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Genome divergence and reproductive incompatibility
among populations of Ganaspis near brasiliensis
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During the last decade, the spotted wing drosophila, Drosophila suzukii, has spread from eastern Asia to the Americas, Europe, and
Africa. This fly attacks many species of cultivated and wild fruits with soft, thin skins, where its serrated ovipositor allows it to lay eggs
in undamaged fruit. Parasitoids from the native range of D. suzukii may provide sustainable management of this polyphagous pest.
Among these parasitoids, host-specificity testing has revealed a lineage of Ganaspis near brasiliensis, referred to in this paper as G1,
thatappears to be a cryptic species more host-specific to D. suzukiithan other parasitoids. Differentiation among cryptic species is critical
for introduction and subsequent evaluation of their impact on D. suzukii. Here, we present results on divergence in genomic sequences
and architecture and reproductive isolation between lineages of Ganaspis near brasiliensis that appear to be cryptic species. We studied
five populations, two from China, two from Japan, and one from Canada, identified as the G1 vs G3 lineages based on differences in
cytochrome oxidase | sequences. We assembled and annotated the genomes of these populations and analyzed divergences in se-
quence and genome architecture between them. We also report results from crosses to test reproductive compatibility between the
G3 lineage from China and the G1 lineage from Japan. The combined results on sequence divergence, differences in genome architec-
tures, ortholog divergence, reproductive incompatibility, differences in host ranges and microhabitat preferences, and differences in
morphology show that these lineages are different species. Thus, the decision to evaluate the lineages separately and only import
and introduce the more host-specific lineage to North America and Europe was appropriate.

Keywords: genome assembly; genome annotation; reproductive incompatibility; biological control; parasitoid; Hymenoptera

specific to D. suzukii than other parasitoids (Wang et al. 2018;
Girod et al. 2018b; Seehausen et al. 2020; Daane et al. 2021). This lin-
eage appears to be a cryptic species similar morphologically to
G. brasiliensis but differing in behavior and genetics. We consider
species to be entities that are phylogenetically and genetically dis-
tinct, are reproductively isolated, and show important differences

Introduction

During the last decade, the spotted wing drosophila, Drosophila
suzukii (Matsumura) (Diptera: Drosophilidae), has established
widely in the Americas, Europe, and Africa (Asplen et al. 2015;
Tait et al. 2021). Drosophila suzukii attacks many species of culti-

vated and wild fruits with soft, thin skins (Kirschbaum et al.
2020). Current management relies on frequent use of insecticides.
Parasitoids from the native range of D. suzukii may provide sustain-
able management of this polyphagous pest without the use of in-
secticides (Lee et al. 2019; Wang et al. 2020). Recent exploration
has revealed several species of larval parasitoids of D. suzukii in
South Korea (Daane et al. 2016), China (Girod et al. 2018a; Giorgini
etal. 2019), and Japan (Girod et al. 2018a). Among them, Ganaspis bra-
siliensis Ihering and Ganaspis cf. brasiliensis (Hymenoptera: Figitidae)
were among the most common in intact fruits infested by D. suzukii
and the closely related species, Drosophila pulchrella Tan, Hsu &
Sheng and Drosophila subpulchrella Takamori. Host-specificity test-
ing showed that a lineage of Ganaspis near brasiliensis was more

in biology, for example, differences in host specificity. A paper by
one of us (MLB) in review at the Journal of Hymenoptera Research
describes subtle morphological differences between these lineages
and gives them species names. Here, we present results on diver-
gence in genomic sequences and reproductive isolation between
these cryptic species of Ganaspis near brasiliensis.

Ganaspis brasiliensis was first recorded in the Caribbean and
Brazil and later redescribed as the new combination of G. brasilien-
sis based on morphology (Buffington and Forshage 2016). Prior to
the redescription, Ganaspis species found parasitizing D. suzukil
were referred to a “D. suzukii-specific-strain” of Ganaspis xanthopoda
Ashmead in Japan (Mitsui et al. 2007; Kasuya et al. 2013). Nomano
et al. (2017) grouped Ganaspis from different geographical regions
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into five lineages (called G1-G5) based mainly on sub-sequences
of the mitochondrial cytochrome oxidase 1 (COI) gene. The G2 lin-
eage included individuals from the subtropical Japanese island of
Iriomote-Jima reared from Drosophila ficusphila Kikkawa & Peng,
the G4 lineage included individuals from Indonesia reared from
Drosophila eugracilis Bock and Wheeler, and the G5 lineage
included individuals from Japan and regions outside Asia from
unknown hosts. Nomano et al. (2017) suggested that other speci-
mens previously described as G. xanthopoda or Ganaspis sp. from
Thailand and the Philippines (Schilthuizen et al. 1998), Hawaii
and Uganda (Kacsoh and Schlenke 2012), Indonesia (Kimura
and Suwito 2012; 2015), Benin and the Caribbean Sea, Brazil
(Buffington and Forshage 2016), and Malaysia (Nomano et al.
2017) belong to the G5 lineage. Specimens collected from D. suzukii
and two co-occurring hosts, D. pulchrella and D. subpulchrella,
during recent exploration in Asia were assigned to the G1 and
G3 lineages and possibly the G4 lineage (Giorgini et al. 2019;
Seehausen et al. 2020).

