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State Key Laboratory for Biology of Plant Diseases and Insect Pests, Institute of Plant Protection, Chinese
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Changsha, Hunan, China

In Hymenoptera species, the reproductive mode is usually arrhenotoky, where
haploid males arise from unfertilized eggs and diploid females from fertilized
eggs. In addition, a few species reproduce by thelytoky, where diploid females
arise from unfertilized eggs. Diploid females can be derived through various
cytological mechanisms in thelytokous Hymenoptera species. Hitherto, these
mechanisms were revealed mainly in endosymbiont-induced thelytokous
Hymenoptera species. In contrast, thelytokous Hymenoptera species in which a
reproductive manipulator has not been verified or several common endosymbionts
have been excluded were paid less attention in their cytological mechanisms, for
instance, Diglyphus wani (Hymenoptera: Eulophidae). Here, we investigated the
cytological mechanism of D. wani using cytological methods and genetic
markers. Our observations indicated that the diploid karyotypes of two strains of
D. wani consist of four pairs of relatively large metacentric chromosomes and one
pair of short submetacentric chromosomes (2n = 10). The arrhenotokous strains
could complete normal meiosis, whereas the thelytokous strain lacked meiosis and
did not expulse any polar bodies. This reproductive type of lacking meiosis is
classified as apomictic thelytoky. Moreover, a total of 636 microsatellite
sequences were obtained from thelytokous D. wani, dominated by dinucleotide
repeats. Genetic markers results showed all three generations of offspring from
thelytokous strain maintained the same genotype as their parents. Our results
revealed that D. wani is the first eulophid parasitoid wasp in Hymenoptera whose
thelytoky was not induced by bacteria to form an apomictic thelytoky. These findings
provide a baseline for future inner molecular genetic studies of ameiotic thelytoky.

KEYWORDS

cytological mechanism, karyotype, apomictic thelytoky, microsatellite, heterozygosity
1 Introduction

The most common form of reproduction in Hymenoptera with haplodiploid sex
determination is arrhenotokous, in which haploid males develop from unfertilized eggs and
diploid females develop from fertilized eggs (Luck et al., 1993; Heimpel and de Boer, 2008).
However, more than 500 Hymenoptera species have been documented as thelytokous
(unfertilized eggs which generally develop into diploid females) (van der Kooi et al., 2017;
Du et al., 2022).

The production of diploid females from unfertilized eggs can be achieved through automixis
and apomixis (Suomalainen et al., 1987; Gottlieb et al., 2002; Pearcy et al., 2006; 2011b). Under
automixis, normal meiosis can be completed (Suomalainen et al., 1987; Archetti, 2010), and
diploid recovery is usually accomplished by terminal fusion, central fusion, gamete duplication,
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or random fusion (Suomalainen et al., 1987; Pearcy et al., 2006)
(Figure 1). However, apomixis lacks a meiotic process or meiosis in
which one division is suppressed (Suomalainen et al., 1987; Archetti,
2010), and diploid female offspring are clones of their mothers due to
the lack of genetic recombination (Suomalainen et al., 1987; Pearcy
et al.,, 2006; 2011b).

Automictic thelytoky is a common cytological mechanism in
Hymenoptera, including Chalcidoidea, Ichneumonoidea, and
Cynipoidea (Suomalainen et al., 1987; Sanderson 1988;
Beukeboom and Pijnacker, 2000; Belshaw and Quicke, 2003;
Vavre et al., 2004; Adachi-Hagimori et al., 2008; Mateo Leach
et al, 2009; Tsutsui et al, 2014). Under automixis, gamete
duplication was reported more frequently than under the other
three cytological fusion modes (Ma and Schwander, 2017). In
addition, has
thelytokous infected with bacteria

gamete duplication been investigated in

parasitoids such as
Wolbachia, Rickettsia, and Cardidium (Stouthamer and Kazmer
1994; Gottlieb and Zchori-Fein, 2001; Pannebakker et al., 2004;
Giorgini et al., 2007; Simonato et al., 2019).

In contrast, apomixis is uncommon in Hymenoptera (Van
Wilgenburg et al., 2006; Rabeling & Kronauer, 2013), and it has
been reported in some social ants which were found to be
functionally mitotic, such as Paratrechina longicornis (Pearcy
et al., 2011a) and Cataglyphis hispanica (Leniaud et al., 2012).
To our knowledge, apomixis has been found only in seven
thelytokous Hymenoptera species except eusocial species. These
seven apomictic thelytokous Hymenoptera species include: three
phytophagous sawfly pests [e.g., Pachyprotasis youngiae (Naito
and Inomata, 2006), Strongylogaster macula (Peacock and
Sanderson, 1939), Nematus oligospilus (Caron et al., 2013)],
one gall wasp (Neuroterus baccarum) (Doncaster, 1916; Dodds,
1939), and three parasitoids [e.g., Trichogramma cacaeciae (Vavre
et al., 2004), Neochrysocharis formosa (Adachi-Hagimori et al.,
2008), and Meteorus pulchricornis (Tsutsui et al, 2014)].

