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ABSTRACT OF THE DISSERTATION 
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In Trichogramma parasitoid wasps, infection with the intracellular bacterium, Wolbachia, 

alters host reproduction, inducing gamete duplication and thus the parthenogenetic 

production of female offspring from unfertilized eggs. Little is known about the 

mechanisms governing sex determination in Trichogramma. Beyond outlining the basic 

mechanism of gamete duplication, few studies have investigated the interactions between 

Wolbachia and its host which allow parthenogenesis induction. This dissertation 

manipulates Wolbachia infection in Trichogramma kaykai to investigate the mechanisms 

involved in sex determination and the extent of Wolbachia’s role in parthenogenesis 

induction. The production of males and intersexes by parthenogenetic females, and the 

factors contributing to their formation, provide valuable insight into mechanisms of sex 

determination and Wolbachia manipulation. Males and intersexes regularly appeared 

among the offspring of aging infected females as a result of incomplete parthenogenesis 

induction (Chapters 3-6). Intersexes ranged from very feminine to very masculine 
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(Chapter 2) and flow cytometry confirmed that all were of a single genetic constitution 

(haploid or diploid) and therefore, not mosaics (Chapter 4). Infected females also 

produced occasional diploid males (Chapters 4-6). Together, these findings suggest a 

two-step mechanism of Wolbachia-induced parthenogenesis, requiring both gamete 

duplication and feminization. The complete lack of diploid males and intersexes in the 

absence of Wolbachia infection strongly supports this mechanism and points to a method 

of sex determination consistent with the imprinting model recently proposed for Nasonia 

vitripennis. Here, female development relies on a paternally derived sex allele to 

compensate for an imprinted maternal allele. The production of triploid daughters by 

diploid males strengthens this finding (Chapter 5). Factors modulating expression of 

Wolbachia-induced parthenogenesis in T. kaykai were found to include host age, host 

genetic background, and to a lesser extent heat (Chapter 3). Quantification of Wolbachia 

density (Chapter 6) revealed a clear relationship between bacterial density and wasp 

ploidy, with diploids harboring 7 times more than haploids. However, the relationship 

between Wolbachia density and sexual phenotype was not clear.  
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Chapter 1:  

Introduction  

 

Gynandromorphs and Intersexes 

Sex determination and differentiation in animals can be governed by a number of 

different systems including ploidy, paternal genome loss, male or female heterogamety, 

polygenic sex determination, environmental sex determination, and an assortment of 

other mechanisms. Each mechanism often involves a variety of steps and pathways 

which, in turn, have their own switches and cues (Bull, 1983). Many things, such as 

mutations, parasites, and environmental factors can interfere with the proper functioning 

of those pathways resulting in aberrant sexual phenotypes such as gynandromorphs and 

intersexes (Gusmao and McKinnon, 2009; Skripsky and Lucchesi, 1982).  

Gynandromorphs, while generally rare in nature, have been described in a wide 

variety of animal taxa, including birds, mammals, fish, and arthropods, and have been 

studied extensively in Drosophila (Blair, 2003; Lindsley and Zimm, 1992; Szabad and 

Nothiger, 1992). In the insects, gynandromorphs and intersexes appear more commonly 

in the Lepidoptera and Hymenoptera (Wilson, 1962). This is perhaps due to the marked 

sexual dimorphism inherent in these groups. Within the Hymenoptera, they appear in 

well over 200 species in at least 22 families (Bowen and Stern, 1966; Caltagirone, 1970; 

Cooper, 1959; Peacock, 1925; Pereira et al, 2003; Quintero and Research, 1994; Tarasco, 

1996; Wcislo et al, 2004; Whiting, 1967; Whiting and Whiting, 1927) but are most likely 
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produced in all families and simply overlooked due to their extremely low frequencies 

(Cooper, 1959).  

Gynandromorphs and intersexes have been particularly well-documented in the 

ants and bees. They are reported in more than 40 ant species (Yoshizawa et al, 2009) and 

a recent review on gynandromorphs in bees lists specimens from 64 species (Wcislo et al, 

2004). While literature abounds describing sexually aberrant specimens in the ants and 

bees, relatively fewer specimens are described from the parasitic wasps. Much of the 

existing literature on gynandromorphs and intersexes in the parasitic wasps offers 

incomplete specimen descriptions and frequently uses ambiguous terminology resulting 

in inconsistencies and confusion within the literature. Since this is the only known 

hymenopteran group containing members displaying a deviation from the ancestral 

mechanism of sex determination, Complementary Sex Determination, investigations into 

these deviant phenotypes may prove valuable in the advancement of our understanding of 

hymenopteran sex determination and differentiation, in addition to furthering our 

understanding of embryogenesis, development, and regulation of gene expression.  

In past literature, much effort was given toward recognizing gynandromorph and 

intersex phenotypes, particularly since distinguishing between the two provided 

information regarding the origin of the abnormality. Unfortunately, for many years the 

comparative body of literature needed to correctly identify these phenotypes using 

morphological characters and biology was undeveloped and our technologies not 

advanced enough to determine them by other methods. In modern hymenopteran 

literature, the classic definitions of gynandromorph and intersex seem to have been 
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blurred or even lost. Since identifying the phenotype is the cornerstone to understanding 

the cause, and ultimately the process, I will first re-establish the definitions of these forms 

and discuss hypotheses regarding their origins. I will critically review the literature 

available regarding gynandromorph and intersex occurrence in the parasitic wasps, 

describing the pertinent specimens and re-classifying them when necessary. Then, I will 

discuss significant contributions resulting from previous and current investigations of 

these phenotypes in parasitic wasps. Lastly, I will introduce the research presented in this 

dissertation in which I investigate intersex and male production in Wolbachia-infected 

Trichogramma kaykai, in order to gain insight into the mechanisms governing sex 

determination in Trichogramma wasps and the manner by which they are manipulated by 

the reproductive parasite, Wolbachia. 

 

Definitions 

A gynandromorph is an individual composed of a mosaic of genetically male and female 

tissues. The phenotype of these tissues corresponds with the sexual genotype and results 

in an individual displaying distinctly male and female body parts with clear demarcation 

between the genetically different tissues (Brust, 1966; Morgan, 1916). An intersex, on the 

other hand, is an individual having a pure genetic constitution, but displaying phenotypic 

characteristics associated with both genders, with tissues often appearing to be 

intermediate between those of typical males and females (Goldschmidt, 1915; Sturtevant, 

1920).  
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In 1899, Dalla Torre and Freise classified hymenopteran gynandromorphs into 

four convenient types based on the external phenotypic pattern of the mosaicism: 

lateral—two sides of the specimen, or the affected portion, being of opposite sex; 

frontal—anterior-posterior division of sex characters; transverse—dorso-ventrally 

divided, and mixed—exhibiting combinations of the previous 3 types. These classes were 

determined to occur at different frequencies in a given order: lateral>mixed/frontal> 

transverse with the male or female tissues showing no tendency toward assignment to the 

left, right, anterior, dorsal, etc. (Cooper, 1959).  However, a recent review by Wcislo et al 

(2004), found that, among the bees, the order frequency of the classes is mixed>lateral>> 

frontal(anterior-posterior)>>transverse. This discrepancy is perhaps related to differences 

in developmental patterns between taxa, since almost half of the gynandromorphs 

considered in the recent study occurred in the same family.  

The mechanisms by which gynandromorphs are produced have been investigated 

in a variety of taxa and are generally attributed to a handful of fertilization mishaps and 

developmental anomalies resulting in the elimination of a sex chromosome (Laidlaw and 

Tucker, 1964; Mori and Perondini, 1980; Stern, 1968). In the Hymenoptera, it is clear 

that there are multiple origins to the phenomenon of gynandromorphism (Cooper, 1959). 

Several hypotheses have been put forth to explain the possible causes of 

gynandromorphism in haplodiploid systems, which do not have sex chromosomes. Early 

work by Boveri (1888) proposed partial fertilization of a developing egg as the first 

hypothesis of a possible origin of gynandromorphism in the honeybee. According to 

Boveri, delayed fertilization of the egg allows development to begin, giving rise to 
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haploid cleavage nuclei. Upon syngamy, the sperm unites with only one haploid nucleus 

creating a diploid cell, which proceeds to develop alongside the developing haploid cells. 

This phenomenon was termed “post-cleavage fertilization” when demonstrated in the 

laboratory by Clark and Gould (1972) using Habrobracon juglandis (=Bracon hebetor).  

Among other proposed mechanisms of the possible origins of gynandromorphs in 

the Hymenoptera are: polyspermy, involving fertilization of the egg by one sperm and 

subsequent development of the accessory sperm (Morgan, 1905); development of a polar 

nucleus from oocytic meiosis in addition to the fertilized zygotic nucleus (Whiting, 1935; 

Whiting, 1943b; Whiting and Wenstrup, 1932; Whiting and Whiting, 1927); loss of sex-

determining loci during somatic crossing-over (Gilchrist and Haldane, 1947); failure of 

chromosomes to properly segregate during an early mitotic division, resulting in the 

development of diploid cells within a haploid embryo (Stouthamer and Kazmer, 1994); 

and supernumerary division during an early mitotic division resulting, essentially, in a 

chance meiosis and development of haploid cells within a diploid embryo (Nilsson, 

1987). 

Genetic and environmental factors are known to influence events that cause 

gynandromorph production. For example, in Drosophila melanogaster and D. simulans, 

homologous recessive mutations produce gynandromorphs through X-chromosome loss 

during early mitotic divisions in eggs produced by females homozygous for the mutation 

(Portin, 1978). In Apis mellifera, egg chilling very early in development (< 2 hours old) 

increases gynandromorph production (Drescher and Rothenbuhler, 1963). And, in 
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Bombyx mori heat and cold shock, as well as centrifugation, are documented to increase 

the occurrence of gynandromorphs (Kawamura, 1979).  

The origins of intersex most likely involve interference with one or more of the 

regulating factors involved in the sex determining process of the individual. Since those 

factors remain unclear in most insects, few detailed mechanisms of intersex formation 

have been proposed and even fewer have been demonstrated. The genetic sex 

determining pathway of D. melanogaster has been detailed and work with intersexes has 

demonstrated the production of intersex phenotypes as a result of mutations in key genes, 

such as ix, dsx, tra, and tra-2, involved in the somatic sex determining pathway 

(McRobert and Tompkins, 1985). Triploidy in D. melanogaster has recently been 

suggested to cause intersex through early cellularization, reducing the dose of key 

transcription factors to a level below that required for full activation of the female sex 

determining signal (Erickson and Quintero, 2007). And, in the leafhopper, Zyginidia 

pullela, bacterial infection by the reproduction parasite, Wolbachia pipientis, induces 

intersex formation by interfering with DNA methylation, thus disrupting male imprinting 

(Negri et al, 2009).  

Like gynandromorphs, both genetic and environmental factors can contribute to 

intersex production. As mentioned above, intersex production in Drosophila can have 

multiple genetic influences. Autosomal mutations and triploidy are also responsible for 

intersexuality in other animal groups such as mammals, fish, and birds (Abdel-Hameed 

and Shoffner, 1971; Komen et al, 1992; Pailhoux et al, 2001). Certain environmental 

contaminants have been linked to intersex formation in mollusks, amphibians, fish, and 
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crustaceans (Hayes et al, 2002; Matthiessen, 2003; Matthiessen and Gibbs, 1998; 

Olmstead and LeBlanc, 2007) and high temperature is shown to increase intersex 

production in a crustacean (Olmstead and LeBlanc, 2007). In addition, the intersex 

phenotype can be mediated by internal parasites. Several arthropods infected with 

feminizing Wolbachia are documented to exhibit various degrees of intersex, possibly 

due to incomplete feminization by the reproductive parasite (Narita et al, 2007; Negri et 

al, 2006; Rigaud and Juchault, 1998). Mermithid nematodes and microsporidia are 

among other parasites known to influence intersex production (Ginsburger-Vogel, 1991; 

Vance, 1996). 

In some cases, intersexes can be distinguished morphologically from 

gynandromorphs by their display of intermediately feminized or masculinized characters. 

However, intersex specimens often exhibit fully masculinized or feminized 

characteristics such as antennae or legs, which make it impossible to distinguish them 

from mixed gynandromorphs based on external morphology alone. They may also exhibit 

anterior-posterior or lateral patterning typical of gynandromorphs (Dalla Torre and 

Friese, 1899) making it difficult, if not impossible to determine the nature of the mixed 

sexual characters based on external morphology alone. It is often necessary to analyze the 

genetic constitution of the tissues involved in order to definitively distinguish intersex 

from gynandromorph. Given the current technologies that allow us to easily determine 

such things, this should become more common. In the past, specimens that were  
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impossible to distinguish were often excluded from analysis. Routine confirmation of 

intersex or gynandromorph is necessary to create a more complete picture in current 

literature.   

 

Hymenopteran gynandromorphs and intersexes: a review of the literature 

Gynandromorph and intersex phenotypes are documented in 8 of the more than 40 

families of parasitic wasps, 5 of which belong in the superfamily Chalcidoidea (Table 

1.1). A closer investigation of the specimens described in the superfamily Chalcidoidea 

reveals that most are, in fact, intersexes. Of the 10 described occurrences of chalcidoid 

gynandromorphs, only 2 appear to be clearly gynandromorphic. Halstead (1988) 

described a gynandromorph of the chalcid wasp, Hockeria rubra, with clear lateral 

demarcations of male and female tissues on the head. Specimens of the fig wasp, 

Pegoscapus tonduzi, also displayed areas of obviously defined female and male tissues, 

although distributed in a haphazard pattern over the entire body (Pereira et al, 2003).  The 

clear presence of distinctly female and male tissues, with no intermediately feminized or 

masculinized features, as described in these specimens, is indicative of the 

gynandromorph phenotype.  

Some gynandromorphic specimens are less completely described and it is difficult 

to make a definitive identification as a gynandromorph. For instance, Patterson (1919) 

described a gynandromorph of the encyrtid wasp, Litomastix truncatellum (as 

Paracopidosomopsis floridanus), with “one half of the abdomen male and the other half 

female.” However, no additional details were provided regarding the distribution or 
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nature of the male and female tissues. If the abdomen is divided laterally and is composed 

of completely male and female tissues, it is most likely identified correctly as a 

gynandromorph. On the other hand, if the abdomen appears divided in an anterior 

posterior pattern and/or the tissues appear intermediately feminized or masculinized, the 

specimen may be an intersex.  

Unfortunately, even very complete descriptions of aberrant specimens are 

sometimes not enough to distinguish between intersex and gynandromorph phenotypes. 

Caltagirone (1970) described in detail the characters of 38 “gynandromorphs” of the 

polyembryonic encyrtid wasp, Pentalitomastix plethoricus. Fifteen “types” were 

established based on the combinations of characters displayed externally on the antennae 

and genitalia. Some gynandromorphs showed mixed characters, with one antenna of one 

sex while the other antenna and genitalia were of the other sex. Others were divided 

bilaterally, and some displayed anterior posterior division, having both antenna of one 

sex and either the opposite or both genitalia. These descriptions seem to fall clearly into 

the categories of gynandromorphs defined by Dalla Torre and Freise (1899). However, a 

very small number of specimens were described that were “not as clearly 

gynandromorphic as the ones just mentioned.” Four specimens were recorded: two 

predominantly male, each with one slightly feminized antenna, and two predominantly 

female, each with one slightly masculinized antenna. Further, notes included in the 

descriptions of the 38 individual gynandromorph specimens indicate that several wasps 

exhibited partial fusion of the antennal segments, varying amounts of male and female-

like hairs on the antennae, and distorted or deformed genital structures. These conditions 



 

 

10

suggest an intersex, rather than a gynandromorph phenotype. While it is possible that the 

specimens described consisted of a combination of gynandromorphs and intersexes with 

unique origins, it is more likely that the aberrant specimens represent a continuum of 

intersex phenotypes with varying degrees of feminization and/or masculinization. 