The G1 and G3 lineages are endemic to East Asia and coexist on
host plants infested by D. suzukii and two closely related fly spe-
cies (Glorgini et al. 2019). For example, parasitoids collected in
Yunnan, China, in 2016 consisted of 23% G3 and 77% G1 based
on sequencing COI in a subsample of 30 individuals (Giorgini
et al. 2019). Parasitoids collected in South Korea in 2017 were
25% G3 and 75% G1 based on sequencing COI of a subsample of
48 individuals (unpublished data). Laboratory tests of host speci-
ficity showed that G1 and G3 can attack D. suzukii and closely re-
lated species like Drosophila melanogaster and Drosophila simulans
(Daane et al. 2021). However, G1 seems more specific to D. suzukii
(Nomano et al. 2017; Girod et al. 2018b; Giorgini et al. 2019). G5
from Asia and other regions differs in host specificity from G1
(Nomano et al. 2017; Seehausen et al. 2020). In laboratory and field
cage tests, G1 almost exclusively parasitized Drosophila larvae feed-
ing on intact fruits, whereas G3 readily parasitized D. melanogaster
and D. simulans in rotting fruits as well as D. suzukii (Girod et al.
2018b; Seehausen et al. 2020; Seehausen et al. 2022). G5 from
Hawail and Uganda had low success in development on D. suzukii
in the laboratory (Kacsoh and Schlenke 2012). Ganaspis brasiliensis
was reported in Mexico, but this population was unable to develop
on D. suzukii (Sanchez-Gonzalez et al. 2020), and G. brasiliensis was
collected from a single D. suzukii puparium in Argentina (Gallardo
etal. 2022). Both the Mexican and Argentinian G. brasiliensis are like-
ly in the G5 lineage (Sanchez-Gonzalez et al. 2020; Gallardo et al.
2022). Recent surveys in British Columbia (BC), Canada, and
Washington State, USA, found Ganaspis near brasiliensis, and these
populations were assigned to the G1 lineage based on COI se-
quences (Abram et al. 2020; Beers et al. 2022). The G1 lineage has
been recently approved for field release against D. suzukii in
France, Italy, and the USA.

The species status of these lineages of Ganaspis near brasiliensis
has not yet been resolved. The G1 and G3 lineages differ in acid-
soluble insect protein spectra (Reeve and Seehausen 2019), and
Seehausen et al. (2020) found that Japanese G1 and G3 were repro-
ductively incompatible and never observed copulation between
females of one lineage with males of the other, suggesting that
they are cryptic species. Here, we report genome assemblies, an-
notations, and sequence divergence of material from five popula-
tions of Ganaspis near brasiliensis. These include a Chinese
population identified as G1 and another identified as G3, a
Japanese population identified as G1 and another identified as
G3, and a Canadian population identified as G1 (Supplementary
Table 1). We also report results from crosses to test reproductive
compatibility between the G3 population from China and the G1

population from Japan. Our results support the status of the G1
and G3 lineages as different species.

Materials and methods
Insect sources

A colony of D. suzukii was started with field collections of infested
cherries during 2010 in Davis, CA, USA, which was used for rearing
parasitoid colonies. We studied material from colonies of Ganaspis
near brasiliensis established from field collections of five popula-
tions. Collection and voucher details for the parasitoid material
are given in Supplementary Table 1.

A colony of Ganaspis near brasiliensis from Yunnan was started
from field collections in Kunming, Yunnan, China, in 2016. Wild
berries of Rubus foliosus Weihe, Rubus niveus Thunberg, Fragaria
moupinensis Cardot (Rosaceae), and Sambucus adnata Wallich
(Adoxaceae) were collected in the suburbs of Kunming. The ber-
ries were often infested by D. suzukii and the closely related D. pul-
chrella. About 600 adult parasitoids emerged from imported
puparia at the quarantine facility of the University of California,
Berkeley (UCB). These specimens were assigned to two lineages,
G1 and G3, based on COI sequences. A colony of the G3 lineage
from Yunnan was started at USDA-ARS Beneficial Insects
Introduction Research Unit (BIIRU), Newark, DE, USA, from about
100 females and 50 males received from the UCB in 2018. In this
paper, we will designate this material G3-Yunnan.

A colony of parasitoids from Tokyo [referred to as Ganaspis cf.
brasiliensis in Girod et al. (2018a) and Seehausen et al. (2020)] was
started from collections in 2016 from D. suzukii on wild cherry
Prunus serrulata in Naganuma Park, Hachioji, Tokyo. This popula-
tion was assigned to the G1 lineage based on its COI sequence
(Nomano et al. 2017; Seehausen et al. 2020). The colony is main-
tained in the quarantine laboratory at CABI in Delémont,
Switzerland (Girod et al. 2018a). An Italian colony of the parasi-
toids from Tokyo was started at Fondazione Edmund Mach, San
Michele all’Adige, Italy, in 2020 from 150 wasps from the CABI col-
ony, and the BIIRU colony from this source was established from
about 500 wasps from Italy in 2021. In this paper, we will designate
this material G1-Tokyo.

A colony of parasitoids was established from material collected
in 2017 in Xining Park, Kunming, Yunnan, China, parasitizing
D. suzukii and D. pulchrella on Prunus sp. and identified as a G1 lin-
eage (Girod et al. 2018a; Xining strain in Seehausen et al. 2020). In
this paper, we will designate this material G1-Yunnan.

A colony of parasitoids was established from material collected
in 2017 in Hasuike—Shiga Kogen, Nagano Prefecture, Japan, para-
sitizing D. suzukii and D. subpulchrella on Vaccinium sp. and identi-
fied as a G3 lineage (Girod et al. 2018a; Hasuike strain in
Seehausen et al. 2020). In this paper, we will designate this mater-
ial G3-Nagano.

A colony of parasitoids was established from material collected
in 2020 in BC, Canada (Abram et al. 2020, 2022; Beers et al. 2022). In
this paper, we will designate this material G1-BC. Some of the ma-
terial from BC identified as G3 did not provide sufficient data for
genome assembly and annotation, so we do not include the re-
sults from this material here.

Insect rearing

Colonies of D. suzukii and parasitoids were maintained with the
methods described by Rossi-Stacconi et al. (2022). Briefly, D. suzukii
was maintained on an artificial diet in 250-ml flasks. The parasit-
oid populations were maintained on blueberries infested by
D. suzukii. Fruits were exposed to D. suzukii for 1-2 days for
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oviposition in screen cages (30 x 30 x 30 cm). The parasitoids were
reared in clear plastic containers (9 x 12 x 8 cm) by exposing 5-10
female wasps to 10-20 infested blueberries for 4-5 days, with dro-
plets of honey streaked on the container’s screen as a food source.
Following exposure, infested fruits were removed from cages and
kept in new plastic containers with filter paper at the bottom to
absorb leaking fruit juice. Newly emerged wasps were collected
in plastic vials (95 x 25 mm) and provided honey. Reared and para-
sitoid crosses done in plant growth chambers (23 + 1°C, 14-hour
light:10-hour dark, 40-60% relative humidity) at the containment
facility at USDA-ARS, Newark, DE, USA.