Automixis
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However, the apomixis of these seven species was produced
under different cytological processes. For example, thelytokous
N. formosa and T.
recombination and reduction, whereas only undergone a single

cacaeciae did not proceed to meiotic

equational division followed by the expulsion of a single polar
body in the meiotic process (Vavre et al., 2004; Adachi-Hagimori
et al., 2008). Nevertheless, meiosis was completely absent in M.
pulchricornis (Tsutsui et al., 2014). On the whole, the cytological
mechanisms of many thelytokous female parasitoids have not
been fully elucidated.

The cytological mechanisms of thelytoky could be investigated
through genetic markers in addition to cytological observations
(Suomalainen et al., 1987; Pearcy et al.,, 2006; 2011b; Wachi et al,,
2021). Cytological observation of newly laid eggs is a straightforward
method to determine the cytological mechanism at present. The
genetic effects obtained by the offspring from the parents change
due to the different fusion methods under automixis and apomixis
(Pearcy et al., 2006; 2011b). Genetic markers (alleles) have also been
used to investigate cytological mechanisms (Adachi-Hagimori et al.,
2008; Tsutsui et al., 2014). For parents with a heterozygous locus, the
probability of a heterozygous locus becoming homozygous for each
cytogenetic mechanism is distinct (Pearcy et al., 2006; Pearcy et al.,
2011b). The theoretical rate of transition to homozygosity of a
heterozygous locus during parthenogenesis is expected to be 0 in
apomixis, and 0-1/3 in automixis with central fusion, 1/3-1 with
terminal fusion, and 1 with gamete duplication (Pearcy et al., 2006;
Pearcy et al., 2011b). Thus, the cytological mechanism of thelytoky of a
species could be determined by the homozygous rate of offspring
produced by heterozygous parents (Pearcy et al., 2006). Application of
the theories proposed by Pearcy et al. (2006); Pearcy et al. (2011b) has
been observed in many species, including Hymenoptera (Vavre et al.,
2004; Adachi-Hagimori et al., 2008; Tsutsui et al., 2014; Smith et al.,
2019), Phasmatodea (Alavi et al., 2018), and Blattodea (Tanaka and
Daimon, 2019).

Apomixis

No recombination

Recombination

Primary oocyte
Secondary oocyte
YOO OOOO OO
aa ab ab bb aa ab ab bb ab ab
Different fusion types Terminal ~ Central Random Gamete Terminal ~ Central Random Gamete
fusion fusion  fusion  duplication fusion fusion  fusion  duplication

FIGURE 1

Different cytological mechanisms of automictic thelytoky during meiosis and their genetic effects on progeny at a locus in the event of and without
recombination. The circle represents the nuclei. Vertical lines indicate chromatids, small circles connecting vertical lines indicate centromeres, and the
lowercase letters indicate alleles at specific loci. The four different colored dashed lines point to four different cell fusion processes of automixis. The parent is
heterozygous, indicated by ab. Homozygous progeny was indicated by aa or bb.
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Here, we focused on the dominant natural enemy of agromyzid
leafminers, Diglyphus wani, which has been identified as thelytokous
and arrhenotokous (Du et al., 2021). Diglyphus wani was not infected
with Wolbachia, Rickettsia, Cardinium, or any other known bacterial
reproductive manipulator (Du et al., 2022). This study aimed to
explore the cytological process of restoring ploidy in thelytokous D.
wani using cytological observation and microsatellite genetic markers.
Our study could provide a theoretical basis for further research into
the genetics of D. wani.

2 Materials and methods
2.1 Insect cultures

Thelytokous and arrhenotokous D. wani were originally collected
from Xining, Qinghai, China (36°39'N, 101°45’E) in 2015 and
Kunming, Yunnan, China (24°53'N, 102°47'E), respectively. Fresh
Phaseolus  vulgaris leaves were provided as plant hosts for
Liriomyza sativae in the laboratory. Leaves containing 2nd to 3rd
instar larvae of L. sativae were used as hosts for parasitoids. The
leafminers and parasitoid colonies were stably reared for multiple
generations at 14L: 10D photoperiod and 25°C + 1°C.