However, without knowledge of the genetic constitution of the underlying tissues, the 

distinction cannot be made. 

With the exception of the ambiguous incidences above, an undescribed Encyrtid 

specimen, Comperiella unifasciata (Taylor, 1935), and an undescribed Trichogrammatid 

wasp, Trichogramma oleae (Pintureau et al, 2002), the remaining 13 aberrant chalcidoid 

cases appear to be intersexes displaying varying degrees of anterior-posterior 

feminization and/or masculinization. In 10 of the 13 occurrences the species are known to 

exhibit thelytokous reproduction, the parthenogenetic production of females from 

unfertilized eggs, and are associated with the reproductive parasite, Wolbachia. 

Wolbachia induces several reproductive phenotypes in its host, but often induces 

thelytoky in parasitic wasps, which results in the production of completely homozygous 

female offspring (Stouthamer, 1997).  This is possibly due to the evolution of an 

alternative sex determining system in this group that is not constrained by the production 

of diploid males following complete homozygosity as is found in the Complementary Sex 

Determination system (Leach et al, 2009; Stouthamer and Kazmer, 1994). While it is not 

certain whether there is something about thelytoky that allows for more common intersex 

production, Wolbachia infection has been associated with intersex in multiple species 

(Narita et al, 2007; Negri et al, 2006; Rigaud and Juchault, 1998).   
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Table 1.1. Gynandromorphs and intersexes in parasitic wasps. 
 

Taxon Type (as stated in 

literature) 

Description No. 

specimens 

 

Reference 

 

Family:  

Diapriidae 
Trichopria spp. 

 

unclassified Female with right 

partially 

masculinized 

antenna 

 

1 Rajmohana and Narendran, 

1999 

Montelada cincta 

 

gynandromorph No description 1 Szabo, 1959 

Ashmeadopria spp. 

 

gynandromorph No description “some” Bin, 1972 

 

 

 

Family:  

Scelionidae 
Telenomus 

angustatus  

intersex Lateral, mixed 4 Vecher, 1986 

 

 

Idris piceiventris gynandromorph Male specimens 

with right 

predominantly 

female antenna, 

left 

predominantly 

male antenna 

3 Huggert, 1977 

 

 

Family:  

Braconidae 
Psenobolus spp. 

 

gynandromorph 

 

No description  Pereira et al, 2003 

Habrobracon 

juglandis= Bracon 

hebetor  

 

gynandromorph  

 

 

 

 

 

intersex  

Lateral, A-P, 

mixed 

 

  

 

 

A-P— weak 

feminization  

 

A-P— 

masculinization 

 

>220 

 

12 

 

19 

 

1 

 

 

9 

 

34 

 

13 

Clark et al, 1971 (>220) 

 

Whiting and Whiting, 1927 (12)  

 

Whiting, 1928 (19) 

 

Whiting et al, 1934 (1) 

 

 

Whiting, 1943 (9) 

 

Whiting and Starrells, 1950 (34) 

 

Von Borstel and Smith, 1960 

(13) 
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Taxon Type (as stated in 

literature) 

Description No. 

specimens 

Reference 

 

 

Superfamily: 

Chalcidoidea 
 

    

Family: 

Agaonidae 

 

    

Pegoscapus tonduzi 

 

gynandromorph Mixed, 

predominantly 

male genitalia 

 

6 Pereira et al, 2003 

Blastophaga psenes 

 

gynandromorph A-P—female 

front, male hind 

 

4 Pereira et al, 2003 

Family: 

Chalcididae  

 

    

Hockeria rubra 

 

gynandromorph Lateral 1 Halstead, 1988 

 

Family: 

Encyrtidae  

 

    

Anicetus 

ceroplastis 

gynandromorph Lateral, mixed 3 

 

 

Tachikawa, 1963 

Ooencyrtus 

submetallicus 

gynandromorph Females with 

varying degrees 

of maleness, A-P 

in progression 

 

>150 Wilson and Woolcock, 1959 

Tropidophryne 

melvillei 

intersex A-P feminization 

of varying 

degrees 

Not 

specified 

(multiple) 

 

Doutt and Smith, 1950 

Pentalitomastix 

plethoricus 

 

gynandromorph Bilaterally 

symmetric, 

mixed. A-P 

 

113 Caltagirone, 1970 

Paracopidosomopsi

s floridanus= 

Litomastix 

truncatellum   

 

gynandromorph Bilaterally 

symmetric  

1 Patterson, 1919 

Comperiella 

unifasciata 

gynandromorph No description 1 Taylor, 1935 

 

 

Pholidoceras 

jarly= 

Xanthoencyrtus 

jarli 

gynandromorph Female with 

slight 

masculinization 

of left antenna, 

severe 

masculinization 

of right antenna 

 

 

 

1 Kryger, 1943 
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Taxon Type (as stated in 

literature) 

Description No. 

specimens 

Reference 

 

 

 

Cerapterocerus 

mirabilis 

 

 

gynandromorph 

 

 

Male with 

antennae tending 

toward female 

 

1 

 

Ferriere, 1955 

Family: 

Pteromalidae 

 

    

Nasonia 

(=Mormionella) 

vitripennis  

 

gynandromorph 

 

 

 

 

intersex 

A-P feminization 

of varying 

degrees 

 

 

 

A-P—

masculinization 

of varying 

degrees  (male 

head, female 

genitalia) 

 

A-P—female 

head & antennae, 

male thorax, 

wings, abdomen 

233 

 

 

 

 

 

60 

 

 

 

 

 

 

1 

Whiting, 1967 (1)  

Beukeboom and Kamping, 

2006 (16)  

Kamping et al, 2007 (206) 

 

 

Saul, 1962 (60) 

 

 

 

 

 

 

Whiting, 1967 (1) 

Family: 

Trichogrammatidae 

 

    

Trichogramma 

deion= 

semifumatum  

 

intersex A-P 

masculinization 

of varying 

degrees; a few A-

P feminization 

 

>200 Bowen and Stern, 1966 

Trichogramma 

pretiosum 

 

intersex Female genitalia 

with 1 or 2 male 

antennae 

 

Not 

specified 

(multiple) 

Pintureau and Bolland, 2001 

Trichogramma 

cordubensis  

 

intersex Female genitalia 

with 1 or 2 male 

antennae 

 

7 

 

 

Not 

specified 

(multiple) 

 

Cabello-Garcia and Vargas-

Piqueras, 1985 

  

Pintureau et al, 1999 

 

 

Trichogramma 

oleae 

 

intersex No description Not 

specified 

(multiple) 

 

Pintureau et al, 2002 

Trichogramma 

chilonis 

 

mosaic A-P 

masculinization 

of varying 

degrees; a few A-

P feminization 

Approx. 

200 

Chen et al, 1992 
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This reexamination of the literature results in the classification of fewer 

specimens as gynandromorphs and many more as intersexes. In some cases, these 

reclassifications are presented with the benefit of almost a century of comparative 

intersex and gynandromorph literature. However, without knowledge of the underlying 

genetic constitution of the tissues involved in creating the intersex or gynandromorph 

phenotype, these reclassifications are not concrete. The need for cytological, genetic, or 

other confirmation of phenotype to supplement the literature cannot be overstated since 

studies using correctly identified gynandromorph and intersex phenotypes can have 

important implications for progress in many areas of biology.  

 

Significant advances using hymenopteran gynandromorphs and intersexes 

Gynandromorph and intersex phenotypes have been definitively established in only two 

parasitoid wasps. Studies using dominant and recessive traits confirmed the presence of 

both gynandromorphs and intersexes in the Braconid wasp, Bracon hebetor (as 

Habrobracon juglandis) (von Borstel and Smith, 1960; Whiting, 1943b; Whiting and 

Whiting, 1927). Also, recent cytological evidence has demonstrated haploid intersex 

production in Nasonia vitripennis (Beukeboom et al, 2007a).  

The establishment of regularly occurring aberrant phenotypes in B. hebetor 

allowed for the creation of a model system, which was studied intensively for more than 

50 years and has resulted in significant advances in the areas of hymenopteran sex 

determination, the genetics of fertilization, and development. Dominant and recessive sex 

linked traits distinguished the parental origins of male and female tissues and revealed a 



 

 

15

variety of gynandromorphic types in B. hebetor. The most common types of 

gynandromorphs found were those in which the diploid tissues were of biparental origin 

and the haploid tissues were of maternal or paternal origin. These were determined to be 

caused by fertilization of the oocyte and subsequent development of a polar nucleus or 

accessory sperm (Greb, 1933; Petters and Grosch, 1976). Gynandromorphs appeared 

which were composed completely of diploid tissues as a result of fertilizing a binucleate 

egg with multiple sperm. When this first occurred, it was noted that this condition should, 

and usually does, lead to the production of a mosaic female. Regarding diploid male parts 

in Bracon gynandromorphs, Whiting (1928) stated, “It is perhaps useless to speculate at 

this time as to why they are males if diploid; but it has been shown that the occurrence of 

these males is dependent on the stock of the mother as well as of father.” These 

gynandromorph studies were key to the advancement of the theory of sex determination 

in Hymenoptera and, ultimately, contributed to the elucidation of the Complementary Sex 

Determination system of sex determination in B. hebetor (Whiting, 1943a), which has 

been established in 60 species of Hymenoptera (Butcher et al, 2000; Cook, 1993a; Cook, 

1993b; Periquet et al, 1993; Stouthamer et al, 1992; van Wilgenburg et al, 2006). It is 

now understood that one of the fertilizing sperm must have been carrying a sex allele 

matching that in the oocyte.  

A genetic component to gynandromorph production in Bracon was eventually 

established, providing an experimental system which allowed for more controlled studies 

of the genetics of fertilization and development (Clark et al, 1968). In homozygous 

females, the recessive mutant, ebony, was found to increase gynandromorph production 
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by approximately 5%. Gynandromorphs associated with the ebony locus were produced 

only from fertilized eggs, indicating to researchers that specific genes may be responsible 

for controlling specific steps in oogenesis and fertilization and inspiring the investigation 

of fertilization from a developmental genetics point of view. In 1972, Clark and Gould 

demonstrated the origin of ebony gynandromorphs to be post-cleavage fertilization— the 

ebony mutant results in delayed migration of the female pronucleus, allowing precocious 

cleavage of the egg or sperm pronucleus before syngamy.  

Ebony gynandromorphs were also used to investigate patterns of development in 

B. hebetor. The initial relative positions of the egg and sperm pronuclei prior to cleavage 

were found to correspond to patterns of haploid and diploid tissue distribution and 

primordial cell numbers for imaginal discs were determined to be similar to those of 

Drosophila (Clark et al, 1973). A morphogenetic fate map was even constructed using 

ebony gynandromorphs, mapping the origins of 20 adult cuticular structures onto the 

blastoderm (Petters, 1977). Such information may prove useful for determining the 

relative locations of progenitor cells and interpreting the complex patterns of gene 

expression during development. 

Intersexual phenotypes produced by B. hebetor received less attention than 

mosaics and gynandromorphs but were nevertheless useful for demonstrating multiple 

origins of intersex, as well as establishing a genetic component to two intersex 

phenotypes and contributing to understanding of sex determination in this species. Both 

diploid and haploid intersexes have appeared spontaneously in lab cultures. A single 

decidedly diploid intersex was documented in B. hebetor that appeared to be a 
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masculinized female (Whiting, 1946). The intersex developed from a heavily x-rayed egg 

fertilized by normal sperm and it was suggested to have arisen as a result of x-ray 

induced mutation of a sex determining allele. The specimen failed to produce offspring 

and there have been no more reports of diploid intersexes in B. hebetor. However, 

haploid intersexes have arisen on multiple occasions having at least two genetic 

derivations. Haploid male intersexes displaying weakly feminized heads were found to be 

associated with a recessive mutation gynoid, gy, which had no apparent effect on the 

development of heterozygous or homozygous females (Whiting et al, 1934). Also, 

Whiting (1943) found several strongly masculinized intersex females (reverse of gynoid) 

displaying a pattern of dominant inheritance. While it is unclear whether these were 

haploid or diploid intersexes, the spontaneous appearance of several female intersexes 

displaying similar masculinization in the brood of an unmated female suggests they were 

haploid. It was hypothesized that these haploid female intersexes arose due to 

translocation of a sex allele causing two such alleles to appear in the haploid set of 

chromosomes (Whiting and Starrells, 1950).  When the mutation arose again in a lab 

colony, Borstel and Smith (1959) were able to determine that sex allele translocation was 

not involved in the formation of the haploid intersexes. The hypothesis was put forth that 

the haploid intersexuality was the result of a mutation in a gene involved in sex 

differentiation “analogous to the genes for intersexuality found in…Drosophila.” Since 

the genetics of the Bracon sex determining pathway have yet to be elucidated, it is still 

unknown which genes are responsible for intersex formation in this organism.  



 

 

18

In 1962, Saul documented a single occurrence of 60 intersexes in the chalcid 

wasp, Nasonia vitripennis, which appeared to result from genetic mutation. The 

intersexes exhibited a gradient of anterior maleness to posterior femaleness. 

Unfortunately, all were produced by a single unmated female who died before she could 

be mated and the mutation was not transmitted through her unaffected male progeny. 

Intersex production in Nasonia did not appear again in the literature until 2006, when 

Beukeboom and Kamping reported the appearance of “gynandromorphs” in a polyploid 

mutant strain used to examine alternative models of sex determination in N. vitripennis 

which, like many parasitoid wasps, does not exhibit Complementary Sex Determination. 

Both haploid and diploid gynandromorphs were produced by unmated triploid females, 

all displaying a clear anterior to posterior gradient of female to male expression, opposite 

that of the previously reported intersexes. Since the aberrant individuals arose from an 

unfertilized egg, the phenotype is not due to a mechanism involving fertilization. Also, it 

is unlikely that the different developmental errors needed to create gynandromorphs from 

both haploid and diploid eggs would occur at such a frequency within one brood, 

therefore it is more likely that the affected wasps were intersexes and not 

gynandromorphs.  

Haploid “gynandromorphs” were also reported from unfertilized eggs in several 

field collected strains of N. vitripennis (Kamping et al, 2007). Like those from the 

polyploid mutant strain, affected wasps displayed anterior to posterior feminization 

ranging from slightly feminized to appearing completely female. The phenotype was 

found to have heritable nuclear and cytoplasmic components sensitive to heat exposure. 
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Cytological examinations revealed these individuals to be haploid (Beukeboom et al, 

2007a), precluding a chromosomal origin and determining they were, in fact, intersexes.  

A mutation in a temperature sensitive maternal effect sex determining factor produced in 

the egg is suggested to be responsible for the production of these haploid intersexes 

(Kamping et al, 2007).  

Nasonia intersexes are proving important contributors to the understanding of the 

alternative sex determining mechanisms involved in non-CSD wasps and have recently 

led to the proposal of a new model for Nasonia sex determination (Beukeboom et al, 

2007b). They are also currently being used in studies exploring differential expression of 

potential genes involved in the Nasonia sex determining cascade (Bertossa et al, 2009; 

Oliveira et al, 2009). Although they continue to be referred to in the literature as 

“gynandromorphs”, it is clear that the wasps are intersexes in the strict sense and that the 

term “gynandromorph” in this case is used loosely to mean individuals “having both 

female and male body parts” (Beukeboom and Kamping, 2006). In the future, the use of 

the term “intersex” in describing these individuals would bring continuity to the literature 

and distinguish the phenotype as having an origin rooted in genetic expression as 

opposed to genetic constitution. 