Genomic DNA libraries and sequencing

DNA was extracted, and libraries were prepared and sequenced at
the DNA Sequencing and Genotyping Center, Delaware
Biotechnology Institute, University of Delaware, Newark, DE,
USA. Briefly, genomic DNA was extracted from an individual
male from each population by cryo-pulverizing it in a 1.5-ml
tube. After pulverizing, DNA was separated from other material
with HMW MagAttract kits (Qiagen, Germantown, MD, USA).
Lysis was done at 56°C for 30 minutes, but the shaking steps
were replaced by 15 minutes of rotation to reduce DNA shearing.
Extracted DNA was quantified with a Qubit fluorometer
(Invitrogen, Waltham, MA, USA), and DNA length distributions
were determined on a Femto Pulse electrophoresis system
(Agilent Technologies, Santa Clare, CA, USA). PacBio HiFi libraries
were prepared from the extracted DNA with low-input and
ultra-low-input kits (Pacific Biosciences, CA, USA). The resultant
libraries were sequenced on a PacBio Sequel Ile.

Genome assemblies

For all programs used in this paper, citations, URL locations,
versions, parameter settings, and template scripts for running the
programs are given in Supplementary Document 1. We made as-
semblies of the DNA from G1-Tokyo and G3-Yunnan males with se-
ven assemblers: CSA_assemble (Kuhl et al. 2020) (pipeline that runs
wtdbg?2, Ruan and Li 2020), Flye (Kolmogorov et al. 2019), Hiflasm
(Cheng et al. 2021), IPA (https:/github.com/PacificBiosciences/
pbbioconda/wiki/Improved-Phased-Assembler), Mecat2 (Xiao et al.
2017), Miniasm (Li 2016), and Raven (Vaser and Siki¢ 2020) with
raw and error-corrected reads, where appropriate. Some assemblies
were run through the HERA pipeline for gap closing (Du and Liang
2019). Metrics of these assemblies are given in Supplementary
Table 2. Three assemblers (Mecat?, Miniasm, and Raven) gave as-
sembly sizes smaller than expected based on the flow cytometry es-
timate of 971Mb for a closely related species, G. xanthopoda
(Gokhman et al. 2011), so we did not consider these assemblers fur-
ther. Among the assemblies made with remaining four assemblers
(CSA-assemble, Flye, Hifiasm, and IPA), Hiflasm gave an assembly of
G1-Tokyo with Nso 3-26-fold higher and Lso 3-18-fold lower than the
other assemblies and an assembly of G3-Yunnan with N5, 0.9-7-fold
higher and Lsp 0.9-4-fold lower than the other assemblies
(Supplementary Table 2). Therefore, we report here assemblies of
all the genomes made with Hifiasm. We compared assemblies using
contiguity statistics from QUAST (Mikheenko et al. 2018), in particu-
lar Nso, which is the length of shortest contig at which over half the
genome is covered, and Lso, Which is the number of contigs covering
50% of the genome. We also analyzed the assemblies for the num-
ber of complete genes in the Benchmark Universal Single-Copy
Orthologs (BUSCO) set of 5991 genes from Hymenoptera
(Hymenoptera_odb10) (Manni et al. 2021).

Bacterial contamination

To find bacterial contamination in the Ganaspis assemblies, we
ran blastn with the assembly contigs against the NCBInt database
(Altschul et al. 1997; NCBI Resource Coordinators 2016). We re-
stricted our searches to Bacteria and Insecta because initial
searches with all of nt showed that most contigs with hits to
Bacteria also had hits to Eukaryota, which can be explained by
many DNA database accessionsidentified as Eukaryota being con-
taminated with sequences from Bacteria (Merchant et al. 2014; Lu
and Salzberg 2018). We determined the taxa of Bacteria that were
among the contaminant sequences and removed the contigs with
bacterial sequences from the assemblies for downstream
analyses.

Mitochondrial genomes

To find the mitochondrial genomes in these assemblies, we used
blastn to search for matches in the assemblies with sequences
in the published mitochondrial genomes of Leptopilina boulardi
(Oliveira et al. 2016) and Leptopilina syphax (Zhang et al. 2021).
This approach revealed a single contig in each Ganaspis assembly,
which we submitted to Mitos2 (Donath et al. 2019) to identify mito-
chondrial features and determine their lengths and order. We
compared feature orders with those reported for other figitid spe-
cies (Shu et al. 2022).

To confirm lineage assignments of the males used for assem-
blies, we captured the COI sequences from the mitochondrial gen-
omes and compared them with one another and with the
sub-sequences of COI from G. brasiliensis in the NCBI nr nucleotide
database (ncbi.nlm.nih.gov; queried November 2022). To make
these comparisons, we did multiple sequence alignment, calcu-
lated distances between the aligned sequences, and made a
neighboring-joining tree with these distances using functions in
the following R packages msa (Bodenhofer et al. 2015), seginr
(Charif and Lobry 2007), and ape (Paradis 2012).

Repeats and transposable elements

We analyzed the reads used to make these assemblies for repeti-
tive DNA with Jellyfish (Marcais and Kingsford 2011) and
GenomeScope (Ranallo-Benavidez et al. 2020), which uses input
from Jellyfish. We also searched the assemblies for transposons
with the Extensive de novo TE Annotator (EDTA) pipeline
(Ouetal. 2019). The EDTA pipeline identifies repeats de novo based
on their sequences and the attributes of known transposable
element (TE) families. This pipeline runs LTR_FINDER (Xu and
Wang 2007), LTRharvest (Ellinghaus et al. 2008), and
LTR_retriever (Ou and Jiang 2018) to find all of the long-terminal
repeats (LTRs) in the genome. It also runs Generic Repeat Finder
(Shi and Liang 2019), HelitronScanner (Xiong et al. 2014), and
TIR-Learner (Su et al. 2019) to find non-LTR transposons. It then
runs a series of filters and RepeatModeler (Flynn et al. 2020) to re-
move duplicates, identify full-length TEs, and create a final TE
library.