2.2 Karyotype analysis

Metaphase chromosomes were obtained from 4-day-old larvae of
two strains of D. wani processed using the method described by Imai
et al. (1977), with minor modifications. Fifteen larvae each of
thelytokous and arrhenotokous strains were collected. These larvae
were nicked with a small cut between the head and thorax in 1.0 ml
0.1% colchicine in Shen solution. Metaphase plates were examined
using an Olympus BX61 microscope (Tokyo, Japan). Chromosomes
were imaged and measured with an Olympus DP72 camera (Japan)
using Olympus CellSens Dimension 1.5 software. To prepare
illustrations, the resulting images were arranged and enhanced
using Adobe Photoshop 22.0 software. The mean and standard
error of the chromosome length were calculated using Microsoft
Excel 2016. The chromosomes were classified according to the
guidelines described by Levan et al. (1964).

2.3 Cytogenetic observation

To observe the meiotic and mitotic stages in newly laid eggs,
60 female adults of each strain of D. wani were provided with sufficient
2nd to 3rd instar larvae for egg laying. The leaves containing L. sativae
larvae were kept fresh in round Petri dishes with 10 ml water agar
(1%). The parasitoids were allowed to oviposition for 30 min and then
removed. Newly laid eggs on or near the surface of the host larvae were
kept for 30 min at time intervals from 0 to 120 min after oviposition.
Eggs were sequentially fixed on a microscope slide by fixatives as
follows: 1) distilled water: absolute ethanol: glacial acetic acid at 4:3:3,
2) absolute ethanol: glacial acetic acid at 1:1, and 3) glacial acetic acid.
After air-drying, fixed eggs were stained with 4',6-diamidino-2-
phenylindole (DAPI) (Solarbio Science & Technology Co., Ltd.
Beijing) and covered with an antifluorescent quenching agent
(Solarbio Science & Technology Co., Ltd. Beijing) using cover
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glasses. The imaging system used was the same as that used for
karyotype except equipped  with
epifluorescence. Over 100 eggs were examined for the two strains

analysis, that it was

of D. wani.

2.4 Construction of a microsatellite library

2.4.1 DNA extraction for microsatellite library

We randomly collected six adult female thelytokous D. wani
reared in laboratory colonies. These specimens were not allowed to
eat and were collected within 12 h of emergence. Then, they were
rapidly frozen in liquid nitrogen and stored at —80°C for DNA
extraction. DNA was extracted using the salting-out DNA
extraction method (Patwary et al., 1994).

2.4.2 Microsatellite enrichment

Parasitoid genomic sequences were fragmented using a Covaris
Ultrasonic DNA Fragmenter (S220; United States). Libraries with
fragment lengths of approximately 500 bp were prepared using the
NEB Next” Ultra™ DNA Library Prep Kit for Illumina” (E7370, New
England Biolabs). Briefly, DNA fragments were end-repaired and
ligated. The ligated products were sorted and purified using biotin-
coated magnetic beads (Hieff NGS DNA Selection Beads, Yeasen
Biotechnology, Shanghai, Co., Ltd.). Two pair primers (index primer/
i7 primer and universal PCR primer/i5 primer) that come with the
DNA Library Prep Kit were used for PCR amplification. The
amplification was performed on the purified junctional products
and the PCR-amplified products were purified and enriched. PCR
amplification products of the eluted fragments were ligated with the
cloning vector and transferred into E. coli receptor cells to construct a
cloning library of enriched microsatellites.

2.4.3 Screening of sequencing and design of
microsatellite primers

The enriched fragments were sequenced using Illumina MiSeq
(Ilumina, San Diego, California, USA) at Shanghai Sangon
Biotechnologies using a 2 x 300-bp paired-end sequencing strategy.
Contigs containing microsatellite repeats were identified by the
MicroSAtellite Identification Tool (MISA) (Thiel et al., 2003). SSR
Hunter software 1.3 (Li and Wan, 2005) was used to calculate the
number of nucleotide repeats in the microsatellite sequence, with
default parameters for mono-, di-, tri-, tetra-, penta-, and
hexanucleotide repeat types, with a minimum of 10, 6, 5, 5, 4, and
4 repeats, respectively. We also calculated the number of perfect,
compound, and imperfect microsatellites. The categories of perfect,
compound, and imperfect microsatellites were carried out according
to the standard proposed by Weber (1990).

Forty-two contigs were randomly selected to develop polymorphic
markers (Supplementary Table S1; Table 3). We designed a set of
forward and reverse primers using Primer Premier ver. 5.0 (Clarke and
Gorley 2001). The designed primers were screened to determine
whether the microsatellite sequence could be successfully amplified
using template DNA extracted from eight thelytokous D. wani adult
individuals from the laboratory colony using the rapid method of De
Barro and Driver (1997). A single adult individual was thoroughly
grinded using a sterilized 200-pL pipet tip whereas pointy end of tips
was fused by the alcohol lamp. Then the individual parasitoid adult
was incubated in 30-pL lysis buffer (50 mM KCl, 10 mM Tris pH 8.4,
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TABLE 1 Populations of thelytokous D. wani for testing polymorphisms of microsatellite loci.