 

Introduction to the dissertation 

Wasps in the genus Trichogramma are an overlooked resource for the detailed study of 

intersex (or possibly gynandromorphism), hymenopteran sex determination, 

development, host-parasite interactions, and structure homologies. Intersexes appear in 
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several species of Trichogramma, most of which are easily maintained in lab culture. 

Intersexes in all described species— T. deion, T. pretiosum, T. cordubensis, and T. 

chilonis, display anterior to posterior masculinization of varying degrees. However, a 

smaller number of specimens exhibiting A-P feminization also occur in T. deion and T. 

chilonis (Table 1.1). Intersex in Trichogramma has been exclusively documented in 

wasps infected with Wolbachia, which induces thelytoky in this group. Studies have yet 

to determine if there is a genetic component to the appearance of Trichogramma 

intersexes. However, a few experiments demonstrate an association between intersex 

production and maternal exposure to high temperatures, which some researchers 

speculate to be the result of a heat-induced reduction in Wolbachia titer (Pintureau and 

Bolland, 2001; Pintureau et al, 1999; Pintureau et al, 2002).  One study reports intersex 

production associated with antibiotic treatment, lending support to this hypothesis 

(Pintureau and Bolland, 2001).   

Wolbachia acts in Trichogramma to induce thelytoky by a mechanism of gamete 

duplication in which unfertilized eggs undergo diploidization in the first mitotic division 

as the haploid maternal gametes are duplicated but fail to separate at anaphase. Mitotic 

divisions following this event are normal, resulting in the development of completely 

homozygous, Wolbachia-infected, female offspring (Stouthamer and Kazmer, 1994). 

This is possible because Trichogramma have a mechanism of sex determination 

inconsistent with Complementary Sex Determination, which allows homozygous diploid 

individuals to develop as functional females. It has been speculated that the intersexes 

produced by Wolbachia-infected Trichogramma are, in fact, gynandromorphs composed 
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of haploid and diploid tissues resulting from delayed gamete duplication allowing one or 

more mitotic divisions to occur before fusion of mitotic products (Stouthamer and 

Kazmer, 1994).  

There are many questions to be answered regarding intersex within this group and 

a multitude of problems to investigate (such as sex determination and host-parasite 

interactions) using the intersexes produced by the system. A major benefit to the 

Trichogramma-intersex system is that many thelytokous species can be cured of 

Wolbachia infection and establish arrhenotokous (sexual) lines offering a rare 

opportunity for comparison. The research presented in this dissertation takes advantage of 

this system, exploiting intersex and male production by Wolbachia-infected T. kaykai to 

investigate the mechanisms of sex determination in this species as well as the host-

parasite interactions that allow Wolbachia to induce thelytokous parthenogenesis.  
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Chapter 2:  

Characterization of Intersex Production in Trichogramma kaykai 

 

Abstract 

Sexually aberrant individuals, displaying both male and female characteristics, are 

rare in occurrence but are documented throughout the animal kingdom. In parasitoid 

wasps of the genus, Trichogramma, such individuals typically appear as a result of 

rearing Wolbachia-infected, thelytokous wasps at high temperatures. Sexually aberrant 

Trichogramma have been referred to interchangeably in the literature as 

gynandromorphs, sexual mosaics, and intersexes. However, accurately used, the terms 

“gynandromorph” and “sexual mosaic” describe an individual composed of a mixture of 

genetically distinct tissues corresponding to the sexual phenotypes observed, while 

“intersex” refers to an individual having a uniform genetic constitution but with some 

tissues exhibiting sexual phenotypes conflicting with that of the associated genotype. 

Here, we investigate the effects of temperature and maternal aging on phenotypic 

variation in sexually aberrant individuals produced by thelytokous T. kaykai. Aberrant 

individuals were rare, but each was characterized as one of 11 morphotypes ranging from 

very feminine to very masculine. Overall, the production of aberrant individuals 

increased with both temperature and time from the onset of maternal oviposition. 

However, while the production of males also increased with temperature and time, the 

degree of masculinity of aberrant individuals did not; the different morphotypes 

appearing to be produced at random. In light of the findings of previous studies, we 
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conclude that the aberrant individuals produced by Trichogramma spp. are actually 

intersexes, and not gynandromorphs.  The wasp’s close association with Wolbachia and 

the absence of intersexes in uninfected populations allow us to discuss a possible origin 

of the condition.  

 

Introduction 

The terms "gynandromorph” and “intersex” describe individuals simultaneously 

displaying both male and female sex characteristics. Although typically rare, their 

occurrence is documented throughout the animal kingdom, particularly in insects 

(Bergerard, 1972). While the terms are often used interchangeably, gynandromorphs 

(also referred to as sexual mosaics) and intersexes are not the same. Gynandromorphs are 

individuals composed of a mosaic of genetically male and female tissues corresponding 

to distinct male and female characters with clear boundaries between the genetically 

different tissues (Brust, 1966; Morgan, 1916).  In contrast, intersexes, are composed of a 

single sexual genotype but exhibit both male and female sex characteristics which often 

appear as a blend or intermediate of the two sex characters (Goldschmidt, 1916; 

Sturtevant, 1920). Recurring combinations and patterns in intersex and gynandromorph 

characteristics have been classified as polar (anterior-posterior), bilateral, oblique, 

transverse (dorso-ventral) and mixed (Brust, 1966; Dalla Torre and Friese, 1899).  

There are various possible origins of intersexuality and gynandromorphism, many 

of which remain to be elucidated. Gynandromorphism is thought to originate from a 

number of developmental and fertilization errors, which may result in double 
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fertilization, delayed syngamy, or the loss or addition of a sex chromosome (Cooper, 

1959; Homsher and Yunker, 1981; White, 1973). Intersex, on the other hand, likely 

originates from interference with one or more of the regulating factors involved in the sex 

determining process of the individual, often caused by mutations, polyploidy, and 

parasitism (Beukeboom and Kamping, 2006; Cline, 1984; Rigaud and Juchault, 1998).  

Within the haplodiploid insect order, Hymenoptera, intersexuality and 

gynandromorphism appear more frequently in the Aculeata (wasps and bees). They are 

documented in more than 40 ant species (Yoshizawa et al, 2009) and a recent review of 

gynandromorphism in bees lists specimens from 64 species (Wcislo et al, 2004). 

However, many of the causal mechanisms and conditions required for 

gynandromorphism remain unknown and may vary between taxa. For instance, in the 

pharoah’s ant, Monomorium pharonis, gynandromorphs only result from heat-shock, 

whereas in the Malaysian ant, Cardiocondyla kagutsuchi, gynandromorphs appear 

spontaneously at normal temperatures (Yoshizawa et al, 2009). Similarly, 

gynandromorphs in the honeybee can be induced with exposure to extreme temperature 

(Drescher and Rothenbuhler, 1963) but also appear spontaneously in certain populations, 

resulting from the entry of more than one sperm into the egg (Laidlaw and Tucker, 1964). 

Normally, after the union of one sperm with the egg pronucleus, additional penetrating 

sperm disintegrate while the diploid zygotic tissue continues to divide and develop into 

an embryo. However, in some cases, accessory sperm nuclei also continue to divide, 

resulting in the development of an embryo composed of diploid and haploid tissues. In 

the Hymenoptera, which exhibit a haplodiploid mode of sex determination, haploid 
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tissues arising from division of the accessory sperm give rise to male characteristics, and 

diploid tissues arising from the fertilized egg correspond to female characteristics.   

Gynandromorphs and intersexes are documented less frequently among the 

Parasitica, noted in only 8 of the more than 40 families of parasitic wasps. A variety of 

gynandromorphic types appear in the parasitic wasp Bracon hebetor (=Habrobracon), 

arising from multiple origins such as division of accessory nuclei, post-cleavage 

fertilization, and polyspermy (Clark and Gould, 1972; Greb, 1933; Whiting and 

Anderson, 1932). Two types of intersexes have also appeared spontaneously in lab 

cultures of B. hebetor, both associated with genetic mutations (Whiting, 1943b; Whiting 

et al, 1934). For decades, B. hebetor served as a model system for the study of 

hymenopteran development and genetics and the valuable data obtained from the 

appearance of gynandromorphs and intersexes ultimately led to the discovery of single-

locus complementary sex determination (sl-CSD). Sl-CSD is the widespread and 

ancestral mechanism of hymenopteran sex determination in which sex is determined by 

multiple alleles at a single sex determining locus— individuals which are heterozygous at 

the sex determining locus develop as females while those which are hemizygous or 

homozygous at this locus develop as males (Whiting, 1943a).  

Intersexes are well described in the chalcid wasp, Nasonia vitripennis, with more 

than 60 arising in a lab culture due to a spontaneous genetic mutation at a single locus 

(Saul, 1962). The intersexes displayed a gradient of anterior maleness to posterior 

femaleness. Unfortunately, the mutation was quickly lost. In 2006, Beukeboom and 

Kamping reported the appearance of “gynandromorphs” in a polyploid mutant strain of 
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N. vitripennis which, like many parasitoid wasps, does not exhibit CSD. Both haploid and 

diploid gynandromorphs were produced by unmated triploid females, all displaying a 

clear anterior to posterior gradient of female to male expression, opposite that of earlier 

intersexes. Since the gynandromorphic specimens arose from unfertilized eggs, 

precluding fertilization errors from determining the phenotype, and it is unlikely that 

multiple developmental mishaps occurred to allow gynandromorphs to develop from eggs 

with both haploid and diploid nucei, it is likely that the “gynandromorphs” described in 

this study are, in fact, intersex specimens. More recently, haploid intersexes were 

reported from unfertilized eggs in several field-collected strains of N. vitripennis 

(Kamping et al, 2007). Like those from the polyploid mutant strain, the intersexes 

displayed anterior to posterior feminization ranging from slightly feminized to appearing 

completely female. Also like those from the polyploid mutant strain, the specimens were 

referred to as “gynandromorphs”. However, cytological examinations revealed these 

individuals to be haploid and not mosaics of haploid and diploid tissues, determining 

them to be intersexes (Beukeboom et al, 2007; Kamping et al, 2007). The intersex 

phenotype was shown to have heritable nuclear and cytoplasmic components sensitive to 

heat exposure and may be the result of a temperature sensitive maternal effect sex 

determining factor produced in egg (Kamping et al, 2007).  

Intersex and/or gynandromorph production appears to be quite common among 

the tiny egg parasitoids of the genus, Trichogramma. Wasps in this genus are widely used 

for the biological control of lepidopteran pests (Smith, 1996) and typically exhibit 

arrhenotokous reproduction whereby diploid female offspring arise from fertilized eggs 
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and haploid male offspring arise parthenogenetically from unfertilized eggs. However, 

populations of some Trichogramma spp. also display thelytokous reproduction associated 

with infection by Wolbachia; a maternally transmitted, intracellular reproductive parasite 

within the alpha-proteobacteria. Wolbachia induce thelytoky (the parthenogenetic 

production of diploid, female offspring) in their Trichogramma hosts through a 

mechanism of gamete duplication in which unfertilized eggs undergo diploidization 

through a modified mitotic division in which the maternal chromosome set is duplicated 

but fails to separate at anaphase. Mitotic divisions following this initial event are normal, 

resulting in the development of completely homozygous, Wolbachia-infected, female 

offspring (Stouthamer and Kazmer, 1994). This is possible because, like Nasonia, 

Trichogramma have a mechanism of sex determination that is different from CSD, which 

allows homozygous diploid individuals to develop as functional females.  

Sexually aberrant individuals (variously referred to as intersexes, sexual mosaics, 

and gynandromorphs) have been documented in Wolbachia-infected, thelytokous 

populations of five Trichogramma species: T. chilonis, T. cordubensis, T. deion, T. oleae, 

and T. pretiosum (Bowen & Stern, 1966; Cabello & Vargas, 1985; Chen & Chen, 1992; 

Pintureau & Bolland, 1999; Pintureau et al, 2002). Specimens are generally described as 

having female genitalia with one or two male antennae, but in two publications providing 

more detailed descriptions, individuals belonging to T. deion (reported as semifumatum) 

and T. chilonis were described as exhibiting anterior-posterior masculinization of varying 

degrees. Also, both studies reported a very small number of wasps displaying anterior-

posterior feminization (Bowen and Stern, 1966; Chen et al, 1992).   
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While there are clear genetic contributors to intersex and gynandromorph 

production in several taxa, a genetic component to the production of these aberrant 

phenotypes in Trichogramma has not yet been established. However, several experiments 

demonstrate an association between aberrant phenotypes and maternal exposure to high 

temperatures. In 1966, Bowen and Stern investigated the production of males and “sexual 

mosaics” in a thelytokous population of T. deion in response to higher than normal 

maternal rearing temperatures ranging from 25.5 °C to 32°C. At these temperatures, male 

production increased from 0 to 100% and mosaics appeared at frequencies ranging from 

0.3 to 9% with the most frequent occurrence coinciding with temperatures producing 

relatively equal male and female ratios. Intersexes were reported at frequencies of 1 to 

3% when thelytokous T. cordubensis were reared at 30°C for three generations and a 

subsequent study obtained a similar response to elevated temperatures when thelytokous 

T. pretiosum were reared at 31°C (Pintureau and Bolland, 2001; Pintureau et al, 1999). 

Also, a study examining the effects of naturally fluctuating environmental conditions on 

sex ratios of thelytokous T. oleae found a strong correlation between proportions of males 

and intersexes and environmental temperatures (Pintureau et al, 2002).  

It is unclear whether these individuals are intersexes or gynandromorphs. Bowen 

& Stern (1966) suggested the sexual mosaics are true intersexes produced as 

intermediates when a temperature sensitive sex determining mechanism is exposed to 

intermediate temperatures. However, since discovering the role of Wolbachia in inducing 

thelytoky in Trichogramma species, Stouthamer and Kazmer (1994) have put forth the 

idea that the aberrant specimens are, in fact, gynandromorphs composed of haploid and 
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diploid tissues resulting from delayed gamete duplication allowing one or more mitotic 

divisions to occur before fusion of mitotic products. It is speculated that the phenotypes 

occur due to a heat-induced reduction in Wolbachia titer (Pintureau and Bolland, 2001; 

Pintureau et al, 1999).   

In this study, we present a detailed characterization of the morphologies 

associated with the sexually aberrant individuals produced by thelytokous T. kaykai and 

examine patterns in the production of these phenotypes. This data is compared with 

additional information obtained in this and previous studies regarding the formation of 

similar phenotypes in other Trichogramma species. Our examinations provide insight 

into the nature and origin of sexually aberrant phenotypes in Trichogramma, allowing us 

to determine with confidence that the deviant individuals occasionally appearing in 

Wolbachia-infected, thelytokous Trichogramma species are actually intersexes, and not 

gynandromorphs or mosaics as they have been referred to in past literature.  

 

Materials and Methods 

Origin and maintenance of cultures 

A total of five Wolbachia-infected Trichogramma lines were used in this study, each 

derived from a single female collected in its natural habitat.  Three T. kaykai lines were 

collected in the Kelso Dunes area (KD111) and Sidewinder mountains (SX58 and 

SW116) of the Mojave Desert (San Bernardino County, California, USA) from eggs of 

the butterfly, Apodemia mormo, removed from the host plant, Eriogonum inflatum. In 

addition, two T. deion lines were also included (MK615, also collected from eggs of the 
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butterfly, Apodemia mormo in the Kelso Dunes area of the Mojave Desert in May 2003; 

and, GV76, collected in Garner Valley (California, USA) from Glaucopsyche 

piasus eggs, removed from the host plant, Lupinus formosus. Species identifications were 

confirmed using molecular protocols described in Stouthamer et al (1999).  Each line was 

maintained individually in the laboratory in 12 x 75 mm glass culture tubes stopped with 

cotton and incubated at 24°C, L:D = 16:8 and 50% relative humidity. Every 11 days, 

cultures were offered fresh honey and a surplus of irradiated eggs of Ephestia kuehniella 

adhered to small rectangular pieces of card stock using double-sided tape (egg cards).  

