)
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Tc1-1IS636-Pogc 5,037 2,550,239 (0.81%) 3,453 4,340,897 (1.51%)

PiggyBac 443 257,410 (0.08%) 549 293,323 (0.1%)

TouristHarbinge 115 54,423(0.02%) 61 35,468 (0.01%)
Rolling-circles 2,391 1,701,169 (0.54%) 5,841 2,970,560 (1.04%)
Unclassified 136,718 55,208,650 (17.59%) 136,074 63,582,769 (22.16%
Simple repeats 150,695 6,103,642 (1.94%) 132,857 5,673,959 (1.98%)

Low complexity 10,350 497,537 (0.16%) 8,588 400,956 (0.14%)
Total 359,224 125,669,693 (40.03%) 327,448 115,560,764 (40.27Y%

*LINEs: Long interspersed nuclear elements

*LTR: Long terminal repeat

24.3 Gene annotations

2.4.3.1 Gene annotation foN. giraulti genome

After all the repeat regions were safsked by MAKER; the final annotation resulted in
14,777 protein coding gené&hencomparing the annotated gene®ipandNyv, there are 10,640
oneto-oneorthologousgenes shared betwesly andNv, and 83.7%\Ng genes were assigned in

orthogroups betweeNg andNv.

2.4.3.2 Gene annotation foiM. raptorellusgenome

After repeat regions were seoftasked, the firstound MAKER annotation based on
Trinity output generated 18,392 gene models. Subsequent MAKER iterations resulted in 10,362
proteincoding genes supported by both RIS8&g and gene prediction algorithms. Amgdhem,

7,520 singlecopy orthologs were identified betwelnraptorellusandN. vitripennis To evaluate
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the completeness and quality of predicted genes, we compared the gene length distributions of the

7,520 orthologs and found an average CDS length of 1,008\bjraptorellus(standard deviation

= 1,585) and 1,035 bp iN. vitripennis(standard deviation = 1,631). The 3,662 singiey 1:1

orthologs betweeM. raptorellusand nine otheHymenopteran species also have similar CDS

length distributions (Figur®), indicating good gene model quality for these orthologMin

raptorellus To perform the gene aatation using an independent approach, 9,520 protaing

genes (with 20,493 transcript isoforms) were annotated using the hgnfilegd gene predictor

GeMoMa[150]. 417 tRNA (transfer RNA) genes and 83 rRNA (ribosomal RNA) gene clusters

were also annotated in the genome.
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Figure 9. Comparison of the gene length distributions for 3,662 shared 1:1 single copy

orthologs in M. raptorellusand nine representative Hymenopteran species.
2.4.4 Genome comparisons
24.4.1 Genome comparison betweeN. giraulti and N. vitripennis

Ng scaffolds were mapped to each chromosome dilthessembly(GCA_000002325.2)
[98] with BWA-MEM aligner[119]. Overall, the alignments are consistent betwsgrand Nv
with a few insistencies (Figur&0). A total of 1,137Ng scaffolds were aligned to thev
chromosomes (TabléandTable8), accounting for 89.3% of the total chromosome lengtkivn
The average sequence identity in these aligned reg®3s23%. As a useful tool for comparative
analysis and interspecific mapping, we provide a sétb47,972high-quality single nucleotide
polymorphisms between tiNgandNvgenome assembls The SNPs fall 6.1% percent into exons
(3.4% of these are synonymous and 2.7% are nonsynonymous), 16.3% percent in introns, and 77.6%
percent are intrageni€hese represent either speespecific or strairspecific differences, which

will be resolved in the resequencing of multiplg strains in future work.
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Figure 10. Chromosome level alignment betweem. giraulti scaffolds andN. vitripennis

chromosomes.

Dot plot showing comparison betwelig andNv genomes. Red stands for a forward match and

blue stands for a reverse match.

Table 7. Alignment length and percentage oN. giraulti scaffolds toN. vitripennisgenome

Nv Number Sequence Chromosome Chromosome
of Ng Length (bp) = que coverage (top
chromosome scaffolds identity  coverage (all)

10)

Chrl 490 29,245,964 93.36% 87.11% 39.32%
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Chr2 324 27,672,334 93.19% 91.34% 66.15%

Chr3 320 24,746,805 93.13% 91.53% 59.82%
Chr4 371 12,841,562 93.09% 86.72% 69.24%
Chr5 232 9,050,462 93.43% 87.74% 79.30%
Total 1,737 103,557,127 93.23% 89.30% 58.60%

Table 8. The top 10N. giraulti scaffolds covering each oN. vitripennischromosomes

chrorlr\1lc\)lsome Nv c?eri)]glt?]some Ngs;:r%féold Ng scaffold length Total match length ,iﬁaveer:;lgle
SCAFFOLD14 2,118,795 1,855,993 91.43%

SCAFFOLD20 1,784,763 1,613,333 93.16%

SCAFFOLD17 1,992,319 1,495,766 93.65%

SCAFFOLD16 2,032,568 1,396,719 93.12%

Chrl 33,571,687 SCAFFOLD11 2,387,156 1,379,907 92.37%
SCAFFOLD33 1,338,229 1,259,619 93.34%

SCAFFOLD34 1,334,651 1,203,410 93.49%

SCAFFOLD30 1,374,614 1,202,006 91.63%

SCAFFOLD41 1,098,727 998,038 93.93%

SCAFFOLD51 930,897 796,142 93.80%

SCAFFOLD1 6,445,087 5,124,810 92.76%

SCAFFOLD4 4,081,301 3,812,105 92.98%

SCAFFOLD7 3,257,095 2,989,469 91.66%

SCAFFOLD12 2,386,129 2,225,524 93.03%

Chro 30.297 376 SCAFFOLD29 1,416,399 1,249,871 93.76%
SCAFFOLD31 1,357,603 1,133,339 92.07%

SCAFFOLD28 1,438,783 936,736 92.30%

SCAFFOLDA47 988,996 912,318 94.59%

SCAFFOLD48 974,174 829,937 93.48%

SCAFFOLD55 901,160 828,761 93.80%
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SCAFFOLD6 3,380,798 3,081,875 93.49%

SCAFFOLD9 3,152,063 2,851,521 93.52%
SCAFFOLD21 1,778,028 1,709,509 93.56%
SCAFFOLD23 1,747,365 1,644,700 92.61%
Chr3 27,037,145 SCAFFOLD24 1,726,916 1,568,524 91.65%
SCAFFOLD15 2,064,749 1,480,470 92.03%
SCAFFOLD38 1,106,630 1,040,392 91.98%
SCAFFOLD36 1,137,620 979,265 90.51%
SCAFFOLD35 1,161,403 954,878 94.10%
SCAFFOLD1 6,445,087 862,861 90.86%
SCAFFOLD3 5,274,031 2,846,201 92.24%
SCAFFOLD26 1,575,316 1,505,432 93.49%
SCAFFOLD32 1,347,799 1,258,721 91.59%
SCAFFOLD27 1,476,458 1,183,034 93.97%
Chra 14,808,204 SCAFFOLD46 1,000,992 926,513 93.08%
SCAFFOLD56 894,343 840,807 91.17%
SCAFFOLD70 697,421 597,759 92.42%
SCAFFOLDS80 606,933 545,622 92.43%
SCAFFOLDG67 716,332 292,228 93.97%
SCAFFOLD124 412,340 256,496 92.39%
SCAFFOLD5 3,899,944 2,156,984 94.06%
SCAFFOLD3 5,274,031 2,149,273 94.13%
SCAFFOLD13 2,227,120 2,076,974 92.33%
SCAFFOLD22 1,756,827 1,411,978 94.50%
Chi5 10,315,142 SCAFFOLD101 507,482 234,307 92.14%
SCAFFOLD78 614,452 45,731 95.88%
SCAFFOLD903 38,670 37,454 94.52%
SCAFFOLD187 259,829 27,322 91.96%
SCAFFOLD598 76,236 24,715 91.81%
SCAFFOLD625 72,788 15,116 91.50%

2.4.4.2 Genome comparison betweeM. raptorellusand N. vitripennis
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N. vitripennisand the congeners M. raptorellus, M. uniraptorandM. zaraptor have a
haploid karyotype of n = BL72-174]. A total of 25 scaffolds from ouvl. raptorellusassembly
with a total length of 187.4 Mb (59.766 the whole assembly) were unambiguously aligned to the
five assembled chromosomes M. vitripennis genome (Figure 1). The N. vitripennis
chromosome assembly was based on recombination data between two closely related\species (
vitripennis and N. giraulti) [175, 176] with all nonrepetitive and noitentromeric regions
correctly assembled and oriented (total chromosome size 159.4 Mb, 55% of the genome). The
remaining 40%of repetitive regions (Tableg) were not assembled intdl. vitripennis
chromosomes. The majority Nf vitripennischromosomal regions have a collinearity relationship
to M. raptorellusscaffolds (Tabled), suggesting high evolutionary conservation. The synteny
analysis results also identified regional inversion, translocation, and duplication everttisyilthic

shed light on the genome evolution in these two genera.
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Figure 11. Genome comparisons betweekuscidifurax raptorellusand Nasonia vitripennis

A total of 25 largest scaffolds in thM. raptorellusassembly showed a ote@one relationship

with the five chromosomes in tive vitripennisgenome. Chrs-5b on the left of the circle represent
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N. vitripennis chromosomes, and scaffolds on the right represé&ntaptorellus assembled

scaffolds.Parts of the figure were created with BioRender.com.
2.4.5 Phylogeretic relationships
2.4.5.1 Phylogemtic relationship betweenN. giraulti and eight selectedrthropod genomes

We compared thllggenome to 8 other sequenced arthropod genomes (fruit fly, pea aphid,
honeybeewater flea, human lice, mosquito, siloth and jewel waspV), to identify a core gene
set for phylogenomic analysis. A total of 348 singigy 1:1 orthologs were identifiedgis most
closely related tdNv, and they cluster withoneybeganother Hymenoptera speci{@gure12).

These348 singlecopy ortholog provide a useful gene set for evolutionary analysis.
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Figure 12. Phylogenetic relationships oN. giraulti with eight selected arthropod species.

A phylogenetic tree dN. giraulti with 8 other arthropod species was constructed based on a total
of 348 singlecopy 1:1 orthologs. The selected arthropod genomes are from fruit fly, pea aphid,

honeybeewater flea, human lice, mosquito, silk moth and jewel videgonia vitripennis

relationship betweenM. raptorellus and nine representative

24.5.2 Phylogenetic

hymenopteran species
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To construct the phylogenetic treeMf raptorellusand other hymenopteran species, we
used 3,662 singleopy 1:1 orthologs in nine species (turnip sawfly, parasitic wood wasp, Braconid
wasp, minute polyphagous wasp, jewel wasp, fig wasp, paper wasp, ant, and hordybee).
raptorellusclustered with the chalcid wasp species within the superfamily Chalcidoidea (Figure
13). M. raptorellusis the closest outgroup species to the jewel Wesmniagenus that has a high
guality reference genome, which will fatate the evolutionary studies in tiNasoniasubgroup

and parasitoid wasp comparative genomics.

0.1949 . i . <
Apis mellifera Q‘F,Wl (Honeybee)
0.07 0.0275 p \
—
0.2184 3,
0.0794 Harpegnathos saltator %@  (Ant)
® bootstrap = 100 ‘
0.2255
Polistes canadensis \r’ﬁ’ (Paper wasp)
0.1995 Ceratosolen solmsi marchali ®=%&® (Fig wasp)
0.0357
0.0382 \/
— 1 — ¢ 0.0321 o Y
— Nasonia vitripennis % (Jewel wasp)
0.2169 0.0057 T 0.0834 hh \/
——— Muscidifurax raptorellus i
v
0.152 0.3725 : o
- Trichogramma pretiosum ~/ % <
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Orussus abietinus «7%. (Wood wasp)
Athalia rosae ,{rﬂ- t_; (Sawfly)

Figure 13. Phylogenetic relationship betweenM. raptorellus and nine representative

hymenopteran species.

A maximumlikelihood phylogenetic tree dfl. raptorelluswith nine other hymenopteran species

was constructed based on 3,662 shared 1:1 soogle proteins using RAXML v8.2. The sawfly
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Athalia rosaewas used as the outgroup. The bootstrap values are supported at 10@21€6agth

of each branch is shown on the branches. Parts of the figure were created with BioRender.com.

25Di scussion

2.5.1 High-quality genome assemlyl of parasitoid waspNasoniagiraulti

Supernova 2.0 assembl@rl3] was used for th&lg genomic assembly with barcode
subsampling strategy. The best Supernova assembly has a contig N50 of 36.14 Kb and a scaffold
N50 of 400.25 Kb, which was obtained by using 20% barcode subsampling of 140 million input
reads. Interestingly, using all available reads with no baresatbsampling provided the worst
assembly result. This can be caused by the overkill of read coverage),~6bizh might lead to

fragmented assembly due to the presence of sequencing errors.

The previousNgassembly was based on @anger and 20lllumina shortread alignments
to an earlieNvassembly9]. Compared to referenassistedg assembly, oude novaassembly
was significantly improved in contig level widgmuch lower number of contigs and larger contig
N50. The gap percentage is only 1.5% of the whole assembly, which surpasses most of the previous
Nasoniagenome assemblies. Although the scaffold N50 of the wkiggenome i£545Kb, the
scaffold N50 of the protetnoding genecontained scaffolds (a total of 1,393 scaffolds) is 664.6

Kb, indicating the high quality of our current assembly edkenic regions.