Sequence divergence between genome
assemblies

To find sequence differences among our assemblies of Ganaspis
near brasiliensis, we mapped reads from each sample to assem-
blies of the other samples using minimap?2 with the hifi option
to set parameters for PacBio HiFi data (Li 2018). We analyzed the
minimap2 output with BEDtools (genomecov) (Quinlan and Hall
2010) to find the proportion of the target assemblies covered by
reads. We processed the minimap?2 output through a pipeline
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including routines in SAMtools (sort, index, flagstat) (Liet al. 2009),
BCFtools (mpileup, call) (Li 2011; Danecek et al. 2021), and
VCFtools (Danecek et al. 2011) to find the numbers and densities
of single-nucleotide polymorphic (SNP) loci that differed between
assemblies (see Supplementary Document 1 for links and com-
mands). Although indels (insertion-deletions) can be very import-
ant in evolution, determining indel homology is problematic, so
we did not analyze the differences of indels among assemblies.

Gene discovery and annotation

We used Augustus with the Nasonia gene model (Stanke et al. 2008)
to identify protein-coding genes in these assemblies. To discover
the function of the proteins expressed by these genes, we used
blastp (blosum62 scoring matrix, E-value =0.001, default values
for other parameters) (Altschul et al. 1997; NCBI Resource
Coordinators 2016) to search for sequence homology between
our predicted amino acid sequences and those in the NCBI nr pro-
tein database (version 5, downloaded April 2020; ncbi.nlm.nih.
gov) in the hope of finding ones with known function. We used
blast2GO (Gotz et al. 2008) to categorize the top hits and assign
gene ontology (GO) annotations to our query sequences. Because
sequence-based homology can occur between genes with differ-
ent functions and miss similarities between genes with similar
functions, we also used with InterProScan (Jones et al. 2014) to as-
sess protein domain-based homology. Domain annotation reflects
the known domain architectures associated with protein func-
tions and can provide a more reliable way to categorize the func-
tions of unannotated sequences.

Orthologs and ortholog divergence

We determined orthology among proteins across assemblies of
these populations of Ganaspis near brasiliensis using Orthofinder
(Emms and Kelly 2019). This program provided the numbers of
orthogroups that overlapped between populations, as well as
the number of genes in orthogroups, the number of orthogroups
in each assembly, the number of assembly-specific orthogroups,
and the number of genes in assembly-specific orthogroups.
Orthofinder also generated a molecular phylogeny based on the
genes in universal orthogroups, i.e. those that occur in all popula-
tions, using Species Tree inference from All Genes (; Emms and
Kelly 2018) and Species Tree Root Inference from gene
Duplication Events (; Emms and Kelly 2017).

Population crosses

We made crosses to test reproductive compatibility between
G3-Yunnan and G1-Tokyo. For these crosses, parasitized D. suzukii
puparia from the parasitoid colonies were isolated in plastic vials
(95x 25 mm). A piece of moisturized tissue paper was placed in
each vial to provide humidity. When individuals emerged, they
were supplied with a streak of honey on the bottom of the vial
plug and paired within 48-72 h with an individual of either the
same or different population with the same emergence date. We
made four crosses, two within populations and two between po-
pulations: G19 x G1d, G39 x G3d, G12 x G3d, and G39 xG1d. To
control for thelytoky, that is, females developing from unfertilized
eggs (e.g. from Wolbachia infection), virgin females were also
tested for each parasitoid population. For all crosses and controls,
each female was provided with two infested blueberries contain-
ing approximately 10 first- and second-instar D. suzukii larvae,
based on counts of initial host eggs laid in berries. After 3 days, fe-
males were removed and placed in 95% ethanol. Exposed host lar-
vae were kept for 6 weeks during which adult flies should emerge
in about 2 weeks or parasitoids should emerge in about 30 days.

All emerged insects were counted and sexed. The remaining (as-
sumed dead) host puparia were reconstituted in water for 1 day
and then dissected under a microscope to determine the presence
or absence of parasitoids. The numbers of parasitoid offspring
produced and the percent parasitism were estimated from num-
bers of flies and wasps that emerged as adults as well as the dis-
sected hosts with vs without parasitoids. Progeny sex ratios of
parasitoids were estimated from the genders of adult wasps that
emerged. Each cross was replicated 20 times, except for G3 @ x
G3 & which was replicated 10 times and unmated female controls
which were replicated S times.

We used analyses of deviance to test the effects of cross type, in-
cluding unmated females, on sex ratio, proportion parasitism,
number of offspring per parasitoid female, and total emergences
(flies plus parasitoids), using generalized linear models with the
glm function in the STATS R package (R_Core_Team 2020) or the
glm.nb function in the MASS R package (version 7.3-48; Venables
and Ripley 2002). For these analyses, we chose the error distribu-
tions that gave the highest model probability calculated from the
residual deviance divided by residual degrees of freedom (dfs) com-
pared to a chi-square distribution (Littell et al. 1996). The binomial
distribution gave the best fit for sex ratio, the normal distribution
for proportion parasitism, and the negative binomial distribution
for number of offspring per parasitoid female and total emer-
gences. We calculated means and 95% asymptotic confidence in-
tervals of the means with the emmeans R package (Lenth 2019).

Results

DNA sequencing

Sequencing of PacBio HiFi libraries provided 9-15 Gb of data in 1-2
million reads with mean lengths from 8 to 10 kb (Table 1). For two
samples, G1-Tokyo and G3-Yunnan, this included data from
ultra-low-input libraries, which included a PCR step during library
preparation, as well as from low-input libraries, which did not in-
clude a PCR step. For the other samples, data were from low-input
libraries alone.