Date Province City Coordinated system Host plant Host Individuals
201807 Tibet Lhasa 29°38'N, 91°02'E Pisum sativum Chromatomyia horticola 5
201806 Ningxia Guyuan 36°08'N, 106°14'E Brassica juncea Chromatomyia horticola 5
201806 XinJiang Kizilsu Kirghiz 39%56'N, 75°32'E Clematis florida Phytomyza sp 4
201807 Qinghai DeLingHa 37°22'N, 97°22'E Senecio vulgaris Chromatomyia horticola 6
201507 Qinghai Xining 36'39'N, 101°36'E Phaseolus vulgaris Liriomyza sativae 4

0.45% Tween 20, 0.2% gelatin, 0.45% Nonidet P-40, 60 mg/ml
proteinase K). The incubation program was 65°C 30 min, 25°C
2 min, and 95°C 5 min. Then the 5'end of forward primers were
tagged with a fluorescent FAM dye for further analysis. Finally,
10 genetic markers were selected to investigate the genotypes of
thelytokous D. wani. The principles for selecting these 10 genetic
markers are as follows: 1) the primer designed from 42 contigs can
successfully amplify the target electrophoresis band without impurity;
2) The peak map is not cluttered when genotyping; 3) to choose
potential markers for subsequent validation of allele isolation, the
genotype of thelytokous D. wani in the laboratory should be
heterozygous in at least one genetic marker.

2.5 Amplification of microsatellite loci from
thelytokous Diglyphus wani in the field

Single parasitoid DNA was rapidly extracted according to the
protocol developed by De Barro and Driver (1997). Amplification of
microsatellite fragments was carried out as follows: 0.1 pL Taq enzyme
(2.50puL™), 0.2 pL dANTPs (2.5 Mm), 2.5 uL 10x buffer (containing
Mg*"), 0.2 pL forward primer, 0.2 uL reverse primer, 1 uL DNA
template, and ddH,O to 25pL. The PCR program were set as:
95°C for 3 min, followed by 35 cycles of denaturation at 95°C for
20 s, annealing for 20 s, extension at 72°C for 25 s, and a single cycle of
final extension at 72°C for 5 min. The PCR instrument used was an
ABI thermal cycler (Veriti Applied Biosystems 9902, Singapore).
Genotyping  was
(Shanghai, China).

To investigate polymorphic loci and the degree of genotype

performed using Sangon Biotechnologies

heterozygosity based on microsatellite primers, 20 field-collected
individuals from Tibet, Xinjiang, Ningxia, and Qinghai, and four
laboratory individuals were used for the test (Table 1). Microsatellite
profiles of the field specimens were examined using GeneMapper
version 4.0, and the alleles were scored manually. CERVUS ver.
3.0.7 was used to analyse the number of alleles, observed
heterozygosity (HO), expected heterozygosity (HE), and the
polymorphic information content (PIC) of the microsatellite loci
(Kalinowski et al., 2007).

2.6 Patterns of allele segregation

To investigate the inheritance patterns of allele segregation,
DWTH 119, DWTH 366, DWTH 178, and DWTH 340 locis were
selected as candidate gene markers. In addition, to investigate whether
these four loci segregated and originated from the nuclear region, we
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detected allele segregation between parents and offspring of
heterozygous arrhenotokous D. wani. Segregation of these four
alleles occurred in the process of producing male offspring from
parent females of arrhenotokous D. wani, because males carried
only one allele of the heterozygous locus. Eight females from the
laboratory colonies were allowed to oviposit on the 2nd to 3rd instar
larvae of L. sativae for their entire life. Single individuals were used for
DNA extraction, following the method described by De Barro and
Driver (1997). For each allele, we analyzed the proportion of
homozygous genotypes produced by heterozygous mothers, and
this proportion is denoted by observed value R. We compared R
values with theoretical expectations r for different cytological
mechanisms of thelytoky: apomixis (r = 0), automixis with gamete
duplication (r = 1), terminal fusion (r = 1/3-1), fusion of two products
of the first meiotic division, here referred to as random fusion (r = 1/3),
and central fusion (r = 0-1/3). These comparisons are based on those
reported by Pearcy et al. (2006). The value closest to the observed R
was utilized for the test when r was within the range of values. We
utilized Fisher’s exact tests to evaluate the likelihood of conformity
between theoretical and expected values, and significant values with a
95% confidence interval (95% CI) were employed. Statistical analysis
was performed using SPSS 20.0 software.