2.5.2 Potential functions ofNg-specific genes

We further compared thig gene sets with thBlv annotated gene set OGEZ7] to
determine if there are any candidatesNgrspecific genesnfethods see Figure J14A total of

2,361Ng-specific candidate genes were generated by Orthofjfh8d}. The protein sequences of
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these candidate genes were BLASTed td\ngenome. A total of 11Rgcandidate genes showed

no hits to the reference andv PSR1.1 genome assembligss2]. To exclude potential
pseudogenes iNg, these 112 candidate genes were then aligned fdghmanscripts annotated

by Cufflinks[144] and 45 genes were retained. The protein sequences of these genes were aligned
to NvPSR1.1 again using tBLASTn and three more genes were excludath@cutoff= 1E-5),

resulting inthefinal list of 42Ng-specific genesTwenty-eightof theseNg-specific genes have a
tBLASTn hit in Trichomalopsis sarcophagadsarg, which is a sister species to thNasonia

genus, suggesting that they could be degenerated gehds Tinerefore we divide this class
furtherNamsgent2® dien e s, ntiwthe aonotatelvgenomebut ane foungd e

in the closely related specigsichomalopsis sarcophagae a nd 1 4 Ngnaonvdei | doa t gee niie s
which are not found in eithedv or Tsarc Among these\g-specific genes, eight genes are
annotated with Evalue < 1E4 and identity >40% to the NCBI NR database. These include
hypothetical protein TSAR 007225, NADH dehydrogenase (ubiquinone) flavoprotein 3, T
complex protein 1 subunit eta, gem associated prétePREDICTED uncharacterized protein
LOC107980813, collagetype Il alpha, [histone H4N-methytL-lysine20 Nmethyltransferase,

and neuropeptides capeceptorlike geng(Table9). The BLAST2GO functional analysis revealed

that these 42 genes are enriched for genes involved in gluconate transmembrane transporter
activity (Figure15). The genes warrant further study to investigatr possible origins and

functions
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2,361 candidate genes 112 candidate genes

Ng genes with no
assigned orthogroup

Sequences of the
candidate genes
were identified by were BLASTed to the

OrthoFinder

Nv genome

42 candidate genes 45 candidate genes

Protein sequences were
aligned to Nv PSR1.1
genome using tBLASTn

Protein sequences
were aligned to Ts

genome using | 14 Ng-novel genes
tBLASTn h

28 Nv-absent genes

Figure 14. Workflow of bioinformatic identification Ng-specific genes compared tblv.

Table 9. Summary of Ng-specific genes compared tblv

g‘gr']sép%: ific Ng scaffold S:Jfrl]itnks Category E-value  Annotation ,Sb\gfrt]vc\)lgart;on
NGIV500666  SCR-LOLDTS 27 Nwabsent 2.30E05 Z'Jﬁ%':igggé’ﬂg%i:?;ee 3 KofamKOALA
NgirV511084 fgfﬁ';';(gs';%z“: 46 Nv-absent 1.20E14 %‘X’Fteh_%tgfz'gsr°tei” BLAST2GO
Ngirv511319 gg%';;gggzlo%s 2 Nwv-absent 2.60E05 gem associated protein 4 KofamKOALA
Ngirv511696 ?gzg';';%‘s%lsg 14 Ng-novel 7.70E05 collagen, type Il, alpha KofamKOALA
Ngirv512673 gg&zg%%zm: 16 Nvabsent 1.10E08 'el't-;omplex protein 1 subunit . t» mkOALA
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Figure 15. Functional clustering analysis ofNg-specific genes using Blast2GO.

2.5.3 The significance of parasitoid waspNasoniaand Muscidifurax in genetic research

The genufNasoniahas been a frequently used model systentHersubject ofjenetic,
ecological, evolutionary, and developmental research in parasitoid wasps f@oxears.The
genome size of jewel wadfasoniais approximately 300 Mbwith 5 chromosomes, which is only
Y, of fruit fly Drosophila In contrast toexisting insect model system$Jasoniahave several
advantagg including a haplodiploid sex determination mechanigt8], ease of handlingnd
rearing,large family size, @omplete set of DNA methyltransferag®s 14], a short generation
time, photoperiodic diapause respon2g andthe availability ofsequenced genomg}. These
featurescollectively make ita superior organism for genetic researblasoniacan be readily
inbredto maintain the health of linaga the laboratory The inbred straiis particularlysuited for
thestudyof speciesspecific traiinheritanceMoreover four closely relate@gpecies in th&lasonia
gents caninterbreed angroduceinterspecies hybridafter the removal of the endosymbiont
Wolbachia The interfertile Nasonia species allows us to investigate the chromosonal
translocatiorand associatettaits betweendifferent speciesOur high-quality genome assembly
of N. giraulti will serve as asefulgenomic resourcir genetic and comparative genorstades

in theNasona genus.

The parasitoid wasp genlduscidifuraxis estimatedo havediverged fromthe Nasonia
genusapproximately 15 millioryearsago[36]. Fourclosely relatedgpecies were identified in the
genusof Muscidifurax The gregarious specidd. raptorellusand the two solitary specidd.
raptor and M. zaraptor have received extensive studies and are commonly produced for

commercial purposedhe feature thadistinguishedM. uniraptor from its sibling species in the
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Muscidifuraxgenus isthe unique reproductive stratedggnown asthelytokous parthenogenesis,

where each host produces only one female offspaind no males are involved in the reproduction
processThe parthenogenesis M. uniraptoris triggeredby an A-supergroup/NolbachiawUni

[32, 33] The diverse reproductive strategiesheMuscidifuraxgenus make it an excellent model
system forthe study of sexual vs. asexual evoluti@ur assembled highuality M. raptorellus
reference genome holds particular significance as it can serve as the closest outgroup species to
the jewel wasNasoniagenus in evolutionary studies and parasitoid wasp comparative genomics.
Therefore theunique characteristics, genetiass, and availability of genomic resources of both
Nasoniaand Muscidifurax generaprovide a valuablemodel systemfor research ingenome
evolution,host preferencdyostparasitecoevolutionand interactionsvhichshed light orvarious

aspects of parasitoid wasp biology and genetics.

2.5.4 Theapplication of parasitoid waspNasoniaand Muscidifurax in pestbiological control

Pest flies can cause a huge economic loss on livestock operations. The impact of stable
flies on feeder cattle dropped feed efficiency by 10% to 15%, and gains were reduced by 0.2 to 0.5
pounds per dajl 78]. When dairy cattle spend their energy getting the flies off their legs, bunching
in a corner, or not eating, milk production can be reduced by almost 2.2 pounds per day. It is
estimated that stable flies can cost the livestock industry $2.2 billion @eCyerently, the main
pest fly control strategy is insecticitbased. However, insecticide is expensive, and resistance is
a huge issue. For example, horn fly developed resistance to insecticide in a couple [af7@ears
180]. The specific nucleotide substitutions present in resistangeltggegated sodium chanreel
have been identified foe associatedith pyrethroid resistandé@80, 181] The potential pollution

of the environment is another issue.
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Parasitoid waspecies in the genus dfasonidMuscidifuraxare excellent biological
control agents for pest fliés agriculture and livestodiB4, 182184]. As natural biological control
agents, the parasitoids are more environAmerdly and sustainable compared to chemical
pesticideg179, 185] Nasoniaattacls the pupae ofariousflies. The fly species angrimariy
house flies[186], flesh flies[187-189], and blow flies [190, 191] belongng to the families
Muscidag SarcophagidagandCalliphoridae The parasitoid waspl. raptorellusis an effective
biocontrol agent of dipteran filth flies, including house fly, stable fly, horn fly, black dump fly,
and flesh fly[34, 182, 183]Parasitoid wasps primarily control pest populations by disrupting the
pest's life cycle. Female parasitoid wasps lay one or more eggs inside the host fly pupa. The
immature parasitoid wasps feed on the developing fly pupa, disrupting its structure a&mdipgev
it from maturing into a fly, effectively breaking the host's life cycle. Mature parasitoid wasps
emerge from the fly pupa, lay eggs, and continue their life cycle (Figuldé& )parasitoid wasp
genusMuscidifuraxis extremely easy to culture iarge quantities with a short generation time
(21 days). They do not suffer from resistance issues because the waspdveowith the pest

flies through an evolutionary arms race.
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Chapter 3 Phylogenomic analysis ofVolbachiastrains reveals patterns of genome evolution
and recombination

3.1 Abstract

Wolbachiaare widespread intracellular bacteria that mediate many important biological
processes in arthropod species. In this study, we identified 210 conserveagpygtenes in 33
genomesequencellVolbachiastrains in the AF supergroups. Phylogenomic analyses with these
core genes indicate that all &lbachiastrains maintain the supergroup relationship, which was
classified previously based on the multilocus sequence typing (MLST) genes. Using an interclade
recombination screening method, 14 irdapergroup recombination events were discovered in
six genes 4.9%) among 210 singleopy orthologs. This finding suggests a relatively low
frequency of intergroup recombination. Interestingly, they have occurred not only between A and
B supergroups (nine events) but also between A and E supergroups (five eventenahae of
such transfers suggests possible role$/oibachiainfectionrelated functions. Comparisons of
strain divergence using the five genes of the MLST system show a high correlation (Pearson
correlation coefficient= 0. 9 8) b et we e mgenbdie SliVergenoed, indidatmd tkat
MLST is a reliable method for identifying related strains when whgelgome data are not
available. The phylogenomic analysis and the identified core gene set in our study will serve as a
valuable foundation for straientification and the investigation of recombination and genome

evolution inWolbachia

32l ntroducti on

Wolbachia alphaproteobacterialendosymbionts,are widespread and common in

arthropodsndfilarial nematodesitherasreproductiveparasite®r mutualisty43-45]. Morethan
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half of arthropodsareinfectedwith Wolbachia[46, 47] dueto the frequenthorizontaltransfersof

Wolbachiato newhostspecia, althoughthetypicaltransmissioimodeof thesebacterias vertical

throughthe eggcytoplasm Genomicstudiesof Wolbachiastartedwith thefirst completegenome
of the A-Wolbachiaparasiteof DrosophilamelanogastefwMel) publishedin 2004[192], and
followed by the completegenomeof D-Wolbachia(wBm) in nematodeBrugia malayiin 2005
[193]. Many moregenomeshavebeenpublishedn the lastdecadeandalist of sequence@hole
genome®f Wolbachiais summarizedn Table10.

Table 10. Summary of current sequencedVolbachiagenomes

Genor Genome Ge

Stra Superg Host spec i, . Accessi « Reference
wMe | A Drosophil a 1.26 GCA_00000O [192]
wB m D Brugia ma 1.08 GCA_00000 [193]
wPi p B Culex pip 1.48 GCA_00007 [194]
WRi A Drosophil a 1.44 GCA_00002 [195]
wVi tE B Nasonia vi 1.10 GCA_00020. [196]
WAl bE B Aedes albc¢ 1.24 GCA_000214 [197]
wD i B Diaphorini 1.24 GCA_00033 [198]
wO o C Onchocerca 0.96 GCA_00030 [199]
wH a A Drosophil a 1.29 GCA_00037 [200]
wN o B Drosophil a 1.30 GCA_00037 [200]
wSu zi A Drosophila 1.41 GCA_00033 [201]
wBol 1 B Hypolimnas 1.37 GCA_00033 [202]
wO v C Onchocerca 0.96 GCA_00053" [203]
wPi p_ B Culex mol 1.43 GCA_00072 [204]
wG mm A Gl ossina m 1.02 GCA_00068 [205]
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wCl e F Cimex lect 1.25 GCA_00082 [206]

WA u A Drosophil a 1.26 GCA_00095 [207]
Ob _ Wb B Operophtere 1.12 GCA_00126 [208]
wVi t / A Nasonia vi 1.21 GCA_00198 [209]
wun i A Muscidifura 1.04 GCA_00198 [209]
Wl pr ¢ B Trichogramm 1.13 GCA_00143 [210]
wWh D Wuchereria 1.06 GCA_00220. [211]
wk o | E Fol somia ¢ 1.80 GCA_00193 [212]
wCon B Cylisticus 2.11 GCA_00334. [213]
wSpc A Drosophil a 1.42 GCA_00230" [214]
WSt r B Laodel phax 1.23 GCA_0016 3 Unpublished
wDac A A Dactylopiu 1.17 GCA_00164 [215]
wDacE B Dactylopiu 1.49 GCA_00164 [215]
wMe |l P A Drosophil a 1.23 GCA_00047 [216]
wNp a A Nomada pat 1.34 GCA_00167 [217]
wNf e A Nomada fer 1.33 GCA_00167 [217]
wWNIl et A Nomada | euc 1.36 GCA_00167 [217]
WNf | A Nomada fl 1.33 GCA_00167 [217]
wOn e A A Nasonia o 1.29 GCA_00901 [218]

Becauseof its endosymbioticmature multiple different Wolbachiastrainscanbe present
in thesamehostcells,allowing the potentialfor homologougecombinatiorbetweerstrains[219,
220]. Studieshaveobservedrecombinatioracrossstrainsandsupergroupf221-223], which may
bemediatedy bacteriophagandleadto mosaiocgenomesn Wolbachig195,196,202]. Although

co-infectionof differentstrainsexists in thesamearthropodhost,with recombinationparticularly

75



in associatedphage[224], the supergroupsnay still remain geneticallydistinct clades[200].
Recombinationeventsin Wolbachiahave beendiscoveredin Wsp [223] and other genesin
Crustaceani25], mites[226], andvariousarthropodspecie$221,223,227-229]. No inter-strain

recombinatiorhasbeenreportedn thefilarial nematodaVolbachiastrains[230].

Most of the previous researchon recombinationhas focusedon five MLST genes,
Wolbachiasurfaceprotein(wsp, and16SrRNA, or on a subsef genomesrom the A-D andF
supergroup$210]. Therefore whole-genomeanalysesn alargenumberof Wolbachiastrainsof
all supergroupsare neededto identify additional homologousrecombinationeventsamong
Wolbachiaacrosshe different supergroupsin this study,we performedphylogenomicanalyses
on 33 annotatedVolbachiagenomesandanalyzedheindividual genetreesto identify potential
recombinationeventsacrossthe supergroupsRelatively low frequenciesof inter-supergroup
recombinationeventswere found, indicating a generalgenetic cohesivenes®f supergroups.
However,betweensupergroupecombinatiornis still evident,andcould play arole in Wolbachia

adaptation.