Genome assemblies

Assembly of the genomes of these Ganaspis samples using the
HiFiASM assembler gave sizes that varied from 1,015 to 1,067 Mb
(Table 2), which are 4-9% larger than the flow cytometry estimate
of 971 Mb for a closely related species, G. xanthopoda (Gokhman
et al. 2011). The assemblies of G3-Nagano and G3-Yunnan were
4-5% larger than those of G1-BC, G1-Tokyo, and G1-Yunnan. Nsg
ranged from 295 to 2,223 kb and Ls, from 132 to 882 contigs. Nsq
values were 1.1-8-fold higher and Lso values were 1.1-7-fold lower
for the G1 assemblies than for the G3 assemblies, indicating great-
er contiguity for the G1 assemblies. Numbers of complete genes
among the 5,991 genes in the BUSCO set for Hymenoptera varied
from 4,798 to 5,364 among assemblies, which represents 80-90%

Table 1. Amount of sequence data in PacBio HiFi libraries made
with single males from five populations of Ganaspis near
brasiliensis.

Gigabases
Population Low  Ultra-low  Total n reads Read length
G1-BC 11 - 11 1,433,541 8,017
G1-Tokyo 6 9 15 1,987,486 7,567
G1l-Yunnan 9 - 9 923,584 9,744
G3-Nagano 10 - 10 1,178,236 8,344
G3-Yunnan 5 7 12 1,544,834 7,873
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Table 2. Metrics for assemblies of five genomes of Ganaspis near brasiliensis made with the HiFIASM assembler.

Assembly

Metric G1-BC G1-Tokyo

G1-Yunnan G3-Nagano G3-Yunnan

Total length (bp) 1,025,447,244 1,026,409,626

Nso (bp) 2,223,115 2,064,752
Ngo (bp) 574,919 520,348
Largest contig (bp) 9,576,695 12,048,020
n contigs 1,037 1,059
Lso 132 140
Loo 479 523
Percent BUSCO 90 90

1,015,402,716 1,066,929,324 1,062,643,061

861,079 808,385 295,240
246,207 199,011 76,016
4,031,133 4,427,312 2,711,619
2,135 2,653 5,635
354 396 882
1,175 1,391 3,918
89 89 80

BUSCO percent is for complete genes in the Hymenoptera set of 5,999 genes

of the BUSCO set (Table 2). However, the percent complete, single-
copy BUSCO genes varied from 68 to 89 (Supplementary Table 3).
The lowest values of were for the G3-Yunnan assembly, which
had higher numbers of duplicated and missing BUSCO genes
than the other assemblies. The G3-Yunnan assembly also had
the lowest Nso and highest Lsp, which may have affected the per-
cent complete, single-copy BUSCO genes.

Bacterial contamination

Using blastn with these assemblies and the NCBI nr database and
then filtering hits for eukaryote vs bacterial sequences, we re-
vealed that the assemblies had 3-13 contigs comprising 0.2-0.4%
of the assembly lengths that harbored sequences that matched
those from Bacteria (Supplementary Table 4). It is worth noting
that, even though we restricted our searches to Bacteria and
Insecta, 1-7 contigs had sequences that matched sequences iden-
tified as both Bacteria and Eukaryota, which can be explained by
some NCBI accessions identified as Insecta being contaminated
with sequences from Bacteria.

In the G1 assemblies, the bacterial sequences matched Wolbachia
only. In the G3 assemblies, 61-85% of the bacterial sequences
matched those from Wolbachia, and the other matches were with
Rickettsia for the G3-Nagano assembly and Rickettsia plus six other
bacterial genera for the G3-Yunnan assembly. The maximum contig
sizes (0.9-2.3 Mb) for those that mapped to Wolbachia were close to
the size range of the entire Wolbachia genome (0.75-1.7 Mb; Scholz
et al. 2020). We removed the 3-13 contigs with bacterial sequences
from the assemblies for all other analyses.

Mitochondrial genomes

Using blastn with our assemblies against the published mitochon-
drial genomes of L. boulardi (Oliveira et al. 2016) and L. syphax
(Zhang et al. 2021), we found single contigs in each Ganaspis
assembly with sequences that mapped to the mitochondrial gen-
omes of the Leptopilina species with mapped lengths that matched
the reported lengths for mitochondrial genomes of chalcidoids
(Shu et al. 2022). We submitted these putative mitochondrial
genomes to Mitos2 (Donath et al. 2019) and found complete mito-
chondrial genomes on single contigs from each assembly. The
contigs in two assemblies were too large because of duplications
and had to be trimmed based on the results from Mitos2. These
mitochondrial genomes had sequences coding for 13-14 mito-
chondrial genes, 4-5 ribosomal RNAs, and 20-22 transfer RNAs
(Supplementary Table 5), and the orders and lengths of these fea-
tures matched well those in other figitids (Supplementary Fig. 1;
Shu et al. 2022).

We made a neighbor-joining tree with distances between the
COI sequences captured from our mitochondrial assemblies and

sequences/sub-sequences of the COI gene for G. brasiliensis from
the NCBI nr nucleotide database (ncbinlm.nih.gov; queried
November 2022). This analysis placed the COI sequences from
the mitochondrial genomes next to those from the expected
lineages (Supplementary Fig. 2). The reads and assembly of
G1-BC were closest to those from G1-Tokyo. However, another
sample from BC that did not provide sufficient quality sequence
for assembly had a COI sequence closest to those from
G3-Nagano. Thus, the hypothesis, based on previous COI sequen-
cing, that Ganaspis near brasiliensis populations in BC are com-
posed only of the G1 lineage should be revisited.

Repeats and TEs

Analyses of repetitive DNA in our assemblies of Ganaspis near
brasiliensis with Jellyfish (Margais and Kingsford 2011) and
GenomeScope (Ranallo-Benavidez et al. 2020) identified 218-433
Mb (21-42% of the assembly sequences) as repetitive
(Supplementary Table 6), much of which is likely to be relic
transposons.