All lines in this study exhibited thelytokous reproduction under normal lab rearing 

conditions, indicating Wolbachia infection. The polymerase chain reaction (PCR) was 

used to confirm infection status (Werren et al, 1995).   

 

Interspecific comparisons of the production of aberrant individuals at multiple 

temperatures  

Twenty-five newly emerged, virgin Wolbachia-infected females from the SW116 line 

were placed in each of five cotton-stopped glass culturing tubes allowed to oviposit at 

room temperature for two hours on an egg card containing a surplus of E. kuehniella 

eggs. After two hours, the wasps were removed and discarded and the tubes containing 

the stung eggs were placed in Fisher Isotemp® water baths (Fisher Scientific, Indiana, 

PA) for incubation at 28.5ºC, 29.5ºC, 30.0ºC, 30.5ºC, and 31.5ºC. This protocol was 

repeated with wasps from each of the remaining four lines: SX58, KD111, MK615, and 

GV76. Upon emergence of the adult offspring, the tubes were removed from the water 
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baths, placed at normal rearing temperature (24ºC), and the adults were offered diluted 

honey and a surplus of E. kuehniella eggs for oviposition. After three days, the egg cards 

were removed and gently brushed free of wasps and placed in new tubes. Wasps in 

parasitized eggs completed development at 24ºC and emerging offspring were sexed and 

examined for abnormal sexual characteristics. Interspecific differences in the production 

of aberrant individuals were analyzed using a Chi-square test and differences in their 

production between lines were examined using Chi-square analyses with Bonferroni 

corrections. 

 

Intraspecific comparisons of daily production of aberrant offspring 

Groups of twenty newly emerged, virgin Wolbachia-infected females from the SX58 and 

KD111 lines were each placed in cotton-stopped glass culturing tubes and allowed to 

oviposit at room temperature for two hours on egg cards containing a surplus of E. 

kuehniella eggs. After two hours, the wasps were removed and discarded and the tubes 

containing the stung eggs were placed at 30.5ºC. Approximately 12 hours prior to 

emergence, 50 parasitized eggs were removed from each card using a fine tip paint brush. 

The eggs were placed into individual cotton-stopped glass culture tubes and placed at 

24ºC. Upon emergence, 15 females were chosen at random from each line and offered 

diluted honey and fresh E. kuehniella eggs daily for 7 days. Emerging offspring were 

sexed daily and examined for abnormal sexual characteristics. Arcsin square root 

transformed sex ratio data were analyzed using a mixed factorial General Linear Model 

in Minitab 
® 

15 (State College, PA). Line was included as a between-subjects 
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independent variable and Wasp was included as a random factor nested within Line. Day 

of oviposition was included as a within-subjects independent variable and the model also 

included the interaction between the two independent variables.  

 

General characterization of aberrant individuals produced by T. kaykai  

A total of 199 aberrant wasps produced by T. kaykai lines SX58 and KD111 reared at 

30.5°C on three separate occasions were pooled with those produced by the same lines in 

this study and aberrant characters were examined considering the entire group.    

 

Reproductive ability of aberrant wasps 

The sexual function of individuals exhibiting mixed sex characters was investigated using 

2 specimens with male genitalia and 3 specimens with female genitalia. Those with male 

genitalia were paired with an arrhenotokous virgin female and copulation was observed. 

The female was then offered fresh E. kuehniella eggs and her offspring examined for the 

presence of females, indicating fertilization had occurred. Specimens with female 

genitalia were not mated, but their ability to lay viable eggs was determined by providing 

them with fresh E. kuehniella eggs for oviposition and examining them for parasitization 

and offspring emergence. 
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Results 

General characterization of aberrant individuals produced by T. kaykai  

Under normal laboratory rearing conditions, Wolbachia-infected Trichogramma exhibit 

thelytokous reproduction, producing almost exclusively female offspring with extremely 

infrequent formation of males and aberrant types. Maternal rearing at high temperatures 

has been shown to elicit the formation of sexually aberrant offspring in Wolbachia-

infected Trichogramma. In order to characterize the formation of aberrant types in T. 

kaykai, we examined 199 sexually aberrant individuals produced by Wolbachia-infected 

T. kaykai females reared at 30.5ºC. 

 Patterns of external aberrant characters were classified into eleven morphological 

categories, A-K in order of increasing anterior to posterior masculinization (Table 2.1). 

More than half (57%) of the aberrant individuals examined were assigned to category G, 

having 2 male antennae, female coloring, and female genitalia. The second and third most 

frequently occurring phenotypes fell into categories D and F, at 17.5% and 8.5% of the 

aberrant individuals. Categories E, H, I, J and K each contained only one or two 

specimens. Only four (2%) of the aberrant wasps examined had male genitalia and there 

was no apparent pattern to time of production of posteriorly masculinized offspring as 

they arose from eggs oviposited by their mothers on days 2, 3, 5, and 7 of the study 

(results not shown). Additionally, there was no observed correlation between early and 

late production and phenotypes, aberrant morphologies appear to be randomly produced.  
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Table 2.1. Aberrant  morphotypes produced by thelytokous Trichogramma kaykai. If masculinization was 

restricted to one antenna, the number of specimens with left or right assignment are noted. 
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The most common phenotype, in category G, was produced by females on every 

oviposition day between 1 and 10, with the exception of 9. Also, among aberrant 

individuals displaying both male and female antennal features, there was no tendency 

toward right or left masculinization (Chi-square test, P > 0.05). 

 

Intraspecific comparisons of daily production of aberrant offspring 

To characterize and compare patterns of daily production of aberrant offspring in 

thelytokous T. kaykai, 15 genetically identical Wolbachia-infected females from each of 

two genetically distinct lines, SX58 and KD111, were reared at 30.5 ºC. Three females in 

the SX58 line and two in the KD111 line perished prior to oviposition or did not lay eggs 

and were excluded from analysis. Aberrant individuals were rare in both lines with only 

25 appearing among 520 offspring produced in this experiment. In the SX58 line, only 7 

of the 12 ovipositing wasps produced aberrant offspring. Of the 304 offspring produced 

by these 7 females only 11 were aberrant (3.5%). Similarly, in the KD111 line, only 9 of 

the 13 ovipositing wasps produced any aberrant types, together producing 14 aberrant 

wasps among 216 total offspring (6.5%). Daily and total production of males and 

aberrant offspring were compared between the two T. kaykai lines. In general, the daily 

proportions of males and aberrant offspring produced increased with time from the onset 

of oviposition (Fig. 2.1). In both lines, production increased significantly over the seven 

day oviposition period (Table 2.2 GLM Result). Male production was affected by a 

significant interaction between line and day (Table 2.2 GLM Result) and the increase in 

male production was less apparent in SX58. However, that interaction was absent in the 
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a.  

 

b.  

Figure 2.1. Temporal variation in the mean production of males and aberrant offspring 

by thelytokous females from T. kaykai lines (a) SX58 and (b) KD111 reared at elevated 

temperature (30.5 ºC). Error bars represent ± 1 s.e. 
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Table 2.2. Statistical results for GLM Repeat Measures ANOVA Model testing the 

effects of Line, Day, and Interaction on production of males and aberrant offspring.  
Variable DF Seq SS Adj SS Adj MS F P 

Males 

Line     1 27516.2     26609.8   26609.8   51.80   0.000 

Wasp within Line   23 15721.3   11735.2      510.2   0.95 0.533 

Day     6 11198.3    10043.1    1673.9     3.12   0.008 

Line*Day     6   8756.3        8756.3      1459.4      2.72   0.018 

Error   95 50958.3     50958.3        536.4   

Total 131  114150.4     

 

Aberrant Indiv 

Line     1     204.5          154.1       154.1     0.56   0.459 

Wasp within Line   23   6122.2     6415.1      278.9   1.15 0.313 

Day     6   5945.1       5838.4      973.1     4.00   0.001 

Line*Day     6   1924.5      1924.5      320.8      1.32  0.257 

Error   95 23112.8   23112.8      243.3   

Total 131 37309.2     

 

 

case of aberrant individuals. Also, there were no significant differences in the production 

of aberrant offspring between the two lines (Table 2.2 GLM Result).  KD111 produced a 

significantly greater proportion of males over the course of the experiment (Table 2.2 

GLM Result) due mainly to it producing a significantly higher proportion of males on 

each of days 3 through 7 (ANOVA, F6 95, P ≤ 0.05 with Bonferroni correction).  

 

Interspecific comparisons of the production of aberrant individuals at multiple 

temperatures 

To further contribute to the characterization of aberrant individuals produced by T. 

kaykai, we compared morphologies and patterns of production of aberrant types within a 

closely related species, T. deion. Since the production of aberrant individuals in this 

species is associated with maternal rearing at high temperatures (Bowen & Stern, 1966), 
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we reared 3 Wolbachia-infected T. kaykai lines and 2 Wolbachia-infected T. deion lines 

at 5 temperatures and examined the effects of these treatments on the sex of their 

offspring.   

A total of 28 individuals exhibiting varying degrees of aberrant phenotypes were 

produced among all five lines at all five temperatures. The total offspring production of 

each line is recorded in Table 2.3. The total proportion of aberrant offspring produced by 

each line ranges from 0.07% (1/1435) produced by GV76 to 1% (17/1685) produced by 

MK615, with each line producing at least one aberrant individual during the course of the 

experiment. At least in the lines examined, given the extremely small proportion of 

aberrant individuals produced, their production is not significantly more or less frequent 

in either species, T. kaykai or T. deion (Chi-square, P > 0.05). One line from each species, 

T. kaykai line SX58 and T. deion line GV76, produced only a single aberrant individual 

throughout the experiment, while the remaining lines from each species produced varying 

numbers of aberrant offspring. More than half (17/28) of the aberrant wasps appearing in 

the experiment were produced by the T. deion line, MK615. Chi-square analyses showed 

total production of aberrant individuals in MK615, at 1% of its total offspring production, 

was significantly higher than that of GV76 (Chi-square test with Bonferroni correction, P 

<0.05), but all other comparisons were insignificant.  
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     Table 2.3. Total offspring produced by each T. kaykai and T. deion line at all 

     temperature treatments combined. 
Line Male Female Aberrant Total 

offspring 

Proportion 

aberrant 

SX58 (T. kaykai) 3 709 1 713 .0014 

SW116 (T. kaykai) 6 418 2 426 .0047 

KD111 (T. kaykai) 170 1503 7 1680 .0041 

MK615 (T. deion) 145 1513 17 1685 .0100 

GV76 (T. deion) 151 1283 1 1435 .0007 

 

 

 

Aberrant offspring were produced at all temperatures and it appears that the 

overall frequency of production increases as wasps are exposed to higher temperature 

treatments. The vast majority (21/28) of all aberrant wasps were produced at the two 

highest experimental temperatures, with 9 produced at 30.5°C and 12 produced at 

31.5°C. However, as was the case in the previous experiment, the small number of 

aberrant individuals produced makes it difficult to draw clear conclusions regarding such 

patterns. A similar but more pronounced pattern of increased male production with 

increasing temperatures occured in both T. deion lines. Surprisingly, this pattern was not 

evident in any of the T. kaykai lines. KD111 produced large numbers of males, but their 

appearance did not seem to be associated with the temperature treatments. SX58 and 

SW116 produced so few males it was impossible to distinguish a pattern. 

Morphotypes of aberrant wasps based on external characters fell into 9 of the 11 

previously described morphological categories (Tables 2.4 & 2.5). Individuals having one 

male and one female antenna, female coloring, and female genitalia in the form of an 

ovipositor (category D) appeared most frequently (10/28), followed by specimens having 

one male and one female antenna, male coloring, and male genitalia (category J) and 
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those with 2 male antennae, female coloring, and female genitalia (category G) at 6 and 

5, respectively. All other categories had 1 or 2 representatives, with the exception of H 

and I, which were not produced.  

Of the seven aberrant wasps produced by T. kaykai, only one had posterior 

masculinization. Increased masculinization does not appear to be associated with higher 

proportions of aberrant offspring or increasing temperatures. The T. kaykai line, SX58, 

and the T. deion line, GV76, each produced only one aberrant individual, both having 

very masculine morphologies (categories J & K, respectively) and they were produced at 

29.5°C and 31.5°C, respectively.  

No particular morphology is produced more frequently by a particular line or 

species. MK615 produced individuals corresponding to all morphological categories 

except E & K. The majority of aberrant wasps appearing in MK615, which produced 17 

of the 28 aberrant offspring examined, corresponded to the most common overall 

categories, D & J.  The production of aberrant offspring appears to increase with 

increasing temperature, but there is no clear correlation between morphology and the 

temperature at which the aberrant offspring are produced. Two or three morphological 

categories were represented at each temperature, with the exception of 31.5ºC, which 

produced aberrant individuals of all categories. 
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Table 2.4. Distribution of aberrant morphotypes produced by each Trichogramma line, T. 

kaykai (SX58, SW116, KD111) and T. deion (MK615, GV76). 
Morphology A B C D E F G J K # 

individuals 

Total 

off-

spring 

SX58        1  1 713 

SW116    2      2 426 

KD111    2 1  4   7 1680 

MK615 1 2 1 6  1 1 5  17 1685 

GV76         1 1 1435 

Total 1 2 1 10 1 1 5 6 1 28 5939 

Proportion .0357 .0715 .0357 .3571 .0357 .0357 .1786 .2143 .035

7 

  

 

 

Table 2.5. Distribution of aberrant morphotypes produced by all five Trichogramma 

lines at different temperatures. 
Morphology A B C D E F G J K # 

individuals 

Total 

off-

spring 

28.5    1   1   2 1303 

29.5  1     1 1  3 1120 

30.0    1   1   2 1348 

30.5    7   1 1  9 1204 

31.5 1 1 1 1 1 1 1 4 1 12 964 

Total 1 2 1 10 1 1 5 6 1 28 5939 

Proportion .0357 .0715 .0357 .3571 .0357 .0357 .1786 .2143 .0357   

 

 

Reproductive ability of aberrant wasps 

Five aberrant individuals exhibiting various morphologies were tested for reproductive                                           

function. Wasps with female genitalia were offered fresh E. kuehniella eggs for 

oviposition as virgins. Wasps with male genitalia were mated with cured, arrhenotokous 

T. kaykai females, copulation was observed, and the mated female was given fresh eggs 

for oviposition. Three specimens with female genitalia were tested, belonging to 

categories C, D, and G. All successfully parasitized host eggs and produced offspring. 
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Two specimens with male genitalia were tested, one of category H and the other not 

described in enough detail to categorize the exact morphology. Both males appeared to 

copulate successfully, but the mated females produced only male offspring, indicating 

these very masculinized aberrant wasps were not sexually functional. Tests for sperm 

transfer were not performed so it is unknown whether this failure was due to a problem 

with sperm production, sperm transfer, or sperm quality.  

 

Discussion  

The aim of this study was to present a detailed characterization of the morphologies and 

patterns of production of sexually aberrant individuals appearing as a result of maternal 

exposure to high temperatures in Wolbachia-infected, thelytokous T. kaykai. This 

information, when compared with additional knowledge about similar phenomena in 

other Trichogramma species, may provide valuable insight into the nature and origin of 

sexually aberrant phenotypes in this group. 

 

Evidence for intersexuality 

Sexually aberrant individuals, displaying secondary sexual characteristics of both male 

and females have been documented in studies of several Trichogramma species, and have 

been referred to interchangeably in these studies as intersexes, gynandromorphs, and 

sexual mosaics. However, the true nature of these phenotypes was unknown.  