33Mat eri Mes hadd

3.3.1 Phylogenomic analysis of annotatetlVolbachiagenomes

To examine the phylogeny of Wolbachia at the genome level, we conducteda
phylogenomianalysisusing34 annotatedVolbachiagenomegGenBankaccessiomumbersaand
referencepaperslisted in Table 10). Homologousgenesand ortholog clustersamongall 34
Wolbachiagenomesveredeterminedy usingOrthoFindenv1.1.8[165] with defaultsettings A

total of 210 singlecopy ortholog groupswere identified, and genelDs in eachof the ortholog
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groups were used to extract the correspondingnucleotide and protein sequencedrom 34
WolbachiagenomesPAL2NAL [231] wasusedto checkthe consistencyetweerthe nucleotide
andproteinsequencesndall inconsistenhucleotidesequencedownloadedrom GenBankwvere
manuallycorrectedThese210 coresinglecopy genesvereusedfor the subsequerdinalyss. The
210coresinglecopygenesn all 34 Wolbachiagenomesverealignedwith MAFFT [166] atboth
nucleotideandproteinsequencéevels. Thesesinglegenealignmentsvereconcatenatedto one
alignmentto usein the subsequenphylogenetianalysis A Maximum Likelihood (ML) treewas
constructedvith the GTRGAMMA modeland1,000bootstrapreplicatesoy RAXMLv8.2 [168]
using the concatenatedhucleotidesequencealignmentof the core geneset. For phylogenetic
analysisof proteinsequencefrom the coregeneset,the bestfit modelof proteinevolutionwas
searchedby ProtTest3 [167]. Thefinal ML phylogenetidreewasinferredby usingRAXML v8.2
[168] with the FLU protein model (bestfit model identified by ProtTest3) and 1,000 rapid

bootstrapreplicates.

ThesinglegeneML treesfor all 210coregenesvereconstructedvith their corresponding
nucleotidesequencalignmentausingthe GTRGAMMA modelandl1,000bootstrapeplicatesy
RAXML v8.2 [168]. We also constructedprotein treesfor theseidentified geneswith their
correspondingproteinsequencalignmentsusingthe bestfit proteinmodeldetectedy ProtTest
3 [167] and 1,000rapid bootstrapreplicatesby RAXML v8.2 [168]. The genetreesand protein
trees were visualized using FigTree v1.4.4 [232]. For better viewing of short branches,
transformatiorandrerootingwereperformedn FigTreeto generatéhemainfigures.Theoriginal

genetreesare shownin Figure 16.
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Figure 16. Nucleotide ML trees for sixWolbachiagenes with interclade recombination events

(A) WONE_04820(B) coxB (C) ftsH. (D) rplU. (E) dnaK.(F) argS(1-561 bp).(G) argS (562

1707 bp).

3.3.2 Identification of individual genetreeswith intergroup recombination events

To search for interclade recombination events, we developed a prescreening tool for the
identification of specific gene/protein recombinants that move a particular gene/protein outside its
respective supergroup. Based on the concatenated strain phylege@gsign a supergroup
identity for each strain. For every gene, we calculate the branch length between all strain
combinations, and then determine the nearest neighbor bas#w ehortest branch length.
Candidate recombination vents are then identified as those for which the nearest neighbor is in a
different supergroup. Because some supergroups only have a single representative, the method is
most effective at finding candidatecmmbination to or from A, B, C, and D supergroups. Next,
an Interclade Recombination (IR) score was used to quantify the degree of divergence of the gene
from its strainsd supergroup. The distance fr
conpared to the average interclade distance (IC) distance of the recombination candidate gene to
ot her members of its strainbés supergroup (ba:

metric below.

B dl .
€l "Hi "l "H —|=—I=

An IR scorecanrangefrom 0 to 100, with a larger scoreindicating a recombination

betweersupergroups.
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We furthermanuallycomparedyenetreesin bothnucleotideandproteinlevel asfollows:
1) the nucleotideML treeswerecomparedo the concatenatedIL treeto manuallyconfirm the
recombinatiorevents;2) nucleotidesequencalignmentswere furtherinspectedor informative
SNPsthat separatalifferent supergroups3) the singlegeneproteintreeswerealsocomparedo
the concatenategroteintreeto checkfor consistencyf supergrouglassification. Inferenceof
intragenic recombinationeventsand the breakpointswas conductedon nucleotide sequence
alignmentausingthe GARD algorithm[233] with defaultparametersisingthe datamonkeyweb

server(http://www.datamonkey.ory/

3.3.3 Phylogeneticanalysisof Wolbachiain Nasoniausing MLST genes.

Thefive MLST (Multi LocusSequencdyping) geneq59, 234] wereexaminedo further
characterizehe phylogenetiaelationshipof Wolbachiastrainsin Nasonia Thesegenesnclude
gatB (aspartyl/glutamytRNA (GIn) amidotransferasesubunitB), coxA (cytochromec oxidase
subunitl), hcpA(conservedypotheticalprotein),ftsZ (cell division protein)andfbpA (fructose
bisphosphataldolase).The pairwise evolutionarydivergencedistancedetween33 Wolbachia
speciesvereestimatedvith boththe coregenesetidentifiedin this study,five MLST genesand
the concatenatedequenceof thesefive MLST genesin 33 Wolbachiaspeciesby using the
Maximum CompositeLikelihood model [235] in MEGA7 [236]. Estimatesof evolutionary
divergencausingtheftsZgenewereonly conductecamong31 WolbachiaspeciesexcludingwBm
and wWhb, becauseof the inability to correctly annotateftsZ in thesespecies.The Pearson
correlationcoefficientof estimatedevolutionarydivergencesvith thecoregenesetandthe MLST
geneset(eachMLST geneandthe concatenatedequencef five MLST genes)was calculated

with the Hmiscpackagg237]in R.
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34Resul t s

3.4.1 Phylogenomic analysis of annotatetlVolbachiagenomes

To identify a coregenesetfor phylogenomicanalysisof Wolbachiastrains,we initially
compared4 publicly availableandannotatedVolbachiagenomesasof November2019,which
includesixteenA-group,twelve B-group,two C-group,two D-group andonefor E andF-group
strainsfrom diversehostspecieqTable 10). Singlegeneorthologclustersweregeneratedising
the proceduredescribedin the Methods. A total of 210 singlegene ortholog clusterswere
identified that are sharedamongthe 34 WolbachiagenomesThis is a smallersetthanthe 496
Wolbachiageneorthologsdetectedn [210] for 16 Wolbachiastrains,but oursincludeda larger
strainset(34 Wolbachiastrains) andwe restrictedour analysigo single-copyorthologsacrossall

of thegenomes.

Basedon the concatenatedodingnucleotideandproteinsequencesf this coregeneset,
MaximumLikelihood (ML) phylogenetidreesof 34 Wolbachiagenomegonfirmedtheseparation
of different supergroupsA (wSuzi, wSpc, wRi, wHa, wAu, wMel, wMelPop, wGmm, wuUni,
wDacA, wNfe, wNpa, wNfla, wNleu, wVitA, wOneAl),B (wAIbB, wStri, wDi, wNo, wTpre,
wDacB,wVitB, Ob_Wba,wBol1, wPip_Mol, wPip), C (wOo, wOVv), D (wBm, wWh), E (wFol)
andF (wCle)with 100%bootstrapsupport(Figure17). Oneof the B-Wolbachig wCon,appeared
to be phylogeneticallydistantfrom other B strains(Figure 17). However, its genomesize is
2.11Mb,almostdoublethe B-Wolbachiaaveragg1.288Mb). Furtherexaminatiorof thegenome
assemblysuggestedvCon is potentially a mixed assemblyof one A and one B Wolbachia
genomesThereforewe excludedvConandreconstructetheML treeusingtherest33Wolbachia

nucleotidesequence@~igure18). Forcomparison®f nucleotideandproteinphylogeniesye also
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constructedan ML phylogenetictree of concatenategrotein sequencefrom thesecore genes
using RAXML [168]. The protein ML phylogenetictree (Figure 19) matchedwell with the

nucleotidecodingsequencd/L tree(Figurel18).
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Supergroup color code Host taxon
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A supergroup wSpc Diptera (fly)
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Figure 17. Phylogenetic analysis of 3¥olbachiagenomes.

(A) PhylogenetidVL treewasconstructedisingconcatenateducleotidesequencalignmentof
210 singlecopy orthologous genes; (B) Phylogenetic FLU tree was constructed using

concatenategroteinsequencalignmentof 210single copyorthologousgenes.
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. Host taxon
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Figure 18. Phylogenomic relationships of 33Volbachiastrains.

The phylogenetidree was constructedusing Maximum Likelihood methodfrom a concatenated
nucleotide sequencealignment of 210 singlecopy orthologous genesamong 33 genome
sequencetlVolbachiastrains Numbersonthebranchesepresenthesupportfrom 1,000bootstrap
replicates Branchtransformatiorandrerootingwere performedin FigTreel.4.4.The assembly
nameswerecolor-codedbasedon supergroupdentity (A-F). Hosttaxonomicclassificationsand

speciecommonnamesverelabeled.
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Supergroup color code wSuzi Host taxon
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Figure 19. Phylogenetic analysis of 38Volbachiagenomes\{Con excluded) from

concatenated protein sequence alignment of 210 singlepy orthologous genes.

As expectedpur genomicanalysesupportextensivehorizontalmovemenof Wolbachia
strains betweendivergent host species.For example,wOneAl, which is an A-supergroup
bacteriumin the parasitoidNasoniaoneida [238] is more closely relatedto a subsetof A-
Wolbachiafoundin Drosophila(wHa, wRi, wSpg andwSuzi)thanto wVitA andwUni in closely
relatedparasitoidwasps.This patternwaspreviouslyobservedusingMLST genesn Wolbachia
[57], butis nowsupportedy amuchlargerdataset. The B-supergroupnosquitoWolbachiawAlb

in Aedesalbopictusgivesanotherexampleof anobviousmajorhostshift (Figure 18).
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3.4.2 Identification of inter-supergroup recombination events

Our focusin this studyis to evaluaterecombinatiorbetweensupergroupsn Wolbachia
We therefore developeda prescreeningmethod to detect candidate between supergroup
recombinatioreventsandappliedit to the210singlecopyorthologgeneset.Foreachwolbachia
strainon anindividual genenucleotidetree,we computedhe branchlengthdistanceto all other
strains.We defined recombinationcandidatesf their nearestneighboringstrain belongsto a
different supergroupbasedon the concatenatedgene tree (see Methods). The interclade
recombinationscore (IR score)can rangefrom 0 to 100. This methodworks for detecting
recombinantswithin supergroupscontaining more than one genomesequencedstrain (see
Methods) Five genewith IR >65werechoserasthecutoff for furtherinvestigationWeidentified
recombinationeventsbetweenA and B, and A and E supergroupsWe also examinedall 210
RAXML genetreeswith boththe correspondingroteinandnucleotidesequencalignmentsBoth
treetopologiesandbootstrapvaluessupportthe recombinatioreventsdetectedoy the screening
method.Oneadditionalrecombinatioreventwasfoundfor an A-groupstrainthatcontainsan E-

groupversionof thednaKgene(Table11).

Table 11. List of six Wolbachiagenes with interclade recombination events

I ntrag: Species I ntercl Gen ¢
Gene Na Gene Desc Recombi I ntercl Recombi |
. Name
Breakpc Recombir Score
AT epend 816 (Pb r Figu
ftsH metal |l opr « 0.0m» WA U -i( 48) 99. 9 20A
rpl U 50S ribo None wDac Ai 4B 71.0 FZIOBgu

protein
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coxB O():()?tdoacsf;rc?s None WAl b Bi B A 92. 3 FZiAgu
WF o(l A HE ) N A
WONE_04 Hypotheti. None WD i -i(4B\) 91. 3 FZiBgu
wAl b Bi 8 A 82 .6
WT pr ei 4 )A 67. 1
wFol-i A N A
argS |Argi-nRNA | 1-561 b wDi -i(\) 99. 9 inagu
(P 0=. 000 wNo -i(#) 43.9
wFol-i A N A
562, 707 wDi -i(4\) 23 .3 FZiBgu
wDac Ai #\E N A
dnak ChaDpnearKone Non e wDac Al #E N A F;gu

A total of 5 geneg(2.4%)with 9 recombinatioreventswereidentified betweenA andB
supergroupsncludingB-supergrougened-tsH (ATP-dependentnetalloproteasegndrplU (50S
ribosomalprotein L21) in A-supergroupstrainswAu (Figure 20A) and wDacA (Figure 20B)
respectivelyB-in-A eventan Tablell), and7 A-in-B recombinatioreventan coxB (cytochrome
coxidasesubunitll), WONE_0482@Qhypotheticaprotein)andargS(argininetRNA ligase)(Table

11 andTable12). GARD algorithm[233] wasusedto detectintragenicrecombinationin these
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eventsand identify recombinationbreakpointsif intragenic recombinationis involved. Two
breakpoint positions among the identified geneswere detectedby GARD, including one
breakpointpositionat 816 bp in ftsH genewith a P-value of 0.0002,anotherbreakpointposition

at561bpin argSgenewith a P-valueof 0.0006(Table11).
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Figure 20. Inter -supergroup recombination eventsof B supergroup genesfstH and rplU in

A-Wolbachiastrains.

(A, B) NucleotideML treesreveallR eventsjn which genedrom an A-Wolbachiaclusterswith
B supergroupThe supergroupdentitiesare labeledusingthe samecolor codeasin Figure 18.
Bootstrapvaluesabove50 areshownin thefigure. (C, D) Supergroupnformative SNPpositions
are plottedfor all strains(green:A; blue: C; yellow: G; and pink: T). TheseSNPsshowedthe
general pattern of recombination,whether entire genes between clades or between clade

recombinatiorwithin genes.