Analysis of TEs in these assemblies with the EDTA pipeline (Ou
et al. 2019) identified 484-598 Mb of sequence as TEs, which com-
prised 48-50% of the assembly sequences (Supplementary
Table 7). These TEs included 217-318 Mb of LTR retrotransposons,
107-190 Mb of terminal inverted repeat (TIR) DNA TEs, 39-55 Mb
of non-TIR DNA TEs, and 14-22 Mb of miniature inverted repeat
transposable element DNA. The two most common transposon
families were LTR Gypsy, comprising 10-11% of the assembly
sequences, and TIR Mutator, comprising 5-7% of the assembly
sequences. However, unknown LTR TEs comprised 13-16% on
the assembly sequences. Among the 1.5-1.8 million TEs in each
assembly, only 18-21 thousand were intact (containing the se-
quences needed for transposition), i.e. 1% of all TEs, and these
comprised 2-3% of the assembly lengths and thus about one-
tenth of the total in TE sequences. Intact TE sequences were found
on 37-80% of assembly contigs. Most of the TE sequences appear
to be inactive and may eventually be removed from the genomes
by natural selection. However, all the TE sequences may have
roles beyond transposition that can affect evolution (Bourque
et al. 2018; Gilbert et al. 2021). The G3 assemblies harbored
5-17% more TEs and 5-19% greater total TE sequence, which
explains in part the differences in assembly sizes between the
lineages.

Sequence divergence between genome
assemblies

When we mapped reads from each sample to assemblies of the
other samples using minimap2 with the hifi option for PacBio
HiFi data (Li 2018) and analyzed the mapping results with


http://academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkae090#supplementary-data
http://academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkae090#supplementary-data
http://academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkae090#supplementary-data
http://academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkae090#supplementary-data
https://ncbi.nlm.nih.gov
http://academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkae090#supplementary-data
http://academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkae090#supplementary-data
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genomecov in BEDtools (Quinlan and Hall 2010), we found that the
proportion of the assembly with mapped reads was higher within
each lineage than between lineages (Fig. 1a). Within the G1 lin-
eage, 96-97% of each assembly had mapped reads, and within
the G3 lineage, 91-93% of each assembly had mapped reads
(Supplementary Table 8a). However, only 70-77% of each assem-
bly had mapped reads between lineages. We found more SNP loci
and higher density of SNP loci between lineages than within
lineages (Fig. 1, b and c; Supplementary Table 8, b and c). The as-
semblies of the G1 lineages differed by 5 SNP loci per kilobase, and
the assemblies of the G3 lineages differed by 13 SNP loci per kilo-
base. However, the assemblies of G1 vs G3 lineages differed by 18-
24 SNP loci per kilobase, which is two to four times greater than
the within-lineage differences.

Gene detection and annotation

Using Augustus with the Nasonia gene model (Stanke et al. 2008),
we identified 61-69 thousand genes in the assemblies of
Ganaspis near brasiliensis (Table 3). There were 10-12% more genes
in the assemblies of the G3 lineage than those of the G1 lineage,
which is not surprising given that the assemblies of the G3 lineage
were 4-5% longer. The genes comprised 184-199 Mb which was
18-19% of each of the assemblies. The mean gene lengths were
2,807-3,038 bp with 2.4-2.7 exons, mean coding sequence lengths
1,214-1,231 bp, and mean intronic lengths 3,598-3,820 bp.

Using blastp with these genes and the NCBI nr database, we
found 81-89% had homologs (Table 3). Using blast2GO (Gotz
et al. 2008) to categorize the top hits and assign GO annotations,
we found 54-66% with GO mappings and 21-36% with GO annota-
tions of molecular function, biological process, and/or cellular lo-
cation. We also used InterProScan (Jones et al. 2014) to assess
protein domain homology and found 76-99% of the genes had
protein domain homologies. The assemblies of the G3 lineage
had 5-23% more genes with protein domain homologies than in
the assemblies of the G1 lineage.

Orthologs and ortholog divergence

Using Orthofinder (Emms and Kelly 2019), we identified 33-41k
orthogroups per assembly in these Ganaspis populations with
(Supplementary Fig. 3 and Table 9). These orthogroups contained
50-56k genes per assembly, which is 73-91% of the genes in each
assembly. There were more orthogroups, and more genes were as-
signed to them in the G1 lineage than in the G3 lineages. There
were 111-480 assembly-specific orthogroups that harbored 591-
1,375 genes. There were 5,664-5,713 unassigned genes (not in
orthogroups) in the G1 assemblies, which is 9% of all genes in
these assemblies, but there were 16,049-18,606 unassigned genes
in the G3 assemblies, which is 24-27% of all genes in these assem-
blies. Within lineages, 88-93% of orthogroups were shared, but be-
tween lineages, only 51-63% of orthogroups were shared (Fig. 2;
Supplementary Table 10).

Orthofinder generated a molecular phylogeny based on genes
in 17,300 universal orthogroups, i.e. those present in all assem-
blies (Fig. 3). This phylogeny supports the separation of the G1
and G3 genome assemblies into different clades.

Population crosses

The sexratioof offspring differed among crosses within vs between
the G1-Tokyo and G3-Yunnan populations (model deviance =
130.6, df=5; residual deviance=32.8, df=68; P [x*] <0.0001).
Within-population crosses produced 50:50 sex ratios, but between-
population crosses produced no females, as did unmated females
(Fig. 4a). The ratio of adult parasitoids to adult flies differed

between crosses (model deviance =69.5, df =5; residual deviance
=230.5, df=71; P [{’] <0.0001), as did number of parasitoid off-
spring per female (model deviance = 18.5, df =5; residual deviance
=96.7,df = 74; P [’] =0.002). The proportion parasitism was lower
for between-population crosses than for the respective within-
population crosses and was like that produced by unmated fe-
males (Fig. 4b), and the number of offspring was lower for between-
population crosses than for the respective within-population
crosses (Fig. 4c). However, total emergences of flies plus parasitoids
did not differ among crosses (model deviance = 0.2, df = 5; residual
deviance =90.2, df =68; P [x*] = 0.99), which shows no overall dif-
ference in total survival among crosses (Fig. 4d).