3 Results
3.1 Karyotype analysis

The overall metaphase chromosomal morphology of both
arrhenotokous and thelytokous D. wani was similar (Figure 2).
Both had diploid female karyotypes comprising four pairs of
relatively large metacentric chromosomes and one pair of

submetacentric chromosomes (2n = 10) (Figures 2A, B; Table 2).

3.2 Cytogenetic analysis

3.2.1 Observation of the fertilization process of the
arrhenotokous strain

The newly deposited eggs were elongate-oval, mostly creamy white
or yellowish-white, and broader at the anterior end (Figure 3A). Newly
laid eggs were approximately 240.69 pum in length, 77.46 um in width,
and sometimes filled with yolk (1 = 11) (Figure 3A). For cytological
analysis, arrhenotokous females deposited eggs in the host in the first
meiotic metaphase. The number of chromosomes in the first
metaphase occurred in the anterior part of the eggs; they could not
be counted because the bivalents clustered very closely together
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FIGURE 2

Karyotypes of two strains of Diglyphus wani. (A) Thelytokous female (2n = 10) (B) arrhenotokous female (2n = 10).

10.3389/fgene.2022.1061100

TABLE 2 Karyotypic parameters of females of the two strains of D. wani: Mean * Standard deviation. Chromosomes are classified into metacentric (M), submetacentric

(SM), and acrocentric (A) according to the Cl value of Levan et al. (1964).

Strain Chromosome pair Relative length (RL) Centromeric index (Cl) Classification
Thelytokous D. wani 1 27.00 + 1.34 46.54 + 2.31 M
2 21.74 + 1.10 47.06 + 2.00 M
3 2041 + 0.49 3476 + 2.14 SM
4 18.46 + 1.08 45.76 + 2.06
5 12.38 + 0.99 43.05 + 2,13
Arrhenotokous D. wani 1 2538 + 1.47 46.96 + 1.95
2 2155 + 0.71 4729 + 1.32
3 20.14 + 0.73 3542 + 1.27 SM
4 19.30 + 0.72 45.82 + 247
5 13.63 + 0.94 4541 + 3.45

(Figure 3B). At this point, two sperm attached to the egg surface were
observed, and the sperm head and flagellum were clearly visible
(Figure 3C). The bivalents remained in the first metaphase until
30 min after oviposition, when a set with the haploid number of
five chromosomes could be seen moving towards the periphery,
evidencing a reduction division (Figure 3D). The chromosomes
were in the first telophase after 1hour and demonstrated
despiralization from late anaphase onwards (Figure 3D).

The second meiosis began in the next 30 min, forming a large
interphase nucleus and a small interphase polar body nucleus
(Figure 3E). After another 30 min, the second set was observed to
divide parallel to the periphery and resulted in two groups of five
chromosomes, while the first polar body with five chromosomes was
delayed at metaphase (Figure 3F). At the end of meiosis, sperm in
interphase were ready for fertilization (Figure 3G). Soon after, we only
observed the scene at the end of fertilization, and chromosome
numbers returned to those of pre-meiosis (Figure 3H). Once the
eggs were fertilized, the first mitotic division began. Normally, the first
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division of diploid somatic cells occurs 2-3h after egg laying
(Figure 3I).

3.2.2 Diploidization of thelytokous strain

Unlike the arrhenoyokous strain, newly laid eggs of the
thelytokous strain were usually creamy white, approximately
256.62 um in length, 75.12 um in width, and generally lacking yolk
(n = 18) (Figure 4A). Cytological analysis of the thelytokous strain
showed that freshly laid eggs were in metaphase of division
(Figure 4B). Similar to the arrhenotokous strain, the chromosomes
at this stage were arranged in a bewildering manner, which prevented
their number from being assessed in the thelytokous strain. After
30 min, we observed anaphase of parallel division, resulting in the
formation of two sets of products with approximately
10 chromosomes (Figure 4C). The second anaphase of parallel
division was also observed on approximately 10 chromosomes
(Figure 4D). These divisions were not reduced, indicating that the
division underway at this time was mitosis rather than meiosis. In
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FIGURE 3
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10 pm

Chromosomes in the deposited eggs of the arrhenotokous strain. (A) Egg, creamy white or yellowish white, anterior at the top; (B) First metaphase of
meiosis after oviposition; (C) sperm, found in freshly laid and sectioned eggs; (D) first anaphase of meiosis; (E) prophase of second meiosis; (F) second
anaphase of meiosis and the first polar body with 5 chromosomes delayed at metaphase; (G) despiralized spermatozoon (H) the end of fertilization of female

and male pronuclei (l) diploid telophase of first somatic mitosis.

subsequent observations, up to 2 h, the divisions were still not reduced,
and the division process was the same.