Table 12. Interclade recombination events detected in 3®/olbachiagenomes between A and

B supergroups

Ortho Super- Super- Recombinatian Average IR

group Strain 1 group 1 Strain 2 group 2 event Distance distance score
0G0000228 wAU A wAlbB B B->A 2E-06 0.214  99.9
0G0000384 wDacA A Ob_Whba B B->A 0.040 0.138 710
0G0000160 wAlbB B WVIitA A A->B 0.021 0.274 92.3
0G0000129 wDi B wNpa A A->B 0.009 0.107 913
0G0000129 wAIbB B wSpc A A->B 0.019 0.109 826
0G0000129 wTpre B wNpa A A->B 0.046 0.140 67.1
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0G0000301

(1-561bp) wDi B wMel A A>B  <0.001 0.154 99.9
0G0000301

(1-561bp) wiNo B WAU A A->B 0.121 0215 439
0G0000301
(5621707bp) wDi B wMelPop A A->B 0.091 0119 233

Here we describethe recombinationeventsin more detail. There are two casesof A-
Wolbachiastrainsthatcontaina B-Wolbachiagenetransfer ForftsH, the A-WolbachiawAu strain
geneclusterswith B-Wolbachiastrainswith anIR scoreof 99.9,andthis recombinatioreventis
supportedin the nucleotidetree with a bootstrapvalue of 100 (Figure 20A). As a universally
conservedyenein bacteriaftsH is knownto be crucialfor the proteolyticdegradatiorof specific
integralmembrangroteinsandcytoplasmicproteins,andit alsotargetssolublesignalingfactors
like heatshocksigmafactor i 3 &nd transcriptionalactivatora-Cll [239]. A secondB into A
recombinatioreventinvolvesaB-grouprplU genethathasinsertednto the A-WolbachiawDacA
(IR =71),whichis alsosupportedvith a bootstrapvalueof 100in the correspondingucleotide
tree (Figure20B). Lessis known aboutthe function of rplU, exceptfor its interactionwith 23S

rRNA [240].

Threeadditionalgenegevealrecombinatioreventsof individual A-Wolbachiagenesnto
B-Wolbachiastrains ThecoxBgenefrom anA-Wolbachiawastransferredo B-WolbachiawAlbB
(IR =92),supportedy thecorrespondingucleotideandtreeswith abootstrapralueof 99 (Figure
21A). The coxB proteinis a componentof the electrontransportchain which drives oxidative

phosphorylation.The secondcase of an A-to-B transfer involves the hypothetical protein
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WONE_0482@ene.An A-Wolbachiageneis presentin threeB-WolbachiastrainswDi, wAlbB
andwTpre (IR = 91, 83 and 67, respectively).The correspondinghucleotidetree supportsthe
generapatternwith abootstrapralueof 74 (Figure21B). Basedntheconcatenatetteetopology,
it is difficult to resolvewhethertheseindicatea single or independentransferevent given that
the threestrainsare not monophyleticwithin the B supergroudFigure 18). The function of this

geneis currentlyunknown.
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Figure 21. Inter-supergroup recombination events of A supergroup geneoxB and

WONE_04820n B-Wolbachiaand E-Wolbachiastrains.
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(A) NucleotideML treesrevealintercladerecombinatioreventsjn which coxBgenesrom wAIbB
(B-Wolbachig andwkol (E-Wolbachig clusterwith A supergroupwith a bootstrapsupportof
99.(B) NucleotideML treesrevealintercladerecombinatioreventsjn which hypotheticaprotein
WONE_0482@om wAIbB, wDi, wTpre,(B-Wolbachig andwFol (E-Wolbachig clusterswith A
supergroupwith a bootstrapsupportof 74. (C, D) Supergroupnformative SNP positionsare
plottedfor all strains(greenA; blue:C; yellow: G; pink: T). Bootstrapvaluesabove50 areshown

in thefigure.

In eachcasefor the aboveexamplesthe completegenewasrecombinednto a different
supergroup However recombinatioreventsanalsooccurwithin genesashasbeendocumented
for the highly recombinogeniovsp gene[221]. For argS we found evidencefor intragenic
recombinationFigure 22A andFigure 22B), with significantly differenttopologiesbetweerthe
5 @éegion(positionsl-561bp) comparedo therestof thegene(positions562-1707bp). Intragenic
recombinations supportedby GARD, which identifiedthe breakpointat 561 (P-value= 0.0006).
As amemberof theclassl aminoacyitRNA synthetaséamily, the expressiorof argSis reported
to increasdhe aminoacyitRNA synthetasactivity in bacterig241]. In addition,thereis alsoan
appareni-B recombinaneventin thecoxBgeneof wDacAbasednastretchof 5 A-B diagnostic

SNPs(position151,194,226,245and285in Figure21C).
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Figure 22. Intragenic recombination event between supergroups iargSgene.
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Intragenicrecombinatioreventwas detectedby the GARD methodin argS (P-value= 0.0006),
andtheinferredbreakpointis at 561 bp positionin this gene.(A, B) NucleotideML treesfor the
5 degion(1-561 bp) and3 degion(positions562-1707 bp), respectivelyargS genesfrom wDi,
wNo, (B-Wolbachig, andwFol (E-Wolbachig clusterwith A supergroug/A). The supergroup
classificationdollow the color codein the previousfigures.Bootstrapvaluesabove50 areshown
in thefigure.(A) argSfrom startingsiteto 561 bp, B-WolbachiawDi, wNo andE-WolbachiawFol
clusterwith A supergroupgvith 19 bootstrapsupport;whereaqB) argSfrom 562 bp to stopsite,
wDi (B-Wolbachig clusterswith A supergroupwith 79 bootstrapsupport,and wDacA (A-
Wolbachig clusters with E-Wolbachia with 35 bootstrap support, indicating intragenic
recombinatiorevents;(C) Nucleotidesat selectedoositions(1-561 bp in argS supportthe tree
topologyin (A); (D) Nucleotidesat selectedpositions(562-1707 bp in argS supportedhe tree

topologyin (B).

For the E supergrougthereis only one releasedyenome(wFol). Neverthelessye also
found someevidencefor recombinatioreventsbetweenA andthis singlerepresentativef the E
supergroupFor instancewFol genesclusterwith A-Wolbachiain coxB WONE_0482@ndargS
(Figure21A, Figure21B andFigure22A). Giventhe high similarity amongmostsequenced\-
Wolbachia it is not possibleto confidentlyidentify which is the likely sourceln addition,there
appearto betwo E-groupgenesthat havetransferrednto the A-WolbachiastrainwDacA, argS
andDnaK (Figure22B andFigure23). A betterunderstandingf the evolutionaryhistory of these

transferswill be gainedwith additionalE supergrouggenomesequences.
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Figure 23. The nucleotide ML tree reveals recombination event where -AVolbachiacluster

with E-Wolbachiain dnaK gene.

The supergrouglassificationgollow the color codein earlierfigures.Bootstrapvaluesabove50
areshownin thefigure. Nucleotidesat selectedpositionsare shownin the right panelswbDacA
(A-Wolbachig clusterswith wFol (E supergroupyvith 90 bootstrapsupport.(A) The supergroup
classificationdollow the color codein the previousfigures.Bootstrapvaluesabove50 areshown
in thefigure. (B) Supergroupnformative SNPpositionsin dnaK areplottedfor all strains(green:

A; blue:C; yellow: G; andpink: T).

Takentogether97% of the single copy orthologsagreewith the supergrouglassification
in Wolbachig with a few casesof likely recombinationeventsbetweenWolbachiastrainsof
differentsupergroupsrherecombinatiorbetweerA andB supergroups genecoxBwasreported

by a previousstudy of 6 Wolbachiastrains[200], andthe remainingidentified inter-supergroup
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recombinationeventsare novel findings in our study. The finding also indicatesthat these
recombinationeventsinvolve relatively small regions,ratherthan large recombinationevents
involving manygenesThefrequentgeneorderrearrangementsbservedn Wolbachiamaymake
largerrecombinatioriracksbetweersupergroupgesssuccessfulastheyaremorelikely to involve

vital genelossesdueto lack of synteny.
3.4.3 Concordanceof MLST genesand whole genomedivergence

The MLST system [59] has been variously used for strain typing of Wolbachia
identificationof relatedstrains recombinatiorwithin genege.g.,thewsplocus)andphylogenetic
inferencesamongstrains.Recently thereliability of the MLST systemhasbeencriticized[242],
with whole genomesequencingstatedto be preferred.Although whole genomedatasetswould
alwaysbe desirablethe numberof Wolbachiawhole genomesequencess smallcomparedo the
manyhundredof MLST sequencesurrentlyavailablefor comparativeanalysesTherefore we
undertooko comparegenetiadivergencdasedntheMLST to oursetof 211genesn 34 different

Wolbachiastrains.

The MLST performed very well in both identifying closely related strains and in genetic
divergence among strains compared to the genwitle data set. The Pearson correlation
coefficient of estimated evolutionary divergence with apgae set andatB, fopA hcpA coxA
ftsZis 0.96, 0.9, 0.97, 0.92nd 0.97, respectivelwith P-value< 2.2 x 10%° (Table13). The
Pearson correlation coefficient of estimated evolutionary divergencéheitbre gene set and the
concatenated MLST set is 0.98 wiRkvalue < 2.2x 10 (Figure24). Eventually, whole genome
data sets will supplant the MLST system. However, with over 1900 isolates Wadlmachia

MLST database, this will likely take some time, and until then, MLST remains a reliable method
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for identifying closely relatetlVolbachiastrains and their host associations. Furthermore, closely
relatedWolbachiastrains identified by MLST that differ in host type of phenotypic effects on hosts
(e.g.,cytoplasmic incompatibility, feminization, makéling, parthenogenesis, viral suppression),

can be used for targeted whole genome sequencing to reveal possible mechanisms involved in host

and phenotypic shifts.

Table 13. Correlation of evolutionary divergence estimates betweewolbachiaspecies

using 210 core gene set and five MLST genes

Correlationf) core g ga f b hcyp co: f t*
core gene se 1 0. 0. 0. 0. 0.
gat B 1 0. 0. 0. 0.
fbpA 1 0. 0. 0.
hcpA 1 0. 0.
cCoXxA 1 0.
ft*xs zZ 1

* Estimates of evolutionary divergence usitsf gene were only conducted among\8albachiaspecies excluding

wBm, wWb, andwCon, because of the inability to correctly annotiéé&in these three species.
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Figure 24. Correlation of evolutionary divergence estimated by core gene set and the five

concatenated MLST genes.

Pearson correlation coefficient 0.98,P-value < 2.2x 1016
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35Di scussi on

The phylogenomicanalysisof 33 annotatedVolbachiagenomesn our studyis the most
comprehensiv@hylogenomicandevolutionaryanalysisconductedn Wolbachiastrainsto date.
By includingalmostall availableWolbachiagenomesn NCBI, we confirmedatthegenomdevel
that theseWolbachiastrainsgroup into distinct clusters(A, B, C, D, E, F supergroupsiand
different Wolbachiaco-infectedin the samehost kept strain boundarieq200]. 205 of the 210
singlegenetreesare consistentwith the straintree. Six genetreeshave major rearrangements
amongWolbachiagroups (Figures20-23), indicating potential recombinationeventsbetween
strains.We estimatedhatrecombinatioreventsbetweersupergroupsccurredn atleast2.9%of
the core genesin the Wolbachiagenomesand recombinationmay be one of the evolutionary

forcesshapingthe Wolbachiagenomes.

In total, therearea total of 14 recombinatioreventsdetectedn six genesNine of these
involve A-B recombinationn five genesThe five geneswith distincttree structuredifferences
from the consensu$VolbachiatreeincludeftsH, rplU, coxB hypotheticalproteinWONE_04820
and argS In addition, five eventswere detectedbetweenthe A and E supergroupsMost
recombinationeventsinvolved the entire gene,whereasa single intrageniceventwas found in
argS A secondintrageniceventmay alsobe presentn coxB (Figure 21C), althoughit wasnot
detectedy the IntercladeRecombinatioror GARD methods.We concludethatinter-supergroup
recombinatioris uncommonmamongthe setof 210 coresingleorthologgenesusedin this study.
Recombinatiormay be morefrequentin othergenesandclearlyis soin phageassociatedenes

[243, 244] andthe surfaceproteinwsp[227]. Furthermorewithin supergrougecombinations
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alsolikely to bemorecommon althoughalsomoredifficult to quantifydueto thegreatesimilarity

within thesegroups.

Among the 14 recombinationeventsobserved,argS (5 events)and WONE_048204
events)appearto be particularly proneto inter-supergrougrecombinationTable 11). argSis a
classl aminoacyitRNA synthetasewhich catalyzeghe ligation of arginineto its transferRNA,
while thefunctionof WONE_0482@s notclear. WONE_0482(@s conservedn Wolbachigandno
knownfunctionaldomainscouldbeidentified.In addition,two bacterialstrainsappeato bemore
prone to inter-supergrouprecombination (wDacA and wDi). Notably, both are found in
hemipteransMore sequencin@f Wolbachiafrom differentinsectordersis neededasthe current

setarepredominantlyfrom DipteraandHymenoptera.

RecombinatioreventsamongA andB Wolbachiasupergroupsavebeendocumentedn
previousstudies andwe identified additionalcaseghroughthe phylogenomianalysisamong33
sequencedjenomesinterestingly,we also discoveredrecombinationeventsbetweenA and E
supergroupswhich were not known previously.The E group Wolbachiais foundin springtails
[245-247]. A recentstudycharacterizedhe Wolbachiain 11 collembolanspeciedy MLST, and
found that nearly all are E-group Wolbachiathat are monophyletic,basedon phylogenetic
reconstructionusing MLST genes[248]. Our genome analysis of the single collembolan
Wolbachiagenomerevealsa numberof candidaterecombinationevents,including intergroup
recombinatiorbetweerA andE in coxB dnaK WONE_04820andargS Targetedsequencingf
thesegenesn theadditionalcollembolarspecie®r additionalgenomesequencingvill helpreveal
theoriginsanddirectionsof theseevents We furtherspeculatehatselectivemaintenancef such

transfercouldsuggesapossiblerolein E Wolbachiafunction,suchasparthenogenesiaduction
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found in this springtail [248]. The focus of this study has beenon recombinationbetween
supergroupswherethe phylogeneticsignatto-noiseratio is much stronger.However,although
moredifficult to documentjntra-supergrougrecombinations likely to be more extensivethan

betweersupergroupsandis atopic worthy of future study.