Discussion

The amount of sequence divergence between the assemblies of the
G1 and G3 lineages reported here suggests they are different spe-
cies. The percent of assemblies with mapped reads was 90-97 with-
inlineagesbutonly 70-77 between lineages, showingmuch greater
divergence between lineages than within lineages. Furthermore,
the assemblies differed by 5-13 SNP loci per kilobase within
lineages but by 18-24 SNP loci per kilobase between lineages. The
assemblies of G1 and G3 lineages from China were made with in-
sects originally collected 12 km apart and thus sympatric. The as-
semblies of the G1 and G3 lineages from Japan were made with
insects originally collected 143 km apart, which, although further
apart than the collection sites of G1 and G3 in China, appear suffi-
ciently close that gene flow likely. Indeed, the distances between
the samples of the G1 lineage were >3,000 km and between the
samples of the G3 lineage were also 3,000 km, including hundreds
of kilometers of sea, yet the assemblies were much more similar
within lineages than between lineages, suggesting gene flow across
much longer distances than tens to hundreds of kilometers.

It would be useful to compare the genomic-level sequence
divergences reported here with differences between genomes
of other pairs or groups of closely related parasitoids. Unfortunately,
out of 25 recent papers we found on the genetic divergence be-
tween closely related parasitoid species, few compared diver-
gence at the genome level or across many loci with most
involving comparisons among sequences of one or a few genes
or of length polymorphisms, not sequence differences. However,
research on closely related species in the varipes complex of the
genus Aphelinus (Hymenoptera: Aphelinidae) does provide an
apt comparison. Analysis of sequence divergences among 17
Asian populations of Aphelinus certus Yasnosh using restriction
site-associated DNA sequencing ) found 892 SNP loci distributed
across the A. certus genome that gave a SNP density of 12 loci per
kilobase (Hopper et al. 2019). The amount of divergence among
A. certus populations was the same as that between populations
of the G3 lineage of Ganaspis near brasiliensis, greater than the di-
vergence between populations of the G1 lineage, and much less
than the divergence between the G1 and G3 lineages. Mapping
reads used to an assembly the 334 Mb genome of A. certus
(Wittmeyer et al. 2021) to the genomes of four other species in
the varipes complex showed divergences ranging from 12 to 19
SNP loci per kilobase (unpublished data). Aphelinus certus differed
from two species, Aphelinus atriplicis Kurdjumov and Aphelinus var-
ipes Forster, at 12 SNP loci per kilobase and was partially reproduc-
tively compatible with these species in the laboratory (Heraty et al.
2007). However, they are phylogenetically distinct and allopatric
from A. certus, being separated from it by more than 5,000 km of de-
serts and mountains (Heraty et al. 2007), and have different host
ranges than A. certus (Hopper et al. 2017). Two other Aphelinus
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Table 3. Metrics of gene number, structure, and annotation for assemblies of the genomes of Ganaspis near brasiliensis.

Assembly
Metric G1-BC G1-Tokyo G1-Yunnan G3-Nagano G3-Yunnan
Number of genes 61,261 61,706 60,746 69,033 68,309
Total length in genes (bp) 186,140,805 185,555,010 183,989,980 198,931,898 191,765,255
Percent of assembly 18% 18% 18% 19% 18%
Mean:
Gene length (bp) 3,038 3,007 3,029 2,882 2,807
Exons per gene 2.7 2.7 2.7 24 2.4
Exon length (bp) 455 457 453 502 510
Total exon length (bp) 1,224 1,215 1,214 1,226 1,231
Introns per gene 3.4 3.4 3.4 33 3.2
Intron length (bp) 1,073 1,080 1,078 1,145 1,107
Total intron length (bp) 3,692 3,673 3,676 3,820 3,589
n proteins with:
GenBank homologs 49,613 53,412 52,412 57,570 60,640
GO mappings 40,425 33,325 32,652 42,402 40,801
GO annotations 21,938 14,007 13,886 19,846 14,257
InterProScan annotations 46,728 46,722 46,216 55,726 67,624
Percent proteins with:
GenBank homologs 81% 87% 86% 83% 89%
GO mappings 66% 54% 54% 61% 60%
GO annotations 36% 23% 23% 29% 21%
InterProScan annotations 76% 76% 76% 81% 99%
M G1-BC
= G1-Tokyo
G1-Yunnan
40000+ [l G3-Nagano
[l G3-Yunnan

30000 1

20000 -

number shared

10000 1

04
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G3—N'agano G3-Yunnan

Fig. 2. Number of orthogroups shared among assemblies of genomes of Ganaspis near brasiliensis.

species, Aphelinus hordei (Kurdjumov) and Aphelinus kurdjumovi
Mercet, that differ from A. certus at 17 and 19 SNP loci per kilobase,
respectively (comparable to the divergence between the G1 and G3
lineages of Ganaspis near brasiliensis), are reproductively incompat-
iblewith A. certus (Heraty et al. 2007) and have different host ranges
than A. certus (Hopper et al. 2017). It is worth noting that several
species in the varipes complex were synonymized based on
morphology (Ferriere 1965; Graham 1976) but later found to be re-
productively incompatible in the laboratory and phylogenetically

distinct, based on sequences of six genes (Heraty et al. 2007). Two
sibling species of Oobius (Hymenoptera: Encyrtidae) provide an-
other example of sequence divergence between closely related
parasitoids (Yao et al. 2016). Mapping reads from Oobius agrili
Zhang & Huang from China to coding sequences from Oobius
primorskyensis Yao & Duan from Russia revealed 38 SNP loci per kilo-
base. These species also differed in diapause patterns and showed
subtle differences in morphology, which together with sequences
differences led them to being described as different species.
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Although entities with highly divergent sequences in the above
studies were valid species, so were species that showed the
same level of divergence as among populations within species.
Thus, it appears that sequence divergence alone is not adequate

G3 Yunnan

0.90

G3 Nagano

— G1 Yunnan

0.90

G1BC

0.60

G1 Tokyo

Fig. 3. Molecular phylogeny of five populations of Ganaspis near brasiliensis
based on genes in 17,300 universal orthogroups. Numbers on the nodes
are the percentages of gene trees that supported the node.

for determining species status. However, a combination of se-
quence divergence, reproductive incompatibility, and differ-
ences in behavior and ecology can distinguish species hard to
tell apart with morphology.