3.3 Microsatellite characterization and
primers combination

In total, 3,756,206 clean reads were obtained after low-quality
sequences were removed. We then assembled these reads into
16,891  contigs and
microsatellite repeats. A total of 636 microsatellite-containing

extracted the contigs containing

Frontiers in Genetics

contigs were obtained from thelytokous D. wani. The numbers
of perfect, compound, and imperfect microsatellites were 563, 59,
and 14, respectively (Figure 5). The frequencies of each perfect
microsatellite type were as follows: 19.50% (124 loci), 48.43%
(308 loci), 19.34% (123 loci), 1.10% (7 loci), 0% (0 loci), and
0.16% (1 loci), respectively (Figure 5).

Ten primer pairs were designed and amplified (Table 3). Based on
ten microsatellite loci, the genotyping error rate of the laboratory
population was zero. The number of alleles at the 10 microsatellite loci
ranged from 2 to 14. The observed heterozygosity (HO) ranged from
0.458 to 1, and the expected heterozygosity (HE) ranged from 0.503 to
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Chromosomes in the deposited eggs of the thelytokous strain (A) egg, creamy white, anterior at the top; (B) first metaphase (C) first anaphase; (D) second

FIGURE 4
telophase.
Microsatellite types
Compound type %

Imperfect type
P6-J]

P4~

Perfoct | ps I,
P2 770707000700
P14 777
I L § L § Lt
FIGURE 5

The number of three microsatellites types gained from six
thelytokous D. wani. P1 ~ P4 and P6 represent mono-, di-, tri-, tetra-,
and hexanucleotide repeats of perfect types.

0.884, indicating a high degree of heterozygosity in thelytokous D.
wani. Most of the microsatellite loci were highly polymorphic
(PIC >.5).

3.4 Microsatellite genotyping

The offsprings of thelytokous strain demonstrated the same
heterozygous genotype as their parents based on four microsatellite
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loci (DWTHI119, DWTH366, DWTHI178, and DWTH340)
(Table 4). Besides, random individuals in rearing laboratory
colonies showed the same heterozygous genotypes and no
individuals with homozygous genotypes were found. The results
of allele segregation revealed that the observed rate of transition to
homozygosity of a heterozygous locus was significantly different
from that expected under automixis with gamete duplication,
terminal fusion, or random fusion (Table 5). However, the
observed rate was consistent with the values expected under
automictic thelytoky with central fusion and apomixis (Table 5).

4 Discussion

Chromosome fusion patterns are key to reveal sex determination
in Hymenopteran species. Cytological observations showed that the
thelytokous strain of D. wani did not undergo meiosis and did not
produce polar bodies. Therefore, the thelytokous strain of D. wani did
not undergo genetic recombination, and the cytological mechanism of
diploidization in thelytokous D. wani was apomixis. Microsatellite
data also supported the discovery of apomixis because no segregation
of microsatellite loci occurred and the offspring maintained the same
heterozygosity as their parents. Until now, apomictic thelytoky has
only been reported in three parasitoids, T. cacaeciae (Vavre et al.,
2004), N. formosa (Adachi-Hagimori et al., 2008), and M. pulchricorni
(Tsutsui et al., 2014). Moreover, no bacterial endosymbionts caused
thelytoky in T. cacaeciae or M. pulchricornis. In contrast, it was found
that Rickettsia induced thelytoky in N. formosa. Thus, our results
revealed that D. wani is the first eulophid parasitoid in Hymenoptera
whose thelytoky was not induced by bacteria to form an apomictic
thelytoky.
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TABLE 3 10 genetic markers isolated from thelytokous D. wani. The parameters are as follows: Number of alleles (NA), observed (HO) and expected (HE)
heterozygosities, and the polymorphism information content (PIC).

NA HO HE PIC GenBank

accession no.