It has beenrecently arguedthat MLST genotypinghas little utility in phylogenetic
analysesand should be supplantedoy genomicstudies[242]. When the MLST systemwas
developedit waspointedout by the authorsthatthe systemwould be mostusefulfor identifying
relativelycloselyrelatedWolbachia dueto potentialrecombinatioramongmoredivergentstrains
[58]. However,our comparisoron genomesequencendicatesthat MLST typingis largelyvalid,
both for supergroupdentification and detectionof closely relatedstrains.RelatedWolbachia
basedon MLST resultsarealsocloselyrelatedin the genomewide analysis.This suggestshat,
until Wolbachiagenomesequencingpecomesnuchlessexpensiveandcanbe readily performed
on singlearthropodsthat MLST will remaina usefultool for the identification of strains,their
relationships,and host affinities. Nevertheless,caution should be exerciseddue to some
documentedrecombinationevents within MLST genesand among them [57]. Therefore,
topologiesshould be comparedamonggenesfor evidenceof discordanceratherthan simply

relying on phylogenetiaeconstructionsf concatenatedequences.
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C h a p t Gemomd evolution and transmissiomechanismof the microsporidian pathogen
Nosema muscidifuracis

4 Albstract

Nosemas a diverse genus of microsporidian parasites, which are all unicellular, obligate fungal
symbionts and pathogens of insects and other arthrddodema muscidifuracisfects parasitoid

wasp species duscidifurax zaraptoandM. raptor (Hymenoptera: Pteromalidad). this study,

we report highquality assemblies (14,397,169ib®28 contig$ of N. muscidifuraciggenomes and
comparisons to othédosemagenomes. Using PacBio loirgad sequencing technology, a novel
composite dp (TAGG)n and Sp (TTAGGnN telomeric repeat motif was discovered at the ends

of chromosomes, which represent the first identifiedbmeres forNosema(and other
microsporidia).A total of 2,782 proteircoding genes were annotatedth 66.2% of the genes

having two copies and 24.0% of genes having three copies. These duplicated genes are highly
similar, with a sequence identity of 99.3%. The complex pattern suggests extensive gene
duplications and rearrangements across the genorseanWotated 57 rDNA loci, which are
extremely GGrich (37%) in a G&oor genome (25% genome averagdsemaspecific g°PCR

primer sets were designed based on 18S rDNA annotation as a diagnostic tool to determine its titer
in host samples. We discovered lhigosematiters inNosemecuredM. raptor andM. zaraptor

using heat treatment in 2017 and 2019, suggesting that the remedy did not completely eliminate
the Nosemainfection. N. muscidifuracisshared449 orthologous genes with six other geneme
sequencedNosemaspecies. Comparative phylogenomic analyses revealed incongruency in the
Nosemaand host species trees, indicating a host switch event between parasitoid wasps and bees.

In N. muscidifuracisa highly significant ACCC motif was found within 20 bp upamn of the
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translation start codon ATG. This motif is present in 90% of highly expressed genes, in sharp
contrast to ~20% in lowly expressed genes, and therefore serves as a camsdalateent for

positive regulation of gene expression. Strikingly, similar (C)3 and (C)4 motifs were also
discovered in other distdpt related Nosemaspecies, suggesting a consenasiregulatory
mechanismCy t ogenet i ¢ aasabbtansablessemacad withih thedovaries of.

raptor andM. zaraptor consistent with a heritable component ofinfecaeon d per ovum ve
t r ans mNosemarewdespread pathogens, including inducing epizootics in honeybees. The
parasitoidNosemasystem is laboratory tractable, atigerefore can serve as a model to inform

future genome manipulations Nbsemahost system for investigations of NosemoS€iar study

also provides novel insights into the genetic architecture, gene regulation, and genome evolution

of Nosemaspecies and will enhance the understandirfgpstparasite interactions.

4 2 Introduction

As a genus of microsporididyosemacan infect a wide range of hosts. Most species
parasitize insects amuther arthropod$63, 64} such asApis mellifera[69], Apis cerang70],
Pieris rapag71], Bombyx morj72], Antheraea pernyji73], andGammarus duebefii4]. Nosema
also infects other beneficial insects, including the parasitoid wasp gelussidifurax
(Hymenoptera: Pteromalidae). The geMusscidifuraxis a natural biocontrol agent of the dipteran
filth flies with nine identified species, all of which are pupal parasitoid wakjpsema
muscidifuracisN. muscidifuracisinfects parasitoid wasp speciesMiiscidifurax zaraptorand

M. raptor, causing ~50% reduction in longevity and ~90% reduction in fecuf&Biy

Nosemadisease reduction methods have been explored to curd.theuscidifuracis

infection. Exposure of parasitoid eggs within host pupae at several temperatures (45°C, 47°C, and
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50°C) was shown to be effective in managimsemalisease and increasing parasitoid fecundity

[249]. A 100% cure rate was achieved at 50°C fomdduteswith a relative survival of 18%. To
completely eliminate the pathogen, heat treatment in combination with the Pasteur method was
applied: heat treatment minimizes disease prevalence and ensures an adequate genetic base for
healthy parasitoids, and the Basg method (based on visual examination for patent infections)
isolates uninfected wasps as parents for rearing their pr¢g§8n250] However, the efficacy of

this approach depends on the efficiency of visual detection, which may not detdetvébw

infections.

Understanding thBlosemalisease transmission mechanism is critical for developing new
control methods, but the transmissionNafseman parasitoid wasps is not fully understood yet.
The following is known about transmission patterns: 1) maternal transmission is highly efficient;
2) adults can acquire infection by feeding on spore suspensions or infected parasitoid immatures
within hoss; 3) infected male adults do not transmit infections to healthy females; 4) house fly
hosts do not become infected; aghorizontal transmission occurs when healthy immatures feed
on infected larvae in superparasitized h{83$. The intracellular nature dfosemauggested that
transmission can occur vertically, either within the egg (cytoplasmic), and/or on the egg surface
(per ovum). If per ovum or through ingestion by feeding larvae, parasitoid wasp lines can be cured
of the infection by surface sterilizatiom egg transfer experiments. To establish a parasitoid
Nosemamodel for Nosemosis research, a haghality reference genome is essential for studying

gene expression changes and gene manipulatidsssema

To adapt the intracellular parasitism, microsporidia exhibit dramatic reduction in common

eukaryotic features at the molecular, cellular, and biochemical |88ls 75, 251] In
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Encephalitozoon cunicyli t he mi tochondria are highly redu

[252]. A gene encoding the heat shock protein HSP70, derived from the mitochondrial
endosymbiont, is involved in folding other proteins in the process of import into the mitochondrion.
No mitochondrion physically identified in microsporidian cells, and the epis of the
mitochondrialtype HSP70 inEncephalitozoon cunicyliVairimorpha necatrix and Nosema
locustaeprovide evidence for loss of mitochondria in Microsporif#é@3-255]. Phylogenetic
analysis clearly placed the HSP70 gendliocustaan the mitochondrial group, suggesting the
mitochondrial evolutionary origin of Microsporidif256]. Collectively, Microsporidia were
derived from lineages containing mitochondria and retained some mitocheggddajenes, but

it is unknown whether the mitochondria were completely lost in these highly reduced, intracellular

parasites.

In the previous study, a sequence motif characterized by a thymine homopolymer upstream
of a highly ovefrepresented cytosine triplet was identified\inceranae which predominantly
located within 15 bp of the start codf#b7]. A similar motif with a shorter length containing a
cytosine triplet was identified i&. cuniculj but it is not statistically significai257]. The motif
wasidentifiedonly inN. ceranaewhich infecthoney beg andthecomparisorwasnot conducted
acrosdlifferentNosemaspeciesn awide range of host$n hostparasiteassociations, events such
as host shift, duplication, or extinctions disrupt cophylogenetic patterns, iregutbngruences
between host and parasite phylogeri@s3]. The Dictyocoela muellerimicrosporidia, which
infects Gammarus roeselonly in the recently colonized regiprevealedecent host shifts from
local host species after the spreaofoeseli[259]. The phylogenetic congruencelittyocoela

duebenunmand Gammarus balcanicugives another example of host slsittetween differenG.
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balcanicuscryptic lineage$260]. We performed comparative genomic analysis to investigate the

phylogenetic relationship betwed&h muscidifuraciand otheNosemaspeciesn different hosts.

In this study, we sequenced and assembledlitmeuscidifuraciseference genome in the
parasitoid wasp speci®t zaraptorusing PacBio longead sequencingharacterized the genetic
architecture of th&l. muscidifuracigenomedeveloped qPCR assays for accurate quantification
of Nosematiter, and explored the vertical transmission mechanisms using cytogenetic analyses.
The pattern of motifwas identified in sevenNosemagenomes, andve alsodetermined the
potential effect of the sequence motif on gene expredsisthermore, W extended our efforts in
comparative genomic analysis d&fosemaspecies in wide range of hosts to identify the

evolutionary relatioship betweeiNosemaspecies and their hosts.

4 3 Materials and methods

4.3.1 Sample source and insect rearing

The genusviuscidifuraxis a natural biocontrol agent of the dipteran filth flies with nine
identified species, all of which are pupal parasitoid wabfisscidifurax raptorGirault and
Sanders was the first species characterized in [2Z]0Iin 1970, four sibling species in this genus
were describedM. zaraptor Kogan and Legner, from the southwestern United Staies;
raptoroidesKogan and Legner from Central America and Mexikb;raptorellus Kogan and
Legner from Uruguay and Chile; and a thelytokous spédiamiraptorKogan and Legner from
Puerto Rico[261]. M. uniraptor only produces a female offspring, and the parthenogenesis is

caused by an intracellular bacteriumhich is an AsupegroupWolbachia wni [32, 33]

In this study, threduscidifuraxspecies were used. The sourcéVbofzaraptorwas from
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two independent colonies, and both of them were derived from the same USDA colony maintained
by Dr. Chris Gedenotés | aboratory, which was o
Minnesota, Nebraska, and California. The USMAzaraptorcolony is maintained in the Geden
laboratory at the Center for Medical, Agricultural and Veterinary Entomology, USDA Agricultural
Research Service (USDARS, Gainesville, FL, USA). An attempt was made to cure the colony

for Nosemanfection in 2019 using a heat shooéatment approad62]. TheM. zaraptorcolony

maintained in the Wang laboratory (AUB colony) at Auburn University College of Veterinary
Medicine (Auburn, AL, USA) was obtained from the University of Rochester in 2019, which was
derived from the USDA colony infected with muscidifuracisTheM. uniraptorcolony at AUB

was also obtained from the University of Rochester in 2019, anddseméafree. TheM. raptor

colony maintained in the Wang laboratory at AUB was derived frodosemacured colony

treated in 2017 in the Gedéaboratory (see Materials and Methods). All AUB colonies were
maintained on commercial flesh fIgércophagabullata pupae (War dbés Science
USA) at a constant temperature of 25°C and 24h constant light in the Wang laboratory. The USDA
colonies were maintained on houseflyiUsca domestidapupae in the Geden laboratory

(Gainesville, FL).

43.2 High molecular weight DNA extraction PacBio CCS library preparation and

sequencing

High molecular weight (HMW) genomic DNA (gDNA) was extracted frimzaraptor
whole-body samples collected 24 hours after eclosion from the AUB colony using Getipmic
20/G kit (Qiagen, MD, USA). The DNA concentration was measured on a Qubit 3.0 Fluorometer

instrument (Thermo Fisher Scientific, MD, USA). The gDNA quality and the distribution

110



were assessed on an Agilent TapeStation 4200 machine (Agilent Technologies, CA, USA) with
genomicsscreentapes A t ot al -qaafity ML ZaragtogHMW iglONA was sheared into

20 Kb fragmentsAfter endrepair and ligating the specific adapter oligos, the DNA fragments
were annealed with sequencing primer v2 and Sequel || DNA Polymerase, bound to the SMRTbell
templates, and the library was prepared using the SMRTbell Template Prep kit vBen@ES

HiFi Library construction protocol (Pacific Biosciences, CA, USA) at the HudsonAlpha Genome
Sequencing Center (HGSC, Huntsville, AL, USA). The concentration and the size distribution for
the prepared library were determined on LabChip GX TouchR€FkfnElmer, MA, USA), and

sequenced on a PacBio Sequel Il System at HGSC.

4.3.3 10x Genomicsinked-read library construction and Illlumina sequencing.

HMW gDNA from AUB M. zaraptorwas diluted to ~0.8 ng/ul with EB buffer through a
series of dilutions, with concentrations determined by Qubit 3.0 Fluorometer (Thermo Fisher
Scientific, USA). The Chromium Genome Reagent Kit v2 (10x Genomics Inc., CA, USA) was
used for linkedead libra y pr epar ati on, according to the mail
chip was loaded with diluted denatured gDNA, sample master mix, and gel beads following the
protocol. Gel Beadn-EMulsions (GEMs) were generated usind@ Chromium Controller.

After the incubation and cleanup of the obtained GEMs, Chromium i7 Sample Index was ligated
and served as the library barcode to provide linked information. The size distribution of the
prepared library was assessed using Agilapebtation 4200 (Agilent Technologies, CA, USA),
final library quantity was checked with Qubit 3.0 Fluorometer (Thermo Fisher Scientific, USA).
After quality control, the 10x Genomic library was sequenced on an lllumina NovaSeq 6000

machine.
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4.3.4 Assembly of theN. muscidifuracisGenome

De novogenome assembly for tHd. zaraptorgenome was performed with 23.7 Gb
PacBio HiFireads (377.2 Gb raw reads) using dedicatedreadjassemblers hifiasm vO0[124].
The 10x Genomics reads were aligned to the assembled contigs using the LongRanger pipeline
v2.1.6[128]. The identity ofM. zaraptor contigs was determined by coverage depth (54.5X
lllumina read depth) and homology to closedyatedM. raptorelluswith a highquality reference
genome availablg263]. Contigs from six microbial species were also detected in the hifiasm
assemblyincluding five bacterial species ahd muscidifuracisA total of 30N. muscidifuracis
PacBio HiFi contigs wer@&entified based on coverage depth (226.7X Illumina read depth) and
GC content (25.2%]238]. De novoassembly of 10x Genomics data was performed using
Supernova v2.1.1 with default parametdi23]. Overlap of HiFi contigs and 10x scaffolds were
detected by quickmerge v0.3[031]. The 30N. muscidifuraciscontigs were merged into 28

contigs based on manual inspection of the contig overlap.