Besides sequence divergences between the assemblies of these
lineages of Ganaspis near brasiliensis, several other comparisons of
their genomes show differences between the lineages. The assem-
blies of the G3 lineage were longer than for the G1 lineage, which
can be explained in part by greater content of TEs. The values for
Nso were higher and those for Lsg were lower for the G1 assemblies
than for the G3 assemblies, indicating greater contiguity for the G1
assemblies. The identities of bacterial contaminants differed be-
tween the G1 and G3 assemblies. More genes were identified in
the G3 assemblies than in the G1 assemblies, and a higher per-
centage of the genes in the G3 assemblies had InterProScan anno-
tations of protein domains. A larger percentage of orthogroups
were shared within lineages than between lineages. There were
more orthogroups and more genes assigned to them in the G1 as-
semblies than in the G3 assemblies.

Two aspects of these assemblies that did not differ between
lineages were the lengths and organization of the mitochondrial
genomes, but these are conserved not only among figitid species
but among cynipoid species (Shu et al. 2022). However, COI se-
quences did differ between lineages and were consistent with pre-
vious results.

Perhaps, the strongest evidence that the G1 and G3 lineages are
indeed different species are the results from laboratory crosses.
The crosses reported here showed reproductive incompatibility
between the G3-Yunnan and G1-Tokyo populations of Ganaspis
near brasiliensis. Seehausen et al. (2020) crossed the G1-Tokyo
population with merged G3-4 populations from Nagano and found
no female progeny. Our results combined with theirs suggest that

b
1.0 1.0 I
0.8 5 0.1 éf
© B
£ I
3 0.6 %o.e- J%
S < |
‘g 0.4 -% 0.4 |
g g $
a 0.2 g_ 0.2 |
0.0 +. : _<.>_ _<.>_ . _<.>_ 0.0 . . . . . .
G1  G1xG1 G1xG3 G3xG1 G3xG3  G3 G1  G1xG1 G1xG3 G3xG1 G3xG3  G3
cross (female x male) cross (female x male)
c d
10+ 144
[2] 4
_.g 84 w 12
= 8 10
2 £ |
g 61 ‘ > 8 $
- 9]
> 4 5 © ! ﬁ}
el © ]
€ 2 == T s’
c 2
01 01

G1  GIxG1 G1xG3 G3xG1 G3xG3  G3
cross (female x male)

G1  GIxG1 G1xG3 G3xG1 G3xG3  G3
cross (female x male)

Fig. 4. Results of crosses between G1-Tokyo and G3-Yunnan of Ganaspis near brasiliensis: a) proportion female offspring, b) proportion of flies parasitized,
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medians, gray dots are outliers, diamonds are means, and vertical bars are 95% confidence intervals of means.
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both sympatric and allopatric G1 and G3 populations are repro-
ductively incompatible. Given that the assemblies of both lineages
harbor Wolbachia, the original isolation may have involved
Wolbachia infections because Wolbachia can cause reproductive
isolation between insects in general and parasitoids in particular
(forreview, see Shropshire et al. 2020). However, Turelli et al. (2022)
argued, based on the recency of many Wolbachia infections com-
pared to the age of the species infected, it is unlikely that
Wolbachia infections were involved in speciation, although such
infections may reinforce isolation subsequent to speciation.
Males and females from different lineages did not mate in the
crosses reported here or those reported by Seehausen et al.
(2020), showing that reproductive incompatibility is behavioral,
with females rejecting courtship by heterospecific males.

Conclusions

One of us (MLB) is describing subtle morphological differences be-
tween the G1 and G3 lineages of Ganaspis near brasiliensis in order
to assign species names. Such morphological differences alone
cannot determine species status, but our combined data on se-
quence divergence, differences in genome size, ortholog diver-
gence, reproductive incompatibility, and differences in host
ranges and microhabitat preferences show that these lineages
are different species.

For biological control introductions, the most important differ-
ences between these lineages are the differences in host and micro-
habitat specificities. The G1 lineage of Ganaspis near brasiliensis is
more specific to D. suzukii than other lineages and is specialized
on Drosophila larvae feeding in intact fruits. Because D. suzukii in
Europe and North America is the only drosophilid to attack intact
fruit, choice of the G1 lineage for biological control introductions,
which was the case in the USA and Europe, was wise. More broadly,
our results provide support for the growing recognition that cryptic
species that differ in important biological traits must be considered
in biological control introductions.

Data availability

DNA sequence data and assemblies are archived at NCBI (www.
ncbi.nlm.nih.gov) under BioProject PRINA1035088 with individual
Biosample and Assembly accessions as follows: G1-BC = SAMN38
082132, GCA_037103525.1; G1-Tokyo = SAMN38082384, GCA_0371
03515.1; G1-Yunnan = SAMN38082405; GCA_037103535.1; G3-Nag
ano=SAMN?38082482, GCA_037103505.1; and G3-Yunnan=
SAMN38082483, GCA_037103545.1. Gene annotation (gff) files
and variant calls (vcf) are archived at figshare (https:/doi.org/10.
25387/g3.24585591). The data from the crosses are archived in a
spreadsheet (xlsx) at Ag Data Commons DOI (https://doi.org/10.
15482/USDA.ADC/25208948.v1).
Supplemental material is available at G3 online.
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