 Based on knowledge of Wolbachia’s role in the induction of thelytoky through 

gamete duplication in several parasitoid wasps, it has been hypothesized that these 
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deviant individuals are gynandromorphic in nature. Stouthamer and Kazmer (1994) 

suggest the gynandromorphs are formed when Wolbachia-induced fusion of the mitotic 

products is delayed, occurring instead at some time after the first mitotic division. This 

delay results in the formation of a gynandromorph composed of both haploid and diploid 

tissues which express corresponding male and female phenotypes. However, our results, 

combined with information obtained from previous studies of aberrant phenotypes in 

Trichogramma spp., suggest that these individuals are in fact intersexes composed of a 

single genetic constitution but displaying a combination of male and female secondary 

sex characteristics. There are several lines of evidence from which we draw this 

conclusion. The first is a clear inconsistency involving the proportions of male and 

female tissues that would be present if these were, in fact, gynandromorphs produced 

through delayed gamete duplication. The proportions of male and female tissues of 

gynandromorphs resulting from this mechanism should correspond to the timing of 

gamete duplication. For instance, if the fusion of mitotic products were to occur in the 

second mitotic division, the proportion of female to male cells in the embryo should be 

1:2. Thus, according to this hypothesis, a gynandromorph produced by this mechanism 

would consist of at least 1/2 male tissue. This is not the case, particularly since the 

majority of morphologies we have documented display significantly more female 

characteristics, a phenomenon repeatedly documented in the literature. Stouthamer 

(1997) acknowledges this discrepancy, but invokes a differential rate of division between 

haploid and diploid cells as an explanation. However, there is no evidence for this 

mechanism. Furthermore, gynandromorphism has been shown in several other 



 

 

52

hymenopteran taxa and no differential rate of division between haploid and diploid cells 

was found (Petters, 1977; Yoshizawa et al, 2009). 

Also indicative of intersexuality is the range of morphologies documented in this 

study.   We described a variety of intersexual morphotypes appearing in T. kaykai which 

we categorized into 11 groups ranging, anteriorly to posteriorly, from very female to very 

male. It has been suggested that intersexual characters in Trichogramma are produced 

with anterior-posterior male-female polarity (Stouthamer, 1997) and this pattern is not 

uncommon in gynandromorphs and intersexes (Dalla Torre and Friese, 1899; Kamping et 

al, 2007; Mori and Perondini, 1984). However, our results indicate that intersexual 

character combinations in T. kaykai appear randomly and that a number of morphologies 

were produced to create a continuum of intersexual morphotypes ranging from female to 

male. Our categorization within T. kaykai was arbitrary and created simply to ease 

visualization of the multiple intersexual morphologies produced. This format does not 

suggest that intersex production appears as a gradient of anterior to posterior masculinity.  

While gynandromorphs tend to exhibit discrete patterns such as bilateral 

symmetry, anterior-posterior division, and transverse patterning and characters with clear 

demarcation between male and female (Cooper, 1959), intersexes often display 

a range of intermediates between male and female types and characters (Sassaman and 

Fugate, 1997; Vance, 1996) as observed in our study. Bowen and Stern (1966), the only 

other resource offering detailed information on the morphologies of aberrant individuals, 

also described a gradient of intermediate phenotypes. Not only was a range of female to 

male phenotypes produced among the specimens, but characters within individual 
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specimens also exhibited intermediate degrees of male- or femaleness, such as antennae 

with varying amounts of setae. Again this is indicative of intersexuality. Further 

examples of intermediate characters occur in T. deion and T. chilonis, which produce 

deviant phenotypes with aberrant genitalia that are often intermediates between male and 

female (Bowen and Stern, 1966; Chen et al, 1992). 

Another indication of intersexuality is Trichogramma’s association with the 

reproductive parasite, Wolbachia. Many parasites exist which alter host reproduction and 

intersexuality is often associated with such parasitism. For instance, infection with 

mermithid nematodes is common in the insects and mermithid-induced intersexuality is 

well studied in Diptera and Ephemeroptera (McKeever et al, 1997; Vance, 1996). 

Microsporidia are known to induce intersexuality in various crustaceans and infection 

with various dinoflagellates is associated with intersexuality in copepods (Bulnheim, 

1978; Ginsburger-Vogel, 1991; Kimmerer and McKinnon, 1987). Intersexes have also 

been seen in arthropods infected with thelytoky-inducing Cardinium such as Encarsia 

meritoria (Giorgini and Viggiani, 1996) and Brevipalpus ovobatus (Groot and Breeuwer, 

2006). 

Wolbachia is perhaps the most renowned reproductive parasite among terrestrial 

arthropods and its association with intersexuality is well documented. In the isopod, 

Armadillidum vulgare, feminizing Wolbachia induces a range of intersexual phenotypes 

(Bouchon et al, 2008). Incomplete feminization by Wolbachia also results in the 

production of intersexes the leafhopper, Zyginidia pullela, and in the lepidoteran insects, 

Ostrinia scapulalis and Eurema hecabe, when treated with antibiotics (Kageyama and 
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Traut, 2004; Narita et al, 2009; Negri et al, 2006). Among Trichogramma species, heat 

induced intersexuality is only documented in thelytokous, Wolbachia-infected 

Trichogramma, not in uninfected, arrhenotokous populations (Haile et al, 2002; Harrison 

et al, 1985; Pintureau and Bolland, 2001), indicating that Wolbachia is somehow 

associated with intersex production.   

 

The origin of intersex in Trichogramma 

Heat and antibiotic treatments have been shown to result in the production of males in 

infected Trichogramma (Bowen and Stern, 1966; Pintureau and Bolland, 2001; Pintureau 

et al, 1999; Stouthamer et al, 1990). Antibiotic induced male production in Mucidifurax 

uniraptor has been correlated with reduced Wolbachia density (Zchori-Fein et al, 2000). 

Thus, it has been suggested that intersex production may also be "dose dependent", 

appearing as a result of a reduction in Wolbachia titer (Pintureau et al, 1999).  

Bowen and Stern (1966) found, in T. deion, that high temperatures resulted in 

increased male and intersex production and that intersexes produced at higher 

temperatures displayed increasingly masculine characteristics. However, our results 

appear to be more ambiguous, showing no correlation between the degree of intersex 

masculinity and increased temperatures. If Wolbachia titer affects the masculinity of 

intersexes one would also expect masculinity of intersexes produced later in a females 

oviposition cycle to increase as Wolbachia titer is reduced in later produced eggs. This 

correlation was also absent in our study. We did, however, observe an increase in the 

overall number of intersexes produced with increasing oviposition period and an increase 
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in overall intersex production with increasing temperature, which agrees with this 

hypothesis.  

Reductions in Wolbachia titer have been associated with reduced penetrance in 

other reproductive phenotypes induced by the parasite such as male killing in Drosophila 

bifasciata (Hurst et al, 2000) and cytoplasmic incompatability in Aedes albopictus 

(Sinkins et al, 1995). Also, the antibiotic induced males and intersexes appearing in the 

lepidopterans, Ostrinia  scapulalis,  and Eurema hecabe, are believed to result from 

insufficient numbers of bacteria required for complete feminization  (Hiroki et al, 2002; 

Kageyama and Traut, 2004).  

The recent discovery of haploid females and intersexes in Nasonia (Beukeboom 

et al, 2007) demonstrates that ploidy is not as significant a determining factor in sex 

differentiation in non-CSD Hymenoptera as in those with CSD and indicates that an 

additional mechanism is involved in inducing a female phenotype. Encarsia hispida is 

another non-CSD wasp in which ploidy alone does not determine sexual differentiation. 

In this case, the endocellular reproductive parasite, Cardinium, appears to provide the 

additional mechanism required for the feminization of diploid individuals and thus 

production of females (Giorgini et al, 2009).  

It is clear that Wolbachia is responsible for inducing the diploid state in 

unfertilized Trichogramma eggs through gamete duplication. However, it is possible that 

this process is not the only interaction required by Wolbachia to produce the female 

phenotype. If the mechanisms involved in thelytoky induction are dose dependent 

requiring different threshold titers of Wolbachia, it is possible to obtain an egg with a 
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high enough initial threshold of Wolbachia to induce gamete duplication, but upon 

continual division of the cells (or due to uneven distribution within the cells) titer may be 

reduced below the threshold number of bacteria required for full feminization. 

Although our results and analyses clearly indicate that the sexually aberrant 

phenotypes appearing in offspring produced by heat-treated thelytokous, Wolbachia-

infected T. kaykai are intersexual in nature, cytological confirmation is needed to 

definitively confirm this conclusion. Also, the extent of Wolbachia’s role in inducing the 

female phenotype after gamete duplication is unclear. It appears there is an association 

with Wolbachia infection and intersex production, and that intersex is absent in studies 

using uninfected Trichogramma. However, to our knowledge, there have been no studies 

directly comparing intersex production in offspring of heat-treated Wolbachia-infected 

and uninfected Trichogramma. The tiny size of the wasp and great infrequency with 

which intersexes are produced makes it plausible that they are produced in the field or in 

experiments but not noticed, thus it remains a possibility that intersexes are produced as 

heat interferes with the sex determining processes of the diploid host and not Wolbachia. 

Experiments directed at distinguishing between the effects of heat on Wolbachia function 

versus host sex determining processes using infected and uninfected wasps would resolve 

this question. Based upon the results of such studies, the origin of the intersexual 

phenotype, and potentially the current hypothesis of incomplete expression of thelytoky 

due to heat reduced Wolbachia density, can be investigated. 
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Chapter 3:  

Factors modulating expression of Wolbachia-induced parthenogenesis in 

Trichogramma kaykai 

 

Abstract 

The maternally inherited endosymbiotic bacterium, Wolbachia, infects a wide range of 

invertebrate hosts, enhancing its own transmission by inducing various reproductive 

phenotypes such as cytoplasmic incompatability (CI), male-killing, feminization, and 

parthenogenesis-induction (PI). Many factors have been shown to mediate expression of 

Wolbachia effects on infected hosts, particularly those infected with CI and male-killing 

Wolbachia, but few studies investigate the factors capable of mediating PI expression. In 

this study, we examine the effects of heat, host age, and host genetic background on 

expression of the PI phenotype in Wolbachia-infected Trichogramma kaykai. Our results 

show some role for each of the factors in modulating PI expression in this system.  

Contrary to reports for other Trichogramma species and other parasitoid wasps, heat 

exhibited only minor modulating effects on the PI phenotype in T. kaykai. In contrast, 

host age, and host genetic background proved to exert significant mediating action on the 

PI phenotype. Our results indicate that expression of parthenogenesis in this system is the 

result of a complex interaction between the environment, Wolbachia, and its infected 

host.  The identification of factors modulating PI expression is critical to understanding 

the mechanisms by which Wolbachia induces parthenogenesis in its infected host. 
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Introduction 

Wolbachia are common endosymbiotic α-proteobacteria found in a wide range of 

arthropods and filarial nematodes (Bandi et al, 1998; Jeyaprakash and Hoy, 2000; Werren 

et al, 1995). These intracellular bacteria are maternally inherited, enhancing their own 

transmission by influencing the reproductive systems of their arthropod hosts, which 

increases the production of Wolbachia-infected females through a number of 

manipulations. Four main reproductive phenotypes are associated with Wolbachia 

infection. The most common phenotype is cytoplasmic incompatibility (CI), in which 

crosses between infected males and uninfected females, or between individuals infected 

with different strains of Wolbachia, result in embryo mortality or development of males. 

Other Wolbachia-induced reproductive phenotypes include: feminization, in which 

genetic males develop into and reproduce as phenotypic females; male killing, in which 

male embryos fail to develop while infected females survive; and parthenogenesis 

induction (PI), which results in the parthenogenetic production of female offspring from 

unfertilized eggs (Stouthamer et al, 1999a). 

 Parthenogenesis induction due to Wolbachia infection is found almost 

exclusively in parasitoid wasps (Hymenoptera). Most hymenopterans exhibit 

arrhenotoky, a mode of reproduction in which males are haploid, arising 

parthenogenetically from unfertilized eggs, and females are diploid, arising from 

fertilized eggs. Parthenogenesis-inducing (PI) Wolbachia, however, changes the mode of 

reproduction of its host by inducing the parthenogenetic production of females from 

unfertilized eggs. This mode of reproduction, referred to as thelytoky, results in the 
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production of all-female broods, thus eliminating the need for males, which are 

essentially an evolutionary “dead end” for the maternally transmitted Wolbachia.  

In parasitoid wasps, PI-Wolbachia acts to produce females through a process of 

diploidy restoration known as gamete duplication, which results in complete 

homozygosity (Gottlieb et al, 2002; Pannebakker et al, 2004; Stouthamer and Kazmer, 

1994). This group exhibits a mechanism of sex determination differing from the ancestral 

mechanism, Complementary Sex Determination (CSD), seen in many Hymenoptera. 

According to CSD, sex is determined by multiple alleles at a sex determining locus. 

Individuals heterozygous at the sex determining locus develop as females, while those 

which are hemizygous or homozygous at the sex determining locus develop as males. 

Homozygous diploid males produced under CSD are generally weak and infertile 

(Cowan and Stahlhut, 2004; Petters and Mettus, 1980; van Wilgenburg et al, 2006). Their 

production is costly for the population due to the significant genetic load they present and 

to Wolbachia because they are unable to pass the bacterium to the next generation.  The 

PI phenotype is incompatible with CSD, but the alternative sex determining mechanisms 

employed by some parasitoid wasps allow the formation of homozygous diploid females 

and thus support the PI phenotype induced by Wolbachia. Little is known about the (non-

CSD) mechanisms of sex determination in this group, or the extent of the interaction 

between Wolbachia and the sex determining systems of its parasitoid hosts.  

In the tiny parasitoid wasps of the genus Trichogramma, Wolbachia induces 

gamete duplication through a modified first mitotic division in which the maternal 

chromosome set is duplicated but fails to separate at anaphase. Mitotic divisions 
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following this initial event are normal, resulting in the development of completely 

homozygous, Wolbachia-infected, female offspring (Stouthamer and Kazmer, 1994). 

Thelytoky in many populations of Wolbachia-infected Trichogramma species can be 

permanently reverted to arrhenotoky through treatment with antibiotics (Stouthamer et al, 

1990). Maternal exposure to high temperatures has also been shown to lead to the 

production of males and intersexes among the offspring of Wolbachia-infected 

thelytokous Trichogramma (Bowen and Stern, 1966; Cabello-Garcia and Vargas-

Piqueras, 1985; Pintureau et al, 1999; Chapter 2). In some studies, the proportions of 

males and intersexes produced have been positively correlated with the temperature at 

which the mother develops (Bowen and Stern, 1966; Pintureau et al, 2002). However, the 

mechanism by which heat interferes with the PI-Wolbachia phenotype is unknown. It has 

been hypothesized that heat acts on Wolbachia titer, reducing density to levels that delay 

or fail to induce gamete duplication, respectively resulting in the production of 

gynandromorphs (individuals composed of a mosaic of haploid and diploid tissues) and 

males (Stouthamer, 1997; Stouthamer and Kazmer, 1994). However, recent examination 

of "gynandromorphs" formed in the presence of heat suggests they are actually intersexes 

(individuals composed of a single genetic constitution but exhibiting both male and 

female phenotypes, most likely due to an error in sex differentiation) (Chapter 2). This 

condition is inconsistent with delayed gamete duplication and presents the possibility that 

heat-induced males and, particularly, intersexes in the offspring of Wolbachia-infected 

Trichogramma are the result of heat effects on the host’s own sex determining processes. 
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If so, these rare forms may also occur in arrhenotokous populations, but may simply be 

overlooked in a population of males and females.  