4.3.5 Assessment dlosemagenomes

The final genome completeness of muscidifuraciswas assessed by BUSCO
(Benchmarking Universal Singl@opy Orthologs) v5.3.4264]. The BUSCO scores were
computed using microsporidia_odb10 with a total of 600 orthologs. The BUSCO scores were also
computed for an outgroup microsporidian sped@s;ephalitozoon cuniculr5, 76] as well as
eight otheNosemapeciestrains, includindN. ceranadBRL 01[257], N. ceranad®?A08[79], N.
ceranaeBRL [70], N. apisBRL 01[69], N. bombyci€Q1[72], N. granulosisOu3-Ou53[74], N.

antheraeaerY [73], andNosema spYNPr[71] (Table H).
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Table 14. Genome assembly statistics fdlosema muscidifuracisind comparison with

other microsporidian genomes

Species . o . scaffold/contig # of BUSCO complete
X Accession/citation  Size (bp) scaffolds/ (fragmented/
(strain) N50 (Kb) . L
contigs missing)

N. muscidifuracis this assembly 14,397,169  544.3/544.3 28/28 97.0%(1.2%/1.8%)
N. apis(BRLO1) GCA _000447185.1 8,569,501 24.3/14.0 554/1133  75.0% (6.0%/19.0%)
N. ceranagBRL) GCA _004919615.1 8,816,425 177.3/177.3 110/110 97.0% (1.2%/1.8%)
N. ceranagPA08) GCA_000988165.1 5,690,748 42.6/42.6 536/536 97.0%(1.3%/1.7%)
N. ceranagBRLO1) GCA _000182985.1 7,860,219 2.9/2.9 5465/5465 93.9% (3.5%/2.6%)
Nosema spYNPr) NA 3,637,996 12.2/3.8 462/2272  84.5% (2.7%/12.8%)
N. antheraeagYY) NA 7,100,626 172.2/25.6 202/719 95.3% (1.5%/3.2%)
N. bombycigCQ1) GCA_000383075.1 15,689,776 57.4/6.1 1607/3558 83.0% (5.0%/12.0%)
N. granulosigOu30u53) GCA_015832245.1 8,859,703 12.7/9.4 1754/2007 95.9% (1.8%/2.3%)
E. cuniculi(GB-M1) GCA _000091225.2 2,497,519 220.3/218.3 11/12 100.0% (0.0%/0.0%)

4 3.6 Genome size estimation

lllumina shortreads aligned ttN. muscidifuracisassembly were utilized to estimate the
genome size. Lowguality bases and adapter sequences were trimmed using Trimmomatic version
0.39[115], with the parameters Al LLUMI NACLI P: adapt
SLI DI NGWI NDOW: 4: 15 IqualiylLtrinshed6réndsaverdiused Hor multiple k
mer counting using Jellyfish version 2.3285]wi t h p ar a mmR5%sr28G-tc o4u8n.to AT h e

genome size and heterozygosity were estimated using Genomé¢3a6jpe
4.3.7 Telomeric repeat identification
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TRIP pipeline (Telomeric Repeats Identification Pipelif#§7] was used tale novopredict the
candidate telomeric repeat motifs (TRMs) from publicly available glead sequencing data of
Nosemagenomes (Tdb 15). With PacBio longread assembly, the telomeric repeat motifsl of
muscidifuracisvere determined from the repetitive regions at the termini of multiple contigs. To
confirm the telomeric repeats, we extracted and aligned the sequences of assembled telomeric and
subtelomeric regions inthe N. muscidifuracisgenome. The phylogenetic tree based on 27
nucleotide sequences in ~20 Kb subtelomeric region was constructed to determine the evolutionary

relationship of the conserved stddomeric sequences.

Table 15. Short-read genome sequencing data iNosemaspecies for telomeric repeat motif

identification
. . Data_ Total number of Candida_te .
Species (strains) Accession reads telomerlc. Sequencing platform
numbers repeat motif
N. apis(BRLO1) SRX245851 493,431 N/A 454 GS FLX
N. ceranagBRL) SRX5338655 2,186,202 N/A MinlON
N. ceranagPA08) SRX318182 6,106,172 TTAGG lllumina HiSeq 2000
N. ceranag BRL01) SRX003255 1,063,647 N/A 454 GS FLX
Nosema spYNPr) NA Raw data noavailable
N. antheraeagYY) NA Raw data not available
N. bombycigCQ1) SRX7209795 26,849,840 N/A" lllumina HiSeq 2000
N. granulosigOu3-Ou53) SRX5286701 7,327,280 N/A lllumina MiSeq
E. cuniculi(GB-M1) ERS610230 Raw data not available

* cDNA wassequenced for this species.
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4.3.8 Repeat annotation

Before gene prediction, repeat annotation was performed to identify the repetitive elements
in N. muscidifuraciggenome. We first constructedda novoN. muscidifuracigepeat database
using RepeatModeler v2.0[137], which provides a list of repeat family sequences. The repeat
identifying was implemented by three complementary computational programs, RECON v1.0.8
[138], RepeatScout v1.0.5139], and Tandem Repeats Finder (TREXO]. Based on the
transposon element library, the homologous repeats anddowlexity DNA sequences were
masked using RepeatMasker v4.J141] with RMBlast v2.10.0 sequence search engine

(http://www.repeatmasker.oxg

4.3.9 Noncoding RNA annotation

Noncoding RNAs (ncRNAs) were predicted using the Infernal software versio26&]2
based on the multiple sequence alignments using the covariance models in the Rfam[@&&base
Before prediction, the esleqstat program was used to determine the total database sizeNor the
muscidifuracisgenome. The ncRNAs in thH. muscidifuracisgenome were predicted and
annotated using the cmscan program in Infernal softy2&&] with RNA families in the Rfam

[269] database.

4.3.10 Nosemainspection and treatment procedures

Colonies ofM. raptorwere established in 2015 from parasitoids collected from dairy farms
in Florida, Minnesota, Nebraska, and California, and samples of parasitoids were examined
visually for Nosemanfection by crushing wasps in a drop of sterile water on a microscope slide
and examining at 4060for the presence of sporg35]. None of the specimens examined at the
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time showed patent infections. After one year in colony, 100% of examined parasitoids had patent
infections, indicating that lovevel infections had escaped detection at the time of colony
founding. In 2017, colonies were hdsgated by exposing multiple cohorts of newly parasitized
house fly pupae to 80 for 45 min and holding them for adult emergef&#9]. Emerged adults

were examined visually for infection as before, and progeny from cohorts thaNossmaree

based on visual inspections were used to start new colonies. Examination of these colonies after
three additional generations indicated a resurgence of infection in three out the four strains. A final
attempt was made to eliminatdosemadisease from the colonies by first subjecting three
successive generations of parasitoids from the four strains to heat treatment as before and holding
them for @ult emergence. This procedure was conducted with three separate lineages of each of
the four strains. Parasitized pupae were then held in individual gelatin capsules for emergence.
Pairs of parasitoids (n=100 pairs for each strain) were then held witbua@ fly pupae/pair for

three days, then given another set of 70 for three more days. Each female was examined
individually for the presence of spores; it was expected that six days would be sufficient time for
infections to be evident by visual inspecatid’rogeny of any females with patent infections were
discarded, and the parasitized pupae from females without patent infections were pooled to start a

new colony.

4.3.11 Genomic DNA extraction andNosemaétiter determination using quantitative PCR

To determine the levels dfosemanfection in theNosemacuredM. raptor AUB colony,
Nosemanfected M. zaraptor AUB colony andNosemacured M. zaraptor USDA colony, we
extracted genomic DNA from 2dour adult male and female samples with three replicates per sex

using AllPrep DNA/RNA Mini Kit (Qiagen, MD). Three primer sets were designed to target the
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different regions of the 18S rDNA gene k Muscidifuracisusing Oligo 7 primer analysis
software (Molecular Biology Insights Inc., Cascade, CO, USA) (Tdlle Primers were
synthesized at Eurofins Genomics LLC (Louisville, KY, USA). All primer sets weaéuated by
PCR using th. zaraptorDNA template, withNosemafree DNA as a negative control, followed

by electrophoresis on 2% agargs# (Figure25). The PCR experiments were performed with Q5
High-Fidelity 2x Master Mix on an Eppendorf Mastercydieo PCR machine (Eppenddtbrth
America,Enfield, CT, USA). The thermal cycling protocol for the primers was as follows: initial
denaturation step at 98°C for 30 s, followed by 30 cycles of initial denaturation at 98°C for 10 s,
annealing at 55°C for 30 s, and extension at 72°C for 15 s. The gfaCidon was conducted in a

20 pL system using Luna® Universal gPCR Master Mix (New England BioLabs, Ipswich, MA,
USA). Each reaction contained 10 pL of Luna Universal g°PCR Master Mix, 8 pL of nu¢tease
water, 0.5 pL of forward primer and 0.5 pL reverse primer (10 pmol/L), and 1 uL of DNA template.
The BioRad C1000 Touch Thermal Cycler with CFX96 R&ahe PCR Detection Systems (Bio
Rad Laboratories, Hercules, CA, USA) was used to conduct gPCR experiméntser8YBR
scan mode usintpe Nosemal8S NP2 primer set (Tabl). Therelative quantification method
was appliedo determine thilosemabundance iM. raptor AUB colony andM. zaraptorfrom

both AUB and USDA colonieg.he thermocycling conditions féine gPCR assays were 95 °C for

60 s, followed by 40 cycles at 95 °C for 15 s and 50 °C for 30 s.

Table 16. The 18S primers used for the quantification oNosematiter in the Muscidifurax

zaraptorgenome
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Target Primer Primer sequence Product PCR Ta
gene name

ies nam .
Species name size

N. muscidifuracis 18S NP1 F GAAGAAGTATCTGAAAAATGGAC 151 bp 49.3°C

N. muscidifuracis 18S NP1 R CGTTACTGCCTTGTTAAGCC

N. muscidifuracis 18S NP2_F AAGAAGTATCTGAAAAATGG 213 bp 49.8°C

N. muscidifuracis 18S NP2_R CTTAGACTTAGTAGCCGTCTC

N. muscidifuracis 18S NP3_F TTATAGACAGACACAATCAG 225 bp 49.7°C

N. muscidifuracis 18S NP3 R ATATCATCTTAGATAGCGACGG

Figure 25. PCR results for three primer sets targeting the 18S rDNA gene ilNosema

muscidifuracis

The PCR amplification products for three 18S rDNA gene primer sktsaaraptorDNA sample

were evaluated by a 2% agarose gel alongside a Qoa#® 100 bp DNA Ladder, witN. vit
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(Nasonia vitripennisNosemaree) as a negative control. The gel was run at 120 V for 20 min.
The sizes of PCR products for NP1, NP2, and NP3 are 151 bp, 213 bp, and 225 bp, respectively.
NP 1 :-GAB@AAGTATCTGAAAAATGGAC-3 6 a-RA@TTACIGCCTTGTTAAGCG3 6 ;

NP 2 :-AAGAAGTATCTGAAAAATGG -3 6 a-8BTAGAGCTTAGTAGCCGTCTGC3 06 ; NP3:

5 dTATAGACAGACACAATCAG-3 6 a-ATARTCABCTTAGATAGCGACGG3 6 .

4.3.12 RNA sample quality control, RNA-seq library preparation and sequencing

Adult male and femal®l. zaraptorwere collected 24 hours after eclosion from both the
USDA colony and AUB colony in the Wang laboratory. Total RNA was extracted from the adult
whole-body samples in three biological replicates for each sex. RNA extractions were performed
with AlPrepDNARNA Mi ni Kit ( Qi agen, MD, USA) foll owi
RNA yield was quantified using a Qubit 3.0 Fluorometer instrument (Thermo Fisher Scientific,
MD, USA), followed by a quality check on an Agilent T&pation 4200 Bioanalyzer (Agilent
Technologies, CA, USA). ForRNaAeqgq | i brary preparation, 1 &g
for all samples. To remove the abundant rRNA (ribosomal RNA) in the sample, an rRNA removal
protocol was performed using the NE&N rRNA Depletion Kit (New England Biolabs, MA,
USA). The remaining mRNA was used for RM&q library construction using NEBNext Ultra Il
Directional RNA Library Prep Kit (New England Biolabs, MA, USA) with the manufacturer
provided protocol. After qualit control, the RNAseq library was sequenced on an lllumina

NovaSeq6000 platform.

4.3.13 RNA-seq data processing and gene annotation

On average, 128 million 15@p reads were generated for each of th®l12araptorRNA-
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seq libraries. The raw RN&eq data was checked for sequencing quality using Fa&tZXT.
Adapter sequencesnd lowquality bases in the paireehd RNAseq reads were trimmed with
Trimmomatic v0.39115] (Tablel7). A totalof 6.2 million noarDNA reads mapped uniquely to
the N. muscidifuracisvere used fode novotranscriptome assembly by Trinity v2.4035].
Proteircoding genes were predicted and annotated iNtheuscidifuraciggenome assembly
using Fungal Genome Annotation Pipeline (FunGEFY], and filtered RNAseq reads as input.