Primer sequences (5'-3')

Locus Repeat motif Tm ('C) Size (bp)

DWTH217 | F: GATATGCCAACACAGCGTGATTATCC CTG 9 60 203 4 0.667 = 0.532  0.451 | OP527026
R: ATAGTGGTCATCACCTTCTTCGC CTG 9 60 203

DWTH366 = F: TGCGAGTTGAGCGTATATGCACAC TG 12 60 147 7 0.952  0.863 0.822 | OP527027
R: TGTTTGCGATATATACGCGTATTGC TG 12 60 147

DWTH119 | F: ACACACAACATTTGCGCGC CT9 52 169 2 0.458 = 0.503 = 0.371 | OP527031
R: TGCGAGTTTCTCTCGGAC CT9 52 169

DWTH75 F: TCCATTTTCACTGTATAGAACGCGT TG 9 58 220 6 0.583  0.797 0.748 | OP527028
R: AGCCATTACTCGACCGTTCAAACG TG 9 58 220
TGCC

DWTH178 = F: TCCATACATATCATGTTCGTTAGCC CT 11 58 200 8 0.875 0.801 = 0.753 | OP527029
R: AAGATTTATATTCGTACCAGCGC CT 11 58 200

DWTH205 F: GAAAGAATGAGAAACCAGAAC AG 21 54 130 14 0.864 0.884 0.851 | OP527030
R: AGATGACGTGATTATATCGCGTCCGCA | AG 21 54 130

DWTHI151 = F: AAGCTGTGAGAGTAGGCATC CT 13 52 240 9 1 0.876 = 0.841 | OP527034
R: GCGACGTAATCAGCGCGTTCAC CT 13 52 240

DWTHé67 F: TGCCGGTCAAGAGAGATAGACATCGC TC 11 52 234 5 0.714 = 0.761 = 0.703 | OP527033
R: TGACATGTTCTCACTGCAGTAGTAGC TC 11 52 234

DWTH42 F: AGATACGCGTATTCATAAGCATTC TC 15 52 262 8 0.708 = 0.791 = 0.742 | OP527032
R: ACACATTCCTCGTGTCTTCACGGCAT TC 15 52 262

DWTH340 = F: TGCGGATATCAAAGCCGCTA GA 9 56 170 7 0.958 0778 0.732 | OP527035
R: ACGCTCTCTATATGCAAATACGAC GA 9 56 170

TABLE 4 Genotypes of parent, progeny, and random individuals of thelytokous D. wani. The numbers before and after the virgule indicate alleles in the species, where
diploid females have two alleles and haploid males carry only one allele.

Laboratory colonies (parent and progeny)

Random laboratory colonies

Parent (n = 8) F1 (n = 96) F3 (n = 60) n=96
DWTHI119 169/171 169/171 169/171 169/171 169/171
DWTH366 145/147 145/147 145/147 145/147 145/147
DWTHI178 191/197 191/197 191/197 191/197 191/197
DWTH 340 160/168 160/168 160/168 160/168 160/168

Compared with T. cacaeciae, N. formosa, and M. pulchricornis, some
cytological characteristics of these three parasitoids differed from those of
D. wani. Unlike D. wani, both thelytokous N. formosa and T. cacaeciae
produced polar bodies during meiosis. Although M. pulchricornis and D.
wani were similar in most aspects, minor differences existed in
diploidization. 45 min after oviposition, the first anaphase of mitosis
proceeded in thelytokous D. wani. In contrast, the first mitotic process in
M. pulchricornis occurred slowly, beginning 1h 50 min after egg
oviposition (Tsutsui et al., 2014). The speed of embryonic cell division
may be closely related to the growth and development of the species,
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especially during the egg stage. The egg period of thelytokous M.
pulchricornis (2 days) was longer than that of thelytokous D. wani
(1.1 days) at 25°C (Suzuki and Tanaka, 2007; Ye et al,, 2018).

With the rapid development of genetic marker technology, an
increasing number of studies have investigated cytological
mechanisms using molecular methods (Adachi-Hagimori et al,,
2008; Rey et al., 2011; Tsutsui et al., 2014; Alavi et al., 2018;
Hellemans et al., 2019; Simonato et al., 2019; Smith et al., 2019;
Tanaka and Daimon, 2019). Molecular methods allow for faster
access to relevant mechanistic information than cytological

frontiersin.org


https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.1061100

Du et al. 10.3389/fgene.2022.1061100

TABLE 5 Observed frequencies of heterozygous transition to homozygous loci for thelytokous D. wani, and agreement with theoretical frequencies under different
cytological genetic mechanisms.

No R (95%Cl)  Automixy Apomixis

Terminal fusion  Central fusion  Random fusion

Gamete duplication (r = 1)

(r=1/3-1) (r=0-1/3) (r=1/3)
DWTHI19 | 219 0 0 o o NS e NS
DWTH366 | 219 0 0 o o NS o NS
DWTHI78 | 219 0 0 o o NS o NS
DWTH340 | 219 0 0 o o NS o NS

Nt, number of heterozygous offspring; No, number of homozygous offspring; R, observed rate of transition to homozygosity; r, expected rate of transition to homozygosity (Pearcy et al., 2006; Pearcy

et al., 2011b). Fisher’s exact test was used to test the consistency of R values with r.