In addition to temperature, aging and host genetics may have the potential to 

modulate the expression of PI-Wolbachia. Aging is associated with male production in 

the thelytokous, Wolbachia-infected parasitoid, Muscidifurax uniraptor (Legner, 1985) 

and a study by Wang and Smith (1996) documented a few males produced by thelytokous 

T. minutum after 7 days past emergence.  Additionally, differences in host genetics have 

been shown to be responsible for variability in levels of cytoplasmic incompatibility 

between and within species (Bordenstein et al, 2003; Reynolds et al, 2003). Here, we 

investigate the effects of the aforementioned modulators on the PI-Wolbachia phenotype 

in Trichogramma kaykai (Hymenoptera: Trichogrammatidae).  

Since it is possible to cure T. kaykai of their Wolbachia infection with simple 

antibiotic treatment, we were able to establish corresponding arrhenotokous cultures 

genetically identical to the Wolbachia-infected, thelytokous cultures. The effects of heat, 

host age, and host genetic background on infected and uninfected wasps are compared in 

an effort to identify and tease apart the contributions of these factors as modulators of the 

PI phenotype in Wolbachia-infected T. kaykai. Investigations into the relationship 

between Wolbachia and its Trichogramma host may to provide valuable information 

about the manipulations employed by the bacterium to induce parthenogenesis and the 

elusive details of parasitoid sex determining mechanisms. 
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Materials and Methods 

 

Insect lines and rearing 

This study was performed using three genetically distinct Wolbachia-infected 

Trichogramma kaykai lines (KD111, SX58, and SW116), each derived from single 

females collected in May 2004 from the Mojave Desert, California, USA. The females 

emerged from parasitized eggs of the butterfly, Apodemia mormo (Lepidoptera: 

Lycaenidae), collected from the host plant, Eriogonum inflatum (Polygonaceae).  The 

wasps were used to start isofemale, thelytokous laboratory cultures, each line composed 

of genetically identical wasps. Species identification was done using protocols described 

in (Stouthamer et al, 1999b). The thelytokous lines were determined to be infected with 

the intracellular bacterium Wolbachia using the polymerase chain reaction (PCR) 

(Werren et al, 1995) and complementary arrhenotokous cultures were created for each 

line using the antibiotic curing procedure detailed below. The lines were maintained in 

the laboratory in 12 x 75 mm glass culture tubes stopped with cotton and incubated at 

24°C, L:D = 16:8 and 50% relative humidity. Every 11 days, cultures were given fresh 

honey and a surplus of irradiated eggs of Ephestia kuehniella adhered to small 

rectangular pieces of card stock using double-sided tape (egg cards).  

 

Antibiotic curing 

Cured cultures were obtained for each line by feeding starved one-day-old wasps a 

.5mg/ml solution of the antibiotic, rifampicin, mixed with honey. The wasps were 

allowed to feed on the antibiotic honey for 24 hours then given a fresh solution of 
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antibiotic honey and an egg card. Wasps were allowed to parasitize host eggs for 24 

hours and the egg cards were removed, isolated, and incubated at the normal rearing 

temperature. Fresh egg cards and antibiotic honey solution were replaced daily for three 

additional days. Adult wasps emerging from the last egg card (day 4) were used to repeat 

this protocol for 3 more generations. Wasps from the 4
th

 and 15
th

 generations were tested 

and determined to be free of Wolbachia infection using PCR (Werren et al, 1995). 

Arrhenotokous wasps were then maintained more than 20 generations prior to 

experimental use.  

 

Effects of heat and age on male and intersex production in Wolbachia-infected and 

uninfected T. kaykai 

Previous experiments examining intersex production in T. kaykai revealed male and 

intersex production in the offspring of females in the line KD111 when exposed to high 

temperatures during development (Chapter 2). Since the PI-Wolbachia phenotype in this 

line appears more easily influenced than in our other laboratory reared lines of T. kaykai, 

KD111 was chosen for manipulation using heat and host age, both factors thought to 

potentially influence expression of the Wolbachia phenotype.  A series of sex ratio 

manipulation/intersex induction experiments were performed to obtain the data required 

for analyzing the contributions made by Wolbachia and its Trichogramma host to male 

and intersex production. 
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Using genetically identical, homozygous females from the KD111 line of T. 

kaykai, four treatment groups were established. Group names reflect the infection status, 

conditions of development, and mating status of ovipositing females. 

CHM  Cured Heat-treated Mated 

CNM  Cured Normal temperature Mated 

IHV Infected Heat-treated Virgin 

INV  Infected Normal temperature Virgin 

 

Approximately 25 newly emerged, virgin females from the Wolbachia-infected KD111 

line and 25 newly emerged, mated females from the cured KD111 line were placed in 

each of four cotton-stopped glass culturing tubes allowed to oviposit at room temperature 

for one hour on an egg card containing a surplus of E. kuehniella eggs. After one hour, 

the wasps were removed and discarded. One tube containing eggs parasitized by infected 

females and one tube containing eggs parasitized by the cured wasps were placed in a 

Fisher Isotemp® water bath (Fisher Scientific, Indiana, PA) for incubation at 30.5ºC. The 

remaining tubes were placed at normal rearing temperature (24ºC). One day prior to the 

emergence of the adult offspring from the heated and normal temperature treatments, at 6 

and 10 days respectively, the parasitized eggs were isolated into individual tubes and 

placed at normal rearing temperature (24ºC) for the remainder of the experiment. Upon 

emergence, 15 adult females from each treatment were randomly chosen. The cured 

females were mated with newly emerged males from the cured KD111 line. After mating 

was observed, the males were removed.  Females from all groups were each given diluted 

honey and an egg card containing a surplus of E. kuehniella eggs for oviposition daily for 

7 days. Offspring emerging from each daily egg card were examined and daily sex ratios 

and intersex production recorded. Arcsin square root transformed sex ratio data were 
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analyzed using a mixed factorial General Linear Model in Minitab 
® 

15 (State College, 

PA). Treatment was included as a between-subjects independent variable and the female, 

Mom, was included as a random factor nested within Treatment. Day of oviposition was 

included as a within-subjects independent variable and the interaction between the two 

independent variables was also included in the model.  

 

Effects of heat and age in genetically distinct T. kaykai lines   

The KD111 line of T. kaykai used in the first set of experiments was chosen due to its 

presumably atypical production of males and intersexes. After performing the 

experiments described above, we wanted to determine whether temperature and age 

would similarly affect sex ratios in other lines of T. kaykai.  

 For this experiment, groups of 50 newly emerged virgin females from the infected 

KD111 line and two additional randomly selected Wolbachia-infected T. kaykai lines, 

SX58 and SW116, were given two egg cards each for oviposition on a surplus of E. 

kuehniella eggs. After one hour, the wasps were removed and the egg cards separated. 

One egg card from each line was placed in a cotton stopped tube and incubated at 30.5ºC 

in a Fisher Isotemp® water bath (Fisher Scientific, Indiana, PA) for development. The 

remaining egg cards were placed in separate tubes and held at normal rearing temperature 

(24ºC). One day prior to the emergence of the adult offspring from the heated and normal 

temperature treatments, at 6 and 10 days respectively, the parasitized eggs were isolated 

into individual tubes and placed at normal rearing temperature (24ºC) for the remainder 

of the experiment. Upon emergence, 15 adult females from each group were randomly 
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chosen, set up as virgins and given fresh honey and egg cards daily for 7 days as 

described in the above experiment. Offspring sex ratio and intersex production were 

recorded for each oviposition day. Arcsin square root transformed sex ratios were 

analyzed using ANOVA to test the effects of heat and age on each of the three lines. 

Also, a mixed factorial design General Linear Model was used to test the effects of line 

and heat, as well as the interaction between these two independent variables, on male and 

intersex production. 

 

Results 

Effects of heat and aging on male and intersex production in Wolbachia- infected and 

uninfected T. kaykai  

Cured groups (CHM and CNM) produced higher overall male frequencies than infected 

groups (Table 3.1). Intersex production was only seen in infected groups (IHV and INV). 

Within cured and infected groups, exposure to higher temperature had little effect on 

male or intersex production. 

 

        Table 3.1. Mean frequency of males and intersexes produced by treatment 

Treatment Males* Intersexes* 

CHM—Cured, Heat treated, Mated 0.4664±0.0396 a 0.000±0.000 a 

CNM—Cured, Normal temp, Mated 0.4469±0.0371 a 0.000±0.000 a 

IHV—Infected, Heat treated, Virgin 0.2974±0.0392 b 0.0439±0.0133 b 

INV—Infected, Normal temp, Virgin 0.2466±0.0423 b  0.0326±0.0114 b 

       * Means followed by the same letter in a column are not statistically different at  

          P < 0.05 (ANOVA followed by Tukey’s test) 

 



 

Figure 3.1. Temporal variation of m

under various treatments: CHM = 

Temperature Mated, IHV = Infected Heated Virgin, INV = Infected Normal Temperature 

Virgin. The x-axis notes female age at oviposition. Note the difference in scale of vertical 

axes. Error bars not shown so as not to c

 

The proportions of males and intersexes produced daily by the different

were arcsine square root transformed and analyzed usin

Day of oviposition was a significant factor in the production of 

(Table 3.2 GLM result) with male and intersex production increasing with time in all 

treatment groups (Fig. 3.1a, b). Treatment also had a significant effect o

intersex production (Table 3.2 GLM result)
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Temporal variation of male and intersex production by T. kaykai

under various treatments: CHM = Cured Heated Mated, CNM = Cured Normal 

Temperature Mated, IHV = Infected Heated Virgin, INV = Infected Normal Temperature 

axis notes female age at oviposition. Note the difference in scale of vertical 

axes. Error bars not shown so as not to complicate the figure. 

The proportions of males and intersexes produced daily by the different

root transformed and analyzed using General Linear Models (GLM). 

was a significant factor in the production of males and intersexes 

(Table 3.2 GLM result) with male and intersex production increasing with time in all 

treatment groups (Fig. 3.1a, b). Treatment also had a significant effect on male and 

(Table 3.2 GLM result). Wasps in both infected treatments showed 

 

T. kaykai line KD111 

Cured Heated Mated, CNM = Cured Normal 

Temperature Mated, IHV = Infected Heated Virgin, INV = Infected Normal Temperature 

axis notes female age at oviposition. Note the difference in scale of vertical 

The proportions of males and intersexes produced daily by the different treatments 

g General Linear Models (GLM). 

males and intersexes 

(Table 3.2 GLM result) with male and intersex production increasing with time in all 

n male and 

d treatments showed 
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large sex ratio biases on day 1 of oviposition, producing almost entirely female offspring 

(Fig. 3.1a), and male production continued at or below 20% through day 4 of the 

experiment.  In contrast, the offspring produced on day 1 by the two cured treatments was 

approximately 25% male and gradually increased with time (Fig. 3.1a).  Male production 

in all treatment groups, ultimately reached similar levels by day 7 (ANOVA, F4, 45 = 0.23, 

P = .920; Fig. 3.1a).  Temporal difference between the treatments in the patterns of 

increasing male production (Fig. 3.1b) was evidenced by a significant interaction effect in 

the general linear model (Table 3.2 GLM result). 

Both Wolbachia-infected treatment groups produced intersexes during the course 

of the experiment, with most occurring in offspring produced by older females. However, 

intersex production was completely absent in the cured groups (Fig. 3.1b).  

 

Table 3.2. Statistical results for GLM ANOVA Model testing the effects of Treatment, 

Day, and Interaction on production of males and intersexes.  
Variable DF Seq SS Adj SS Adj MS F P 

Males 

Treatment     3   9.4320      8.3340   2.7780    6.71   0.001 

Mom within 

Treatment 

  42 18.1205 17.4630 0.4158   3.41 0.000 

Day     6 30.9250   30.0388   5.0065   41.00   0.000 

Treatment*Day   18   5.5177      5.5177  0.3065      2.51   0.001 

Error 242 29.5469   29.5469   0.1221   

Total 311 93.5422     

 

Intersexes 

Treatment     3 0.44796    0.43554  0.14518   6.97   0.001 

Mom within 

Treatment 

  42 0.85307 0.87482 0.02083 1.04 0.416 

Day     6 0.35002   0.29023 0.04837 2.41  0.028 

Treatment*Day   18 0.50951   0.50951   0.02831    1.41  0.127 

Error 242 4.85821 4.85821 0.02008   

Total 311 7.01877     

 

 



 

 

74

Effects of host genetic background on modulation of the PI -Wolbachia phenotype 

Since the KD111 line of T. kaykai used in the previous study was chosen due to its 

unusual male and intersex production, we wanted to determine whether modulation of the 

PI-Wolbachia phenotype was influenced by host genetic background. Effects of the 

modulating factors, age and heat, were compared between KD111 and two randomly 

chosen T. kaykai lines, SW116 and SX58.  

Reexamination of the KD111 line yielded results similar to our previous 

experiment. In KD111, heat did not significantly affect male or intersex frequencies, but 

age was a significant factor in male production (ANOVA, F6 114 = 10.15, P < 0.001). 

Initial male production exhibited low frequencies followed by a steep increase with 

increasing age (Fig 3.2). In contrast to the previous experiment, age did not have a 

significant effect on intersex production in KD111 females.  

Male production was significantly affected by host genetic background (GLM 

ANOVA, F2 430 = 20.35, P < 0.001), while intersex production was not. In the other two 

T. kaykai backgrounds, heat treatment had differing effects on male production. Heat was 

found to be a significant factor in the production of males in SX58 (ANOVA, F6 167 = 

6.06, P = 0.015) but not in SW116. However, GLM analysis found that the interaction 

between heat and host genetic background was not significant (GLM ANOVA, F2 430 = 

1.59, P = 0.205). Also, heat did not significantly affect intersex production in either line. 

Male production in SX58 and SW116 was significantly affected by age (ANOVA, F6 162 

= 3.68, P = 0.002 & F6 139 = 12.08, P < 0.001, respectively), increasing with time in each 



 

case (Fig. 3.2). However, intersex production was significantly

(ANOVA, F6 162 = 3.65, P = 0.002) while the effect was missing in SW116. 

 

Figure 3.2. Male and intersex production by three isofemale lines of 

thelytokous T. kaykai, KD111, SX58, and SW116

shown on vertical axes, oviposition day is shown on the horizontal axes.

and intersexes are scaled to different vertical axes. 
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). However, intersex production was significantly affected by age in SX58 

= 3.65, P = 0.002) while the effect was missing in SW116. 

Male and intersex production by three isofemale lines of Wolbachia

, KD111, SX58, and SW116 over a 7 day period. Frequencies are 

vertical axes, oviposition day is shown on the horizontal axes. 

and intersexes are scaled to different vertical axes.  

 

affected by age in SX58 

= 3.65, P = 0.002) while the effect was missing in SW116.  

 

Wolbachia-infected, 

over a 7 day period. Frequencies are 

 Note that males 
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Discussion 

Investigations into the factors modulating expression of Wolbachia effects on infected 

hosts have contributed valuable information about host-symbiont interactions, 

mechanisms of reproductive manipulation used by the bacterium, and Wolbachia’s role in 

host evolutionary processes such as speciation and sex determination. Studies show that 

expression of the CI and male-killing may often be mediated by such factors as, 

temperature, rearing density, host age, and host genetic background (Weeks et al, 2002). 

A number of these factors may also have the ability to mediate expression of the PI 

phenotype but investigations into potential PI modulators are conspicuously lacking. 

Here, we contribute to the sparse body of literature examining the factors affecting PI 

expression in Wolbachia-infected hosts by reporting on the effects of heat, host age, and 

host genetic background on the PI phenotype in the parasitoid wasp, Trichogramma 

kaykai. 