FunGAP masked the repeats in the genome and assembled theel§Ndads. Augustyl71]

was used for gene mo d e | p r e d-{Hawgusiu speciesvi t h
encephalitozoon_cuni cul iNoseBaThe midiosporidiani psoteit he ¢
database used by FunGAP was downl oaded by nddo

Table 17. RNA sequencing samplénformation, data yield, quality control summary

statistics
Library ID Sex Host Replication airig—fend #ofreads % of reads
y information " after QC after QC
reads

Mzar_adultF_FL repl Female fleshfly replicate 1 85,853,492 84,584,114 98.52%
Mzar_adultF_FL rep2 Female fleshfly replicate 2 57,015,645 56,227,715 98.62%
Mzar_adultF_FL_rep3 Female fleshfly replicate 3 69,336,408 68,326,961 98.54%
Mzar_adultF_ HL repl Female housefly replicatel 76,735,261 75,692,065 98.64%
Mzar_adultF_HL_rep2 Female housefly replicate2 77,203,402 75,967,748 98.40%
Mzar_adultF_HL rep3 Female housefly replicate 3 56,990,139 56,109,147 98.45%
Mzar_adultM_FL repl Male fleshfly replicate 1 49,640,375 48,903,854 98.52%
Mzar_adultM_FL_rep2 Male fleshfly replicate 2 60,168,883 59,363,068 98.66%
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Mzar_adultM_FL_rep3

Mzar_adultM_HL_repl

Mzar_adultM_HL_rep2

Mzar_adultM_HL_rep3

Male

Male

Male

Male

fleshfly replicate 3

house fly  replicate 1

house fly  replicate 2

house fly  replicate 3

61,031,813

57,421,992

51,761,573

64,986,450

60.048,859

56,504,800

50,944,361

64,014,005

98.39%

98.40%

98.42%

98.50%

4.3.14 Comparative genome analysis

To compare the genomes f muscidifuracisand its closelyrelated speciehl. ceranae,

MCscanX[156] was used to perform synteny analysis and identify syntenic blocks between these

genomes based on core orthologous gene sets identified using BlastP with default settings (E

value O 1e1 5;

mi

nNi Mmum number

of g e notton files

a syr

of N. ceranae(BRL strain) were downloaded at NCBI Assembly with the accession number

GCA_004919615.1. The genomic circle of collinearity was visualized in Cjit&24. To check

the location of duplicated geneshih muscidifuraciswe detected and plotted the collinear blocks

within the N. muscidifuraciggenome using MCscanpl56]. The duplicated genes were aligned

using mafft software (version 7.478)72]. The identity of the two sequences for each gene

pairwas computed by the Needle program with the default parameters (Gap penalty=10, Extend

penalty=0.5) using the Needlem#unsch algorithnf273]. The numbers of synonymous (dS)

and nomnsynonymous (dN) substitutions between two sequemees calculated using

theal i gnment s

by

KaKs Cal cul-#N methode®-A7lwar e

4.3.15 Confirmation of gene copy number differences using gPCR

We selected one sing®py genebiml, mfslwith two homologous, antefl with three
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homologous copies iIN. muscidifuracigenome for gPCR validation. The Oligo 7 primer analysis
software (Molecular Biology Insights Inc., Cascade, CO, USA) was used to design the primer sets

targeting the three selected proteoding genes. The primers used fbml ar e- 56

GTAGAAGAGAATTGCTTGAATG-3 6 a PMETCATACTCTGATGAAGGATTT-3 6 , t he
primers used for mfsl ar e -TTBAGCCACAAAATTATGTCC-3 6 and 506
ATGTTAAATACTTGTGCTCT-3 6 , and t he pritmérare uskéd f
GCTGCTGAAAATAACAAGTCT-3 6 a-BCATGGBTACAATAACTACACCT-3 6. Al | prim

were synthesized by Eurofins Genomics LLC (Louisville, KY, USA). Before the gPCR
experiments, we checked the size of PCR products and the amplification efficiency using 2%
agarose gel electrophoresis. The gPCR experiments were peatfasimg Luna® Universal g°PCR
Master Mix (New England BioLabs, Ipswich, MA, USA) on a #tad C1000 Touch Thermal
Cycler with CFX96 Reallime PCR Detection Systems (BiRad Laboratories, Hercules, CA,
USA). The 20 pL reaction system consisted of 10 puL aofd Wniversal gPCR Master Mix, 0.5

pL of forward primer (10 umol/L), 0.5 uL of reverse primer (10 pmol/L), 8 uL of nucldeese

water, and 1 uL DNA templateM. zaraptorDNA samples extracted from AUB colony). The
gPCR reaction conditions were 95 °C for 60 s, followed by 40 cycles at 95 °C for 15 s and 50 °C

for 30 s.

4.3.16 Functional and pathway annotation oN. muscidifuracisproteins

The pathway annotation was performed using 2,783 annotated géhesuscidifuracis
and 5,886 genes inSaccharomyces cerevisiadS. cerevisiag accession number:
GCA_002571405.2)278]. Assignments to genes in metabolic and regulatory pathways were

performed by the KEGG's internal annotation toolgtpG://www.kegq.jg/ [279, 280]
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GhostKOALA was used to assign the most appropriate K numbers to the query genes by GHOSTX
program[281] and KOALA (KEGG Orthology And Links Annotation) algorithf@282], which is

based on the sequence similarity search against the structured KEGG GENES dagdjase
Subsequently, a set of K numbers was linked to KEGG pathway maps with the KEGG Mapper
Reconstructed tool. The number of genes in selected KEGG pathweymunscidifuraciandS.
cerevisiaegenomes was manually counted according to the KEGG pathway maps. Statistical

significance was evaluated using the-GQuare test.

4.3.17 Motifs prediction in regulatory regions

In microsporidia, the patterns of transcript initiation are quite different. The regulatory
motifs oftranslationstart sites appear to be concealed in common eukaryotes due to the compact,
genedense genomg284,285] To di scover the potentiaN. regul
muscidifuraciscoding sequences, 200 bp sequences upstream of the start codon for all genes were
extracted fronN. muscidifuracigenome. MEMH286]was appl i ed to search f
using all gene set (®@2,718) with the maximum motif width of 12 positioi% characterize the
pattern of motif inNosemaspeciesthe same analysis was performedtherNosemagenomes
andE. cuniculi We used MEME to identify the motifs upstream of the start codon in a small gene
set (n=449, shared orthologous genes) and other predicted geeesihosemaspecies ané.
cuniculi. The RNAseq data was analyzed to provigditionalevidence for the discovenyf
regulatory motifs. We plotted the average coverage across the 200 bp ups2@abpj and 500
bp downstream (+500 bpggionof 2,155 proteircoding genes. Theresence aiotifsin different
expressd genes wasexaming to determinethe relationship between predicted motifs and gene

expression.
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4.3.18 Phylogenetic analysis betweed. muscidifuracisand other microsporidia

To infer the evolutionary history of our assembled genome, we estimated the phylogenetic
relationship betweemN. muscidifuracisand other microsporidia. Homologous orthologs were
determined for 10 strains ofNosemaspecies. ceranaeBRL 01[257], N. ceranae?A08 1199
[287], N. ceranaeBRL [70], N. apisBRL 01[288], N. bombycisCQ1[72], N. granulosisOu3
Ou53 [74], N. antheraeaeYY [73], Nosema spYNPr [71], N. muscidifuracisMzar andN.
muscidifuracisMrap), as well as the outgroup specieatephalitozoon cunicu(E. cunicul)

[75, 76] The orthologs oNosemagenus and the orthologous proteindNofceranad®A08 1199

strain were extracted from OrthoDB v10.1 (https://www.orthodb.org/) [52] using Tax@a9i

The genomic data of fivélosemastrains andE. cuniculiwas downloaded from NCBI, the
accession number wgwesented in Tabld4. The genomic data oN. antheraeaeYY was
downloaded fromSilkPathDB databasg73], and protein sequence dflosema spYNPr was
providedby Dr. Xu Jinshari71]. Then, weperformed a BLASTp search with the selNofceranae

(PAO8 1199 strain) proteins to identify the protein sequences of orthologs in other selected
microsporidia genomes and our assemiNeanuscidifuracigenomes with a minimum of 20%
sequence identity (Falue < 10€5). A total of 449 orthologs among these eleven genomes were
identified. Subsequently, MAFFT v7.40290] was used to align the protein sequences of
orthologs among the above genomes independently. The protein alignments were concatenated
into one supesequence to construct the phylogeny with Joredor-Thornton (JTT) protein
model using RAXML v8.4291]. 1,000 rapid bootstrap replicates were applied to evaluate the
branch supports. The phylogenetic tree was finally visualized in FigTree v1.4.4 software

(http://tree.bio.ed.ac.uk/software/figtree/
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4.3.19 Cytogenetic analysis ofNosemadistribution in the ovaries of three Muscidifurax

species

The ovaries of infected/. zaraptor and M. raptor were compared with the closelglated
Nosemafree speciedl. uniraptor. Ovaries were fixed for 15 minutes in 10% Formaldehyde and

0.2% Tween in Phosphate Buffered Saline (PBSActin staining (Rhodamine Phalloidin,

|l nvitrogen) was perf or medT. Owarges wereghbntwashed 3Ximnger
PBST and movedo Vectashield with DAPI (Vector Labs) for at least 16 hours before mounting.
Microscopy was performed using a Leica SP5 point scanning confocal (63x/1.4 HCX PL Apo CS

oil lens). Image were collected with LAS AF. Minor processing (Gaussian blur) was performed

using FIJI.

4 4 Results

4.4.1 Nosema muscidifuracigenome assembly and statistics

We sequenced thel. zaraptorgenome using a combination of PacBio laegd and
lllumina 10x Genomics linkedead sequencing technologies Nlosemainfected M. zaraptor
samples (see Materials and methods). A total of 23.7 Gb PacBio Sequel Il HiFi readsl(b1.2
coverage oM. zaraptorgenome), and 63.6 Gb of Illumina linkeelads (54.50ld coverage) were
generated (Tabl&8), resulting in a highguality assembly oM. zaraptorgenome. Bioinformatic
analyses revealed that symbiotic microbes are among the assembled contigs, inNhseimg
muscidifuracis a known microsporidian species infectiNg zaraptor Nosema muscidifuracis
contigs were separated from the host contigs based on a much higher sequencing depth (258.2x;

Table19) compared td/. zaraptor(61.2x) and a much lower GC content (22.6% compared to 42%
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in M. zarapto). The drastic differences in sequence coverage and GC content allowed the
complete separation &f. muscidifuracisontigs from host sequences (Fig@&. In addition,N.
muscidifuraciontigs were aligned tocdosely relatedNosemareeM. raptorellusgenomg263]

to confirm the absence of host contaminations. The final assemblyftnescidifuracigenome
contains 14,397,169 bp in 28 contigs, wi t h

(Figure27A).

Table 18. Summary PacBio longread and lllumina (10x Genomics) linkedread sequencing

data generated forMuscidifurax zaraptorand Nosema muscidifuracigenome assembly

Genome Statistics M. zaraptor N. muscidifuracis
Genome size (bp) 386,836,632 14,397,169
PacBio data: # of HiFi reads 1,842,231 -

PacBio: total HiFi sequences 23.7 Gbp -

PacBio: average depth 61.2x 258.%
Pacbio: % scaffold mapped 99.98% 99.58%

[llumina data: # of linked read 424,317,074 -

lllumina: total sequences 63.6 Gb -
lllumina: average depth 54 .5« 226.7%
lllumina: % scaffold mapped 99.95% 99.42%

Table 19. Average PacBio coverage depth against tidMosema muscidifuracigenome

contig length (bp) covered % depth
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contig01
contig02
contig03
contig04
contig05
contig06
contig07
contig08
contig09
contig1l0
contigll
contigl2
contigl3
contigl4
contigl5
contigl6
contigl7
contigl8
contigl9
contig20
contig21
contig22
contig23
contig24
contig25

982164
933025
833206
682066
669200
635296
610585
588184
577561
554,543
544,348
522755
491,432
490971
459695
442036
421,492
407,860
396,865
396051
388771
379414
368489
350964
328750

99.99%
100.00%
99.76%
100.00%
98.96%
99.83%
98.52%
99.98%
99.78%
100.00%
99.75%
99.70%
98.60%
100.00%
99.79%
99.98%
99.76%
99.99%
99.67%
98.77%
100.00%
100.00%
100.00%
99.41%
99.80%
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207.709
303.615
281.799
282.248
272.678
315.956
206.116
280.003
204.839
281.667
328.366
167.12
229.028
194.356
331.034
311.178
231.984
224.255
260.539
213.116
354.814
346.008
176.693
191.966
170.164



contig26 325008 98.41% 244.626

contig27 316965 100.00% 292.97
contig28 299473 100.00% 280.375
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0.2 : ! ) . . L 77 = ‘
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log10(average_coverage) log10(average_coverage)
Scaffold type M. zaraptor ~ « N. muscidifuracis

Figure 26. The plot of GC content and CpG percentage versus average coverage for all
scaffolds from the initial assembly suggested that the scaffolds df muscidifuracis are

separated from other scaffolds inVl. zaraptorgenome.

(A) The plot showing the GC content versus average coverage for all scaffolds from the initial
assembly. The scaffolds b muscidifuracisvith higher coverage and extremely low GC content
are plotted using blue dots, and the scaffoldslirzaraptorgenome are labeled in red. (B) The

plot showing the CpG percentage and average coverage for all scaffolds from the initial assembly.
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Figure 27. Chromosome level genome assembly dfosemamuscidifuracis showing GC

content and rDNA clusters.

(A) The length of all 28 contigs iN. muscidifuracisgenome. A total of 57 rDNA clusters are
plotted using orange boxes. (Bhe length of 11lchromosoms in Encephalitozoon cuniculi
genome with three rDNA clustelabeledin orange. Data is frorKatinka et al (2001)[75]. (C)
Plots of GC content alorg. muscidifuraciscontig04 and contigl1 show low average-Ghtent

of theN. muscidifuracisgenome and elevated GC content at rDNA clusters.
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4.4.2 Assessment of the continuity and completeness of tRemuscidifuracisgenome

The assembleN. muscidifuracigontigs had an N50 of 544,348 bp, which is much larger
than all publishetNosemagenomes, indicating excellent continuity (Tab#. Nine contigs have
regions at termini with elevated GC content (>50%), which are putative telomeric regions,
suggesting chromosonievel assembly. To evaluate the completeness of the genome assembly,
we aligned 10x Genomics shadad reads using BWA, d®9.42% of the assembled contigs were
covered (Table.8). The BUSCO completeness score is 97.0%, which is the salhecasanae
assemblies and much higher than otNesemaassemblies (Table4). The assembly statistics

indicate that the quality of oussembly is high in both genome continuity and completeness.