NS indicates not significant and * * * indicates highly significant (p < .001). When r indicates a range, the test is performed by considering the r closest to R within the range.

observations (Adachi-Hagimori et al., 2008; Simonato et al,
2019). However, by ignoring cytological observations, it is
impossible to determine whether the mechanism corresponds
processes  (Adachi-Hagimori et al, 2008).
Furthermore, it is difficult to investigate the differences in
chromosomal  segregation  behaviour among  different
thelytokous species when no cytological observations are

to actual

performed. Thus, we suggest that future research could involve
a combination of cytology and molecular biology or genomics to
explore the cytological mechanisms of thelytokous.

Moreover, the number of multilocus genotypes between thelytokous
and arrhenotokous strains were applied recently to investigate apomixis
(Wachi et al,, 2021). Wachi et al. (2021) reported that thelytoky of M.
pulchricornis was apomictic based on multilocus genotypes, which was
consistent with previous cytological discoveries of Tsutsui et al. (2014).
Additionally, the heterozygosity of field populations could be used to
roughly infer cytological mechanisms. Simonato et al. (2019) suggested
that thelytokous in field Baryscapus servadeii individuals infected
Rickettsia likely corresponds to a mode of automictic thelytokous
involving gamete duplication, which leads to full homozygosity of
progeny. In contrast, field populations of the thelytokous strain of D.
wani exhibit high heterozygosity, suggesting that the mechanism at play in
D. wani is either automictic thelytoky involving central fusion or apomixis
when only based on genetic markers. Trichogramma cacaeciae, which also
has an apomictic thelytoky, displayed a higher frequency of heterozygosity
in its field populations (Vavre et al, 2004). The reason for high
heterozygosity may be due to the potential mechanism of Meselson
effect (Mark Mark Welch and Meselson 2000), triploidization (Naito and
Inomata, 2006), and hybridization (Vavre et al, 2004), which can
accumulate new mutations. In contrast, for field M. pulchricornis
population did not exhibit significantly higher heterozygosity than
arrhenotokous strain probably due to their recent origin of thelytoky
(Wachi et al,, 2021). Therefore, high heterozygosity in field populations
may be not always associated with apomixis due to different origin history
of thelytoky. In the future research, exploring the origin of thelytoky in
genome level is necessary to clear the heterozygosity of apomictic
thelytoky.

The chromosomes of many parasitoids are predominantly
metacentric and/or submetacentric (Gokhman, 2022). Our karyotyping
of two strains of D. wani indicated diploid chromosome numbers of 21 =
10, consisting of four pairs of metacentric chromosomes and one pair of
submetacentric chromosomes. At present, there are few karyotype studies
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on reproductive differentiation strains of conspecific Hymenoptera
species. Gebiola et al. (2012) further investigated the thelytokous and
arrhenotokous strains of the P. soermius which were a cryptic complex and
demonstrated different chromosome morphologies (Gebiola et al., 2012).
However, Gebiola et al. (2012) did not compare karyotypes between
different strains in homogenous cryptic species. Thus, our study is the first
to compare chromosome morphology among different strains of
conspecific species of Hymenoptera parasitoids.

It is generally believed that thelytoky evolved from arrhenotoky
in Hymenoptera (Cook 1993; Adachi-Hagimori et al., 2011; Ma
et al., 2014; Sethuraman et al., 2022). A recent study suggested two
independent origins for thelytokous Dinocampus coccinellae from
the ancestral arrhenotokous strain (Sethuraman et al., 2022).
However, in the process of evolution, thelytokous and
arrhenotokous modes have reached different outcomes (Smith
and Maynard-Smith, 1978). Arrhenotoky counterbalances this
disadvantage by preventing the accumulation of deleterious
mutations and creating new genetic recombination that may
1996; Butlin 2002;
Kraaijeveld et al., 2016). Genetic recombination is usually

accomplished by homologous recombination of chromosomes

enhance adaptation (Hurst and Peck,

during meiosis. In contrast, thelytoky accumulates increasing
deleterious mutations and lacks long-term genetic flexibility
offered by genetic variation and recombination, and may
become extinct (Smith and Maynard-Smith, 1978). Therefore,
arrhenotoky is widely regarded as the optimal reproductive
mode for the long-term maintenance of species. In fact, the
automictic thelytoky could undergo genetic recombination
following completion of their normal first meiosis. However,
apomictic thelytoky generally does not undergo meiosis. Thus,
the accumulation effect of the deleterious variation generated by
cytological mechanisms with automixis and apomixis is different.
Apomictic thelytoky is thought to accumulate more deleterious
variation than automictic thelytoky. Thus, more detailed studies are
required to resolve the long-term maintenance of apomictic
thelytokous species of D. wani.
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