Previous literature shows temperature as a factor mediating Wolbachia expression 

in the CI, male killing, and feminization phenotypes. Heat is known to affect expression 

of parthenogenesis in arthropods infected with PI-Wolbachia, reducing penetrance of the 

reproductive phenotype in thrips and parasitoid wasps and resulting in male production 

(Arakaki et al, 2001; Bowen and Stern, 1966; Cabello-Garcia and Vargas-Piqueras, 

1985).  In multiple species of thelytokous Trichogramma infected with PI-Wolbachia, 

heat exposure is also associated with the formation of intersexual offspring, hypothesized 

to also result from reduced penetrance of the parthenogenesis phenotype due to heat 

interference (Stouthamer, 1997). Our results confirm that heat can be a factor modulating 
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expression of PI-Wolbachia in infected T. kaykai, with heat exposure of infected females 

during development associated with increased proportions of male offspring. However, 

this effect appears to be less significant in T. kaykai than in other Trichogramma species 

(Bowen and Stern, 1966; Cabello-Garcia and Vargas-Piqueras, 1985; Pintureau et al, 

1999) and does not manifest in all genetic backgrounds tested. Furthermore, contrary to 

previous reports that intersex production is associated with heat exposure in Wolbachia-

infected Trichogramma spp., we found that heat does not contribute to intersex 

production in infected T. kaykai. This agrees with our findings from Chapter 2 wherein 

intersex production by three different T. kaykai lines was unaffected by exposure to high 

temperatures while two lines of T. deion experienced increased intersex proportion under 

the same conditions. These findings, in combination with the absence of heat effects on 

male production in uninfected T. kaykai and the complete lack of intersex production by 

uninfected wasps support the hypothesis that male and, particularly, intersex production 

in Wolbachia-infected Trichogramma are associated with interference with the PI 

phenotype and are not the result of heat effects on the host’s own sex determining 

processes. 

If we are correct in our evaluation of the aberrant sexual forms as intersexes and 

not gynandromorphs, this result may indicate an additional feminizing requirement for 

Wolbachia to completely induce parthenogenesis in infected T. kaykai which is sensitive 

to high temperatures. Temperature interference may be an effect of a reduction in 

Wolbachia density or direct suppression of the activity of the bacterium. Investigations 

into the ploidy of the aberrant sexual forms are warranted that would definitively verify 
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their status as gynandromorphs or intersexes and, if intersexes, would indicate whether 

they are haploid or diploid. 

As suspected based on studies demonstrating a role for aging in modulating 

expression of the CI and male-killing phenotypes (Hurst et al, 2000; Reynolds and 

Hoffmann, 2002), host age appears also to be a factor capable of mediating expression of 

Wolbachia-induced parthenogenesis.  Intersex production significantly increases with age 

in two of the three genetic backgrounds tested, and male production is consistently 

positively associated with age in all T. kaykai backgrounds. All lines of infected wasps 

studied here show a sharp rise in male production at approximately 5-6 days. This pattern 

may correspond with the exhaustion of stored mature eggs and the immediate laying of 

newly matured eggs, as seen in T. evanescens (Benoit, 1977). The newly matured eggs, 

being laid immediately, may not yet have sufficient levels of Wolbachia to induce gamete 

duplication at the time of oviposition. This hypothesis is strengthened by the tight 

correlation found in this study between previous offspring production and day of 

oviposition, which were both used as measures of age. However, the parameters of this 

study do not allow us to determine whether the sex ratio changes observed over time are a 

function of previous offspring production or the chronological age of the wasps.  

 Our results also show age as a factor influencing sex ratios in uninfected, 

arrhenotokous T. kaykai. However, the patterns of male production exhibited by 

arrhenotokous and thelytokous forms in this study are distinctly different and most 

certainly have separate origins. Unlike infected thelytokous T. kaykai, which show a 

dramatic increase in male production around day 5 or 6, uninfected arrhenotokous T. 
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kaykai display a gradual increase in male production throughout the aging process. Since 

arrhenotokous females in this study were only mated once, this steady rise in male 

production presumably results from a decrease in the amount and viability of sperm 

available in the female spermatheca. A gradual increase in male proportions attributed to 

sperm depletion and/or reduced viability of the sperm in the spermatheca of aging 

arrhenotokous female parasitoid wasps has been reported on several occasions and this 

phenomenon can be overcome when females are given the opportunity to remate (Boivin 

et al, 2004; Doyon and Boivin, 2005; King, 1987). Although age appears to contribute to 

male production in the absence of Wolbachia infection, the effect seen in T. kaykai 

infected with PI-Wolbachia is almost certainly a function of age modulating expression 

of the PI phenotype. In addition, the absence of intersexes in aging arrhenotokous 

females, which appear alongside males in aging thelytokous females, provides added 

evidence for separate origins of male production in the two forms of T. kaykai, further 

invoking incomplete penetrance of the PI phenotype as an explanation of the male and 

intersex production seen in Wolbachia-infected hosts.   

Host genetic background has been shown to modulate Wolbachia effects at both 

the inter- and intra-specific level. Our examination into the effects of intra-specific 

variation in host genetic background on expression of the PI phenotype in T. kaykai 

shows this is also the case in this study system. All three genetically distinct lines of T. 

kaykai exhibit different overall patterns of sex ratio production in response to infection 

with PI-Wolbachia. Furthermore, all three lines respond differently to the modulating 

effects of age and temperature. In all backgrounds, male production is positively 
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correlated with age, but this effect in association with heat exposure is only seen in the 

SX58 line. Also, while heat does not significantly affect intersex production in any of the 

host backgrounds tested, age does appear to be positively associated with intersex 

production in at least one line. These results indicate a significant contribution by host 

genetic background to PI expression. Still, differences in Wolbachia harbored by the 

distinct lines may also contribute to variability in PI expression. A recent study of 

Wolbachia effects on fitness variables in T. kaykai found that Wolbachia “type” had a 

small effect on fitness traits, particularly offspring production (Russell, 2008). However, 

the study attributed most variability in fitness traits to host background. This is not 

surprising since the Wolbachia infecting T. kaykai populations is determined to have 

originated from a single infection (Schilthuizen et al, 1998) and recent MLST (Multi 

Locus Sequence Typing) analysis shows no variation among Wolbachia in T. kaykai 

individuals (Russell, 2008).  At least in this system, it is likely that differences between T. 

kaykai lines are mostly due to variability in host background and contribution by 

Wolbachia genetics is likely minor. These results demonstrate that, even within a species, 

one must be careful not to extrapolate too readily the effects of Wolbachia infection on 

host reproduction.  

 In summary, our findings demonstrate that expression of the PI phenotype in T. 

kaykai occurs as a result of a complex interaction between Wolbachia, host, and 

environment.  Heat, host age, and host genetic background are all shown to be factors 

capable of mediating parthenogenesis in this system. Identification of the factors with the 

potential to modulate PI expression is critical to understanding the mechanisms by which 
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Wolbachia induces parthenogenesis in its infected host.  Moreover, the variability of PI 

expression caused by interactions between the above factors, Wolbachia, and the infected 

host, illustrates the importance of considering such modulating factors when describing 

the effects of Wolbachia on host reproduction and cautions against generalizing 

Wolbachia effects to a large group prior to rigorous investigation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

82

References 

Arakaki N, Miyoshi T, Noda H (2001). Wolbachia-mediated parthenogenesis in the 

predatory thrips Franklinothrips vespiformis (Thysanoptera: Insecta). Proceedings of the 

Royal Society of London Series B: Biological Sciences 268(1471): 1011-1016. 

 

Bandi C, Anderson TJC, Genchi C, Blaxter ML (1998). Phylogeny of Wolbachia in 

filarial nematodes. Proceedings of the Royal Society of London Series B: Biological 

Sciences 265(1413): 2407-2413. 

 

Boivin G, Jacob S, Damiens D ( 2005). Spermatogeny as a life history index in parasitoid 

wasps. Oecologia 143(2): 198-202. 

 

Bordenstein SR, Uy JJ, Werren JH (2003). Host genotype determines cytoplasmic 

incompatibility type in the haplodiploid genus Nasonia. Genetics 164(1): 223-233. 

 

Bowen WR, Stern VM (1966). Effect of temperature on the production of males and 

sexual mosaics in a uniparental race of Trichogramma semifumatum (Hymenoptera: 

Trichogrammatidae). Annals of the Entomological Society of America 59: 823-834. 

 

Cabello-Garcia T, Vargas-Piqueras P (1985). Temperature as a factor influencing the 

form of reproduction of Trichogramma cordubensis Vargas & Cabello (Hym., 

Trichogrammatidae). Zeitschrift für Angewandte Entomologie 100(1-5): 434-441. 

 

Cowan DP, Stahlhut JK (2004). Functionally reproductive diploid and haploid males in 

an inbreeding hymenopteran with complementary sex determination. Proceedings of the 

National Academy of Sciences of the United States of America 101(28): 10374-10379. 

 

Doyon J, Boivin G (2005). The effect of development time on the fitness of female 

Trichogramma evanescens. Journal of Insect Science 5(4): 1-5. 

 

Gottlieb Y, Zchori-Fein E, Werren JH, Karr TL (2002). Diploidy restoration in 

Wolbachia-infected Muscidifurax uniraptor (Hymenoptera: Pteromalidae). Journal of 

Invertebrate Pathology 81(3): 166-174. 

 

Hurst GDD, Johnson AP, v. d. Schulenburg JHG, Fuyama Y (2000). Male-killing 

Wolbachia in Drosophila: a temperature-sensitive trait with a threshold bacterial density. 

Genetics 156(2): 699-709. 

 

Jeyaprakash A, Hoy MA (2000). Long PCR improves Wolbachia DNA amplification: 

wsp sequences found in 76% of sixty-three arthropod species. Insect Molecular Biology 

9(4): 393-405. 

 



 

 

83

King BH (1987). Offspring sex ratios in parasitoid wasps. The Quarterly Review of 

Biology 62(4): 367-396. 

 

Legner E (1985). Effects of scheduled high temperature on male production in 

thelytokous Muscidifurax uniraptor (Hymenoptera: Pteromalidae). Can Entomol 117: 

383 - 389. 

 

Pannebakker BA, Pijnacker LP, Zwaan BJ, Beukeboom LW (2004). Cytology of 

Wolbachia-induced parthenogenesis in Leptopilina clavipes (Hymenoptera: Figitidae). 

Genome 47: 299-303. 

 

Petters R, Mettus R (1980). Decreased diploid viability in the parasitoid wasp, Bracon 

hebetor. J Heredity 71: 353 - 356. 

 

Pintureau B, Chapelle L, Delobel B (1999). Effects of repeated thermic and antibiotic 

treatments on a Trichogramma (Hym., Trichogrammatidae) symbiont. Journal of Applied 

Entomology 123(8): 473-483. 

 

Pintureau B, Lassabliere F, Daumal J, Grenier S (2002). Does a cyclic natural thermal 

cure occur in Wolbachia-infected Trichogramma species? Ecological Entomology 27: 

366-372. 

 

Reynolds KT, Hoffmann AA (2002). Male age, host effects and the weak expression or 

non-expression of cytoplasmic incompatibility in Drosophila strains infected by 

maternally transmitted Wolbachia. Genetics Research 80(02): 79-87. 

 

Reynolds KT, Thomson LJ, Hoffmann AA (2003). The fffects of host age, host nuclear 

background and temperature on phenotypic effects of the virulent Wolbachia strain 

popcorn in Drosophila melanogaster. Genetics 164(3): 1027-1034. 

 

Russell JE (2008). The ecological and evolutionary consequences of Wolbachia infection 

in Trichogramma species. PhD thesis, University of California, Riverside. 

 

Schilthuizen M, Honda J, Stouthamer R (1998). Parthenogenesis-inducing Wolbachia in 

Trichogramma kaykai (Hymenoptera: Trichogrammatidae) originates from a single 

infection. Annals of the Entomological Society of America 91: 410-414. 

 

Stouthamer R (1997). Wolbachia-induced thelytoky. Influential Passengers: Microbes 

and Invertebrate reproduction: 102 - 124. 

 

Stouthamer R, Breeuwer JAJ, Hurst GDD (1999a). Wolbachia pipientis: Microbial 

manipulator of arthropod reproduction. Annu Rev Microbiol 53: 71-102. 

 



 

 

84

Stouthamer R, Hu J, van Kan F, Platner G, Pinto J (1999b). The utility of internally 

transcribed spacer 2 DNA sequences of the nuclear ribosomal gene for distinguishing 

sibling species of Trichogramma. BioControl 43(4): 421-440. 

 

Stouthamer R, Kazmer D (1994). Cytogenetics of microbe-associated parthenogenesis 

and its consequences for gene flow in Trichogramma wasps. Heredity 7: 317 - 327. 

 

Stouthamer R, Luck RF, Hamilton WD (1990). Antibiotics cause parthenogenetic 

Trichogramma (Hymenoptera/Trichogrammatidae) to revert to sex. Proceedings of the 

National Academy of Sciences of the United States of America 87(7): 2424-2427. 

 

van Wilgenburg E, Driessen G, Beukeboom L (2006). Single locus complementary sex 

determination in Hymenoptera: an "unintelligent" design? Frontiers in Zoology 3(1): 1. 

 

Weeks AR, Tracy Reynolds K, Hoffmann AA (2002). Wolbachia dynamics and host 

effects: what has (and has not) been demonstrated? Trends in Ecology & Evolution 17(6): 

257-262. 

 

Werren JH, Windsor D, Guo L (1995). Distribution of Wolbachia among neotropical 

arthropods. Proceedings of the Royal Society of London Series B: Biological Sciences 

262(1364): 197-204. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

85

Chapter 4: 

Diploid Males Indicate a Two-step Mechanism of Wolbachia-Induced 

Parthenogenesis  

 

The maternally inherited, obligate intracellular α-proteobacteria, Wolbachia pipientis, is 

renowned for manipulating sexual reproduction in many arthropod hosts to increase its 

own transmission. In some haplodiploid hosts that normally exhibit an arrhenotokous 

mode of reproduction, Wolbachia induces thelytokous parthenogenesis, under which 

unfertilized eggs (which would usually develop as males) develop as homozygous diploid 

females through a doubling of the chromosomes by gamete duplication (Huigens and 

Stouthamer, 2003) .  

Parasitoid wasps belong to the insect order Hymenoptera, which is almost 

exclusively haplodiploid. Many hymenopterans exhibit Complementary Sex 

Determination (CSD) whereby sex is determined by the allelic state of a sex determining 

locus: heterozygosity induces female development while hemizygosity and homozygosity 

result in male development (Beye et al, 2003).  Diploid males are produced regularly 

with inbreeding under CSD and they are generally infertile (Cook and Crozier, 1995). In 

contrast, several parasitoid wasps exhibit an alternative sex determination mechanism in 

which homozygous diploids, resulting from fertilization or thelytokous parthenogenesis, 

develop into females.   

Despite infection with parthenogenesis-inducing Wolbachia, some parasitoid 

wasps in the genus Trichogramma occasionally produce males and aberrant forms 
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(individuals displaying characteristics of both sexes), often in association with high 

temperatures. These are suggested to be haploid males and gynandromorphs (individuals 

composed of a combination of haploid and diploid tissues) formed respectively as a result 

of temperature-induced prevention or delay of gamete duplication (Stouthamer, 1997). 

However, the ploidy of these forms has never been examined. Here, we determined the 

ploidy of offspring produced by genetically identical lines of Trichogramma kaykai, one 

infected with Wolbachia (W+), the other not (W-). We report that males produced by W+ 

females were sometimes diploid and that aberrant forms were not gynandromorphs but 

intersexes (individuals with tissues of a consistent ploidy level).  

 We recorded the offspring sex ratio of three groups of wasps, unmated W+ 

(n=100), unmated W- (n=40) and mated W- (n=40), reared at high temperature (30.5º C). 