4.4.3 A novel composite 4p and 5bp telomeric repeat motif in N. muscidifuracis

De novotelomeric repeat motifs (TRMs) prediction was performedNasemaspecies
using the TRIP pipelind267]. With the shordread sequencing data publicly available, we
identified the potential TRMs iNNosemaenomes. The-Bp (TAGG)n type of motif is the most
abundant short tandem repeabNiosemaThe (TTAGG)n TRM is alséound at the chromosaen
ends with great assembled length. Another possible telomeric repeat is (HAGBE@
characterized the assembled length of three types of telomeric repeat motifs (TRMs), and found a
novel composite -bp and 5bp telomeric repeat motif at the ends of chromosome. The
combhation of PacBio longead assembly and Illumina shogtad correction ensured the
accuracy and completeness of genome assembly. With thequmdity N. muscidifuracis
assembly, we examined the telomeric repeat motifs at the ends of chromaeaaties,result is
consistent with the TRIP predictiohhe (TAGG)n and (TTAGG)n types of TRMs were detected

at 19 chromosome ends amongc2itigs (Figure 28A, Figure 28B, and Figure28C). We then
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extracted the sequences of assembled telomeric andelsuoferic regions, the sequence

alignments provided additional evidence to confirm that the telom&lesemaspecies is a novel

composite form of 4p and 5bp telomeric repeat motif, and revealed a conserved ~20 kb sub

telomeric region of the chromosomes (Fig28E and Figure28D). The phylogenetic tree based

on 27 nucleotide sequences in ~20 Kb subtelomeric region suggested two types of conserved

subtelomeric sequenei Nosema muscidifuracigigure 28E).
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Consensus

1. contig01: -~ AAGACACGTCATCTAAAAATATTTTATTTTCTAGATAATTAAATATTGTGAAATATTAGGTTAGG TAGG
2. contig01: .. AAGACACGTCATCTAAAAATATTTTATTTTCTAGATAATTAAATATTGTGAAATATTAGG TTAGG TAGG ...
3. conti g(} 2: AAGACACGTCATCTAAAAATATTTTATTTTCTAGATAATTAAATATTGTGAAATATTAGG TTAGG TAGG
4. contig02: .. AAGACACGTCATCTAAAAATATTTTATTTTCTAGATAATTAAATATTGTGAAATATTAGG TTAGG TAGG ... E
5. conti g(} 3: AAGACACGTCATCTAAAAATATTTTATTTTCTAGATAATTAAATAT TGTGAAATATTAGG TTAGG TAGG
6. contig03: . AAGACACGTCATCTAAAAATATTTTATTTTCTAGATAATTAAATATTGTGAAATATTAGGTTAGGTAGG
7. contig04: . AAGACACGTCATCTAAAAATATTTTATTTTCTAGATAATTAAATATTGTGAAATATIAGG TTAGG TAGG .
8. contig04: .. AAGACACGTCATCTARAAATATTTTATTTTCTAGATAATTAAATAT TGTGAAATATTAGCTTAGE TAGG .
9. contig0B: . AAGACACGTCATCTARAAATATTTTATTTTCTAGATAATTAAATATTGTGAAATATTAGG TTAGG TAGG
10. contig0B: . ARGACACGTCATCTAAAAATATTTTATTTTCTAGATAATTARATATTGTGAARTATTAGG TTAGGTAGE ...
11. contig07: . AAGACACGTGATCTAAAAATATTTTATTTTCTAGATAATTACATATTGTGAAATATTAGGTTAGGTAGG
12, contig07.  AAGACACGTCATCTAAAAATATTTTATTTTCTAGATAATTAAATATTGTGAAATATTAGG TTAGG TAGG
13. contigD8: ... AAGACACGTCATCTAAAAATATTTTATTTTCTAGATAATTAAATATTGTGAAATATTAGG TTAGGTAGG ...
14. contig08: . ARGACACGTCATCTAAAAATATTTTATTTTCTAGATAATTAAATATTGTGAAATATTAGGTTAGGTAGG .
15. contig09:  AAGACACGTCATCTAAAAATATTTTATTTTCTAGATAATTAAATATTGTGAAATATTAGG TTAGGTAGG .
16. contig11: . AAGACACGTCATCTAAAAATATTTTATTTTCTAGATAATTAAATATTGTGAAATATTAGGTTAGG TAGG .
17. contig11: ... AAGACACGTCATCTAAAAATATTTTATTTTCTAGATAATTAAATATTGTGAAATATTAGG TTAGG TAGG ..
18. contig12: ... AAGACACGTCATCTAAAAATATTTTATTTTCTAGATAATTAAATATTGTGAAATATTAGG TTAGGTAGG ...
19. contig13: .. AAGACACGTCATCTAAAAATATTTTATTTTCTAGATAATTAAATATTGTGAAATATTAGG TTAGG TAGG
20. contig14: . AAGACACGTCATCTAAAAATATTTTATTTTCTAGATAATTAAATATTGTGAAATATTAGG TTAGGTAGG
21. contig14: .. AAGACACGTCATCTARAAATATTTTATTTTCTAGATAATTAAATAT TGTGAAATATTAGG TTAGG TAGG ..
22. contig15: . AAGACACGTCATCTAMAAATATTTTATTTTCTAGATAATTAAATATTGTGAAATATTAGGTTAGGTAGG .
23. contig16: .. AAGACACGTCATCTAAAAATATTTTATTTTCTAGATAATTAAATATTGTGAAATATIAGG TTAGG TAGG .
24. contig17: .. AAGACACGTCATCTAAAAATATTTTATTTTCTAGATAATTAAATAT TGTGAAATATTAGG TTAGGTAGG .
25, contig21: . AAGACACGTCATCTAAAAATATTTTATTTTCTAGATAATTAAATATTGTGAAATATTAGGTTAGG TAGG
26, contig22:  AAGACACGTCATCTAAAAATATTTTATTTTCTAGATAATTAAATATTGTGAAATATIAGG TTAGG TAGG
27. contig27: ... AAGACACGTCATCTARAAATATTTTATTTTCTAGATAATTAAATAT TGTGAAATATTAGG TTAGG TAGG ..
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Figure 28. A novel type of telomere in theNosemamuscidifuracisgenome.

(A) Presence of telomeric sequences at the termini ®.28uscidifuraciggenome contigs. (B)

Plot of GC content along contigl4 showing the high GC content at telomeric regions. (C) Sequence
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alignment at the telomemibtelomere boundaries, showing the novel composiie dnd 5Sbp
telomeric repeat motif. (D) Total length and relative abundance of telomeric repeat motifs (TAGG,
TTAGG, and TAGGG) in telomeric regions. (E) Phylogenetic tree/adubtelomeric sequences

from different genomic contigs IN. muscidifuracis

4.4.4 Repeat annotation

In theN. muscidifuracig enome, a total of 4,078,013 bp
genome) were identified. Most repeats belong to the unclassified category (58.8% of total repeats).
Among classified repetitive elements, the Gypsy/DIRS1 LTR element is the most abundant,
aacounting for 37% of all known repeats, and 4.32% of the whole genome. The following classes
of repetitive elements account for more than 1%th# N. muscidifuracisgenome: DNA

transposons (3.49%), LINEs (1.68%), and simple refféatd%) (Table0).

Table 20. Summary of annotated repeat elements iNosema muscidifuracigenome

Categories # of elements Length (%)
Retroelements 1,008 863,391 (6%)
LINEs (RTE/BovB) 374 241,929 (1.68%)
LTR elements (Gypsy) 634 621,462 (4.32%)
DNA transposons 219 502,982 (3.49%)
Unclassified 1,462 2,396,435 (16.65%
Simple repeats 3,313 246,854 (1.71%)
Low complexity 1,215 68,351(0.47%)
Total 7,217 4,078,013
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4.4.5 Noncoding RNA annotation identified 57 rDNA clusters located in the middle oN.

muscidifuracischromosomes.

A total of 327 noncoding RNA (ncRNA) genes were predicted and annotatBd in
muscidifuracisgenome based on the Rf§#69] database of RNA families by using the Infernal
software packagi68]. The 170 tRNA genes account for 0.09% of the entire genome. We also
found seven snRNA associated with U2/U4/U6 small nuclear ribonucleoproteins, and two CD
box, small nucleolar RNA U3, suggesting that the splicing function may be preséht in
muscidifuracis The most abundant ncRNA genedNinmuscidifuracisire the rDNA genes. We
identified 57 complete rDNA clusters encoding 18S/28S ribosoRIdAs (Table 21).
Encephalitozoon cunicylia microsporidian species infecting various mammals, has 11
chromosomesand the rDNA clusters are located in the telomeric req#s/6] However, only
three rDNA regions were present in tBe cuniculireference genome due to the difficulties in
assembling these regions with highly similarity (Fig2v®). In ourN. muscidifuraciassembly,
the rDNA clusters are clearly in the middle of the contigs/chromosomes (Figure 1A), suggesting
that the chromosome termini location of rDNA clusters may be a special case only in
EncephalitozoorA hallmark ofN. muscidifuracisDNA region is increased GC context (~37%)
compared to the genome averages®; see Figur@7C). Collectively, the rDNA clustered are

more than 20&Db in length, accounting for 1.4% of the muscidifuracigenome (Tabl&1).

Table 21. The annotation of noncoding RNAs in thé&Nosema muscidifuracigenome

Average Total length
length (bp) (bp)

tRNA 170 75.1 12,765 0.089%

Type Class # of copy % of genome
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rRNA 5S 34 119.2 4,052 0.028%

LSU 57 2315.1 131,958 0.917%

SSuU 57 1237.1 70,516 0.490%

Total rRNA 148 13954 206,526 1.434%

SNRNA CD-box 2 179.0 358 0.002%
splicing 7 142.6 998 0.007%

Total ShRNA 9 150.7 1,356 0.009%

4.4.6 Reoccurrence ofNosemainfection in M. zaraptorafter cured by a combination of heat

treatment and Pasteurmethod.

The genome assembly usdd zaraptorin the AUB colony, which has never been treated
for Nosema(Figure BA). In 2019, treatment to eliminatéosemavas performed at the USDA
colony, using a heat incubation appro§2#9]. The M. raptor USDA colony was established in
2015 from Nosemaéfree founders based on microscopic examinafij. The recurrence of
Nosemainfection was cured in 2017 using an extensive treatment procedure described in the
Materials and Methods (summarized in FiguBAR To determine whether the treatment has
effectively eliminated or reduced tiNosemanfection, we designed PCR primer sets (Tdl&e
to target the 18S rDNA genes with sequeméermation in our genome assembly. THesema
titers in the AUB (Ct values 10.2~11.7) and USDA (Ct value 12.1~M.8araptorsamples were
extremely high compared to the control uninfediascidifurax uniraptorsamples (Ct value >

38; P < 0.001, t test), indicating heavy infection in both colonies (Fig@®).2The relative
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abundance oNoseman AUB samples is significantly higher than the USDA colony for both
females (2.80old; P < 0.01, t test) and males (@&d; P < 0.001, t test), suggesting a significant
reduction of theNosemaload in treated wasps (Figur®@B). The results indicated that heat
treatment reduced thdosemeétiter in a short time but failed to eradicate thesemaand the
infection came back and reached high titer rapidly. ForMheaptor samples, the relative
abundance oNosema(Ct values 10.8~11.7)s also high compared to thdosemaree M.
uniraptor samples® < 0.001, t test), which is comparable to AMB zaraptorsamples (Figure
29B). It is clear theNosemahas rebounded in the hdatated line, either due to incomplete

elimination or crossnfection from infected wasps.
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Figure 29. Quantification of the Nosematiter in AUB and USDA Muscidifurax zaraptor

colony.

(A) The USDA M. zaraptorand M. raptorc ol oni es were founded
laboratory. The USDAM. raptor colony was treated using a combination of heat treatment and
Pasteur method in 2017, resulting IN@semafree colony confirmed by microscopic examination.

The AUBM. zaraptorwas derived from a colony from the University of Rochester (U of R), which
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was never treated. The USDM. zaraptorcolony was cured foNosemanfection using a heat
treatment approach in 201262]. (B) Results of gPCR quantificationsbsema muscidifuracis
in M. zaraptorandM. raptor. Female samples were plotted using pink bars and male samples were
plotted in blue. Negative control (water) aNdsemaree waspM. uniraptor were included as

controls. Statistical significance was assessed by t td3t(9.05; **, P < 0.01; ***, P < 0.001).

4.4.7 Comparative genomic analysis oN. muscidifuraciswith N. ceranaeand an outgroup

microsporidian E. cuniculi

We identified 2,782 proteitoding gene models usirthe Fungal Genome Annotation
Pipeline (FunGAP)270], with RNA-seq read support The number of prote#soding genes we
annotated foN. muscidifuraciss close to that oN. ceranagN = 2,905)[257] andN. apis(N =
2,764). Comparative genomic analysis revealed that 26/88iscidifuracigontigs have syntenic
regions in theN. ceranaggenome based on proteinding genes (FiguredR There is a moderate
level of conservation in gene order, with many genome rearrangement events (Figure 3). When an
outgroup microsporidian speciegas compared, all 11 chromosomesEincuniculi[75] have

syntenic regions ifN. muscidifuraciswhich mapped to 2KM. muscidifuraci€ontigs (Figure31).
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Figure 30. Genome comparisons betweeNosema muscidifuracisind N. ceranae

A total of 26 contigs oN. muscidifuraci§93.4% of assembly in this research) show atorene
relationship with 25 scaffolds in thé. ceranaegenome (54.1% of assembly GCA 004919615).
The scaffolds on the left of the circle repreddnteranaescaffolds, and the contigs on the right

represeniN. muscidifuracigontigs.
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