Over 7 days, W+ females produced a total of 1625 adult offspring, of which 10% 

displayed the male phenotype and 3% were aberrant. Unmated W- females produced 

1920 offspring (all male) and mated W- females produced 1766 offspring, of which 28% 

were male. W- females produced no aberrant individuals. 

Using flow cytometry, we determined the ploidy of 142 males, 145 females, and 

30 aberrant individuals produced by W+ females. The ploidy of approximately 7.5% of 

the offspring produced by W- females (255 males; 125 females) was determined using 

flow cytometry (Table 4.1). Eight of 142 males (6%) produced by W+ females were 

diploid and each aberrant individual was clearly of a single ploidy, either haploid (n = 4) 

or diploid (n= 26 or 87%). This is not consistent with gynandromorphism and  
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indicates that the aberrant forms are intersexes. All offspring produced by W- females 

were haploid sons or diploid daughters (Fig. 4.1). Daughters only appeared in broods of 

mated females.  

The finding that, in the absence of Wolbachia, all males are haploid and all 

females—independent of homozygosity and occurring only in broods of mated females—

are diploid, is consistent with the recently proposed mechanism of sex determination in 

Nasonia vitripennis, a model system for investigating sex determination in parasitoid 

wasps without CSD (Verhulst et al, 2010). Under the proposed mechanism, sex in N. 

vitripennis is determined through a combination of maternal effects and imprinting. 

Female development requires a threshold amount of N. vitripennis transformer (Nvtra) 

mRNA, which is only transcribed in fertilized eggs since maternal imprinting prevents 

transcription of the maternally derived Nvtra allele.  

However, in Wolbachia-infected T. kaykai, homozygous diploids arising from 

gamete duplication generally develop as females despite the lack of a paternally inherited 

genome.  When considering the first evidence for a genomic imprinting model for sex 

determination in parasitoid wasps, Dobson and Tanouye (1999) speculated that this 

discrepancy could be explained if Wolbachia used two mechanisms to induce 

parthenogenesis. The discovery of diploid males and intersexes which occur only under 

the influence of Wolbachia provides support for this longstanding hypothesis.  In T. 

kaykai, as in N. vitripennis, diploidy alone is not sufficient to induce female development. 

In the absence of a paternal chromosome set, Wolbachia-infected T. kaykai undergo 

parthenogenesis through a two-step mechanism that requires both diploidy and 
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feminization. These mechanisms may involve different bacterial threshold requirements. 

First, a threshold level of Wolbachia may be required to induce gamete duplication 

resulting in diploidy. Wolbachia may then facilitate supply of a threshold amount of a 

TRA-equivalent sex-determining peptide required for female development, by initiating 

transcription of the zygotic tra-equivalent allele in its host or by directly providing the 

TRA-equivalent product. Under this scenario, diploid males and diploid intersexes would 

arise when gamete duplication occurs but the threshold level for feminization is not 

reached or maintained. Haploid intersexes would arise when initial levels of Wolbachia 

are too low to induce gamete duplication but later increase to levels required for initiating 

female development.   

In this study, we confirm that aberrant forms produced in association with 

Wolbachia-induced thelytokous parthenogenesis are intersexes. We also report diploid 

male production associated with incomplete parthenogenesis induction by Wolbachia.  

These findings make a pivotal contribution to understanding sex determination in non-

CSD Hymenoptera and reveal surprising information about the mechanisms by which 

Wolbachia induces thelytokous parthenogenesis. 
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Table 4.1. Offspring produced by Wolbachia-infected (W+) and uninfected (W-) T. kaykai females reared at 30.5º C.   
 W+  W- unmated  W- mated 

 Males Females Intersexes Total  Males Females Intersexes Total  Males Females Intersexes Total 

Total Offspring 163 1416 46 1625  1920 0 0 1920  492 1274 0 1766 

Analyzed  142 145 30 317  144 0 0 144  111 125 0 236 

Diploid (2C) 8 145 26 179  0 0 0 0  0 125 0 125 

Haploid (1C) 134 0 4 138  144 0 0 144  111 0 0 111 
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Figure 4.1. Flow cytometric DNA analysis of 

and diploid male and female produced by 

female (C) Haploid intersex

W+ female. M-1 corresponds to haploid peak, M

number of nuclei and horizontal

 

 

 

Materials and Methods 

 

This study was performed using a 

derived from a single thelytokous 

2004 from the Mojave Desert of California. An uninfected arrhenotokous laboratory 

culture was established from this line

rifampicin/honey solution

Ephestia kuehniella. 

90 

Flow cytometric DNA analysis of Trichogramma kaykai. (A) Normal haploid 

and diploid male and female produced by W- female (B) Diploid male produced by 

female (C) Haploid intersex produced by W+ female (D) Diploid intersex

1 corresponds to haploid peak, M-2 to diploid.  Vertical axis

horizontal axis indicates fluorescence intensity. 

 

Materials and Methods  

This study was performed using a completely homozygous Trichogramma kaykai

derived from a single thelytokous Wolbachia–infected T. kaykai female collected in May 

2004 from the Mojave Desert of California. An uninfected arrhenotokous laboratory 

from this line by antibiotic curing using .5mg/ml 

n. The cultures were maintained in the laboratory on eggs of 

(A) Normal haploid 

female (B) Diploid male produced by W+ 

female (D) Diploid intersex produced by 

axis measures 

Trichogramma kaykai line 

female collected in May 

2004 from the Mojave Desert of California. An uninfected arrhenotokous laboratory 

5mg/ml 

cultures were maintained in the laboratory on eggs of 
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 Two separate groups of 1-day-old unmated thelytokous females and mated 

arrhenotokous females (n = approximately 250 each) were allowed to oviposit on a 

surplus of E. kuehniella eggs attached to a small paper card with double-sided tape. The 

egg cards were incubated at 30.5º C for the duration of offspring development. Upon 

emergence, 100 adult thelytokous females were chosen at random and, for convenience, 

placed into 5 vials in groups of 20. From the thelytokous group, 75 pupae were isolated to 

obtain virgin females. The rest of the thelytokous offspring were allowed to emerge en 

mass and mate for 24 hours. Forty females were randomly selected from each thelytokous 

group (unmated and mated) and placed into vials of 20. Each vial was provided fresh 

honey and egg cards daily for 7 days. Emerging adult offspring were sexed and frozen at 

-80º C for DNA analysis using flow cytometry. 

 Flow cytometry was performed to quantify DNA, by dissecting nervous tissue 

extracted from the heads of individual adult T. kaykai and chopping with sharp razor 

blades in a drop of ice cold Galbraith buffer. The volume of buffer was adjusted to .5 ml 

by adding Galbraith buffer, the sample filtered through 20 µm nylon mesh filter and 40 µl 

of Propidium Iodide (1mg/ml) added to each sample. After incubating for 1 hour, the 

mean fluorescence of stained nuclei in each sample was determined using a standard 

Becton Dickinson FACscan flow cytometer with a 488 nm Argon ion laser and 

CELLQuest Pro software. 
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Chapter 5:  

Diploid males produced by thelytokous T. kaykai produce triploid daughters 

 

Abstract 

Hymenoptera (ants, bees and wasps) exhibit a haplodiploid genetic system in which, 

generally, males are haploid and females are diploid. Species under the ancestral sex 

determining mechanism single locus-Complementary Sex Determination (sl-CSD) often 

produce diploid males posing considerable genetic load on the population. Parasitoid 

wasps in the superfamily Chalcidoidea have evolved an alternative mechanism of sex 

determination eliminating the regular production of diploid males and relieving the 

population of the associated genetic load. Diploid males are virtually absent in this group, 

but have recently been discovered in the offspring of thelytokous Trichogramma kaykai 

infected with Wolbachia. We investigated the reproductive function of 25 diploid males 

and 119 haploid males produced by thelytokous T. kaykai and found that diploids 

experience reduced reproductive success compared to their haploid counterparts. They 

are less likely to successfully copulate and more likely to produce all-male broods after a 

successful mating. However, some diploid males are at least partially fertile and sire 

triploid females, presumably with unreduced diploid sperm. Diploid male production may 

be common among non-CSD hymenopterans associated with microbe-induced thelytoky. 

Thus, relief from the intrinsic load associated with diploid male production under sl-CSD 

enjoyed by the evolution of an alternative sex determining mechanism may be short 

lived. 
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Introduction 

In the haplodiploid insect order, Hymenoptera, most species exhibit an arrhenotokous 

mode of reproduction in which haploid males develop from unfertilized eggs and diploid 

females arise from fertilized eggs. There appear to be multiple mechanisms of sex 

determination in this group. Single-locus complementary sex determination (sl-CSD), 

thought to be the ancestral condition, is currently the best understood (Cook, 1993; van 

Wilgenburg et al, 2006). According to sl-CSD, sex is determined by multiple alleles at a 

single sex-determining locus: individuals that are heterozygous at this locus develop into 

females while those which are hemi- or homozygous become males (Beye et al, 2003). 

Under inbreeding conditions, sl-CSD produces expected proportions of diploid males 

which are generally considered “reproductive dead-ends”, being inviable, sterile, or 

producing sterile triploid offspring (de Boer et al, 2007; Petters and Mettus, 1980; 

Whiting et al, 1961).  

The genetic load associated with diploid male production is expected to select for 

traits that reduce the frequency and/or cost of diploid males on the population. For 

instance, some species with sl-CSD have evolved inbreeding avoidance traits such as 

temporal or physical spacing of opposite sex kin and delayed receptivity to mating 

(Antolin and Strand, 1992; Gu and Dorn, 2003; Lee et al, 1998). Alternatively, in species 

that regularly inbreed, a high diversity of sex alleles may be found at the sex determining 

locus. For example, Fujiwara and colleagues (2004) estimated the number of sex alleles 

in the turnip saw fly, Athalia rosae (Hymenoptera: Tenthredinidae), at 45-50 and up to 86 

sex alleles have been recorded in the fire ant, Solenopsis invicta (Hymenoptera: 
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Formicidae) (Ross and Fletcher, 1985). Reproductively functional diploid males are also 

reported to have evolved in two wasp species with sl-CSD, Euodynerus foraminatus 

(Hymenoptera: Vespidae) and Cotesia glomerata (Hymenoptera: Braconidae), where 

diploid males exhibit normal fertility and produce viable, fertile diploid daughters, 

although the mechanism by which they produce haploid sperm is unknown (Cowan and 

Stahlhut, 2005; Elias et al, 2010; Elias et al, 2009). Finally, it has long been hypothesized 

that the costs associated with diploid male production in inbreeding populations could 

drive the evolution of a multi-locus CSD mechanism of sex determination in which sex is 

determined by two or more loci, each with multiple alleles, thus significantly lowering 

the occurrence of diploid males (Crozier, 1971; Snell, 1935). Possible support for this 

mechanism has been demonstrated recently in the parasitoid wasp Cotesia vestalis 

(Hymenoptera: Braconidae) (de Boer et al, 2008).  

Parasitoid wasps in the superfamily Chalcidoidea appear to have evolved an 

alternative mechanism of sex determination (non-CSD) were diploid males do not appear 

even under extreme inbreeding conditions or even complete homozygosity (Cook, 1993; 

Whiting, 1960). Thelytokous parthenogenesis, the production of all-female offspring (and 

sometimes rare males) from unfertilized eggs, is a common mode of reproduction among 

chalcidoid wasps and is often associated with infection by intracellular bacteria (Koivisto 

and Braig, 2003). The most common thelytoky-inducing microbe is Wolbachia, which 

induces the parthenogenetic production of diploid homozygous female offspring from 

unfertilized eggs through a two-step mechanism of gamete duplication and feminization 

(Chapter 4).  
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Diploid males are extremely rare in chalcidoid wasps.  They have been 

documented in a polyploid laboratory strain of Nasonia vitripennis (Hymenoptera: 

Pteromalidae), the wasp used as a model for investigating alternative sex determination in 

the Chalcidoidea, but result from a rare mutation unlikely to pose a regular genetic load 

on the population. Diploid males have also been reported in the offspring of Encarsia 

hispida (Hymenoptera: Aphelinidae) and Diplolepis rosae (Hymenoptera: Cynipidae), 

both species associated with microbe-induced thelytoky (Giorgini et al, 2009; Koivisto 

and Braig, 2003; Stille and Dävring, 1980). Male production has been documented in 

populations of thelytokous Trichogramma spp. (Hymenoptera: Trichagrammatidae), 

often in association with exposure to high temperatures (Pintureau and Bolland, 2001; 

Pintureau et al, 2002; Stouthamer et al, 1990). In Wolbachia-infected thelytokous T. 

kaykai, heat does not affect male production (Chapters 3 and 6). However, increasing 

proportions of males are produced in association with aging in this group (Chapters 3 and 

6) and recent evidence shows that some of these males are diploid (Chapter 4).  

While the reproductive success of diploid males has been studied in a range of 

hymenopteran species with sl-CSD, very little is known about the reproductive 

capabilities of diploid males appearing in non-CSD systems which have previously been 

considered free of the genetic load associated with regular diploid male production seen 

under sl-CSD. Here, we investigate the reproductive function of diploid males produced 

by Wolbachia-infected thelytokous T. kaykai. Our findings indicate that diploid males in 

this system are able to copulate normally, sometimes with successful fertilization by 

diploid sperm to produce triploid female offspring. 
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Materials and Methods 

 

Origin and maintenance of cultures 

The Trichogramma kaykai culture used in this study was derived from a single 

Wolbachia-infected female collected in May 2004 from the Mojave Desert of California. 

The female emerged from parasitized eggs of the butterfly, Apodemia mormo 

(Lepidoptera: Riodinidae), removed from the host plant, Eriogonum inflatum 

(Caryophyllales: Polygonaceae) and was used to create a thelytokous, isofemale line 

(SX58) consisting of genetically identical homozygous individuals.  A complementary 

arrhenotokous culture was created using antibiotic curing (Stouthamer et al, 1990). The 

lines were maintained individually in the laboratory in 12 x 75 mm glass culture tubes 

stopped with cotton and incubated at 24°C, L:D = 16:8 and 50% relative humidity . Every 

11 days, cultures were offered fresh honey and a surplus of irradiated Ephestia kuehniella 

(Lepidoptera: Pyralidae) eggs adhered to small rectangular pieces of card stock using 

double-sided tape (egg cards).  

 

Wolbachia infection status 

Under normal laboratory conditions, the isofemale line of T. kaykai used for this study 

produces predominantly female offspring and the occasional rare male. Thelytoky in T. 

kaykai is associated with infection with the cytoplasmic sex ratio distorting bacterium, 

Wolbachia pipientis. To confirm the presence or absence of the bacterium (in the 

thelytokous and arrhenotokous lines respectively), a diagnostic polymerase chain reaction 

(PCR) assay was performed using primers specific for the Wolbachia B strain 16s 
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ribosomal RNA gene (Werren et al, 1995). All wasps tested from the thelytokous line 

were positive for Wolbachia. Antibiotic cured wasps were tested in the 4
th

 generation and 

the 15
th

 generation and determined to be completely cured of infection. 

 

Male production and reproduction 

Approximately 100 newly emerged, Wolbachia-infected Trichogramma kaykai females 

were allowed to oviposit for one hour on an egg card containing a surplus of E. 

kuehniella eggs. The wasps were then removed and the egg card was placed into a fresh 

cotton-stopped glass culturing tube and reared under normal laboratory conditions. In 

order to obtain virgin females, pupae were removed from the egg card and isolated in 

glass vials 24 hours prior to emerging. Upon emergence of the adult offspring 100 virgin 

females were randomly selected and isolated in individual glass tubes. Females were 

given diluted honey and fresh E. kuehniella egg cards daily and allowed to oviposit for 7 

days. Males emerging from each of the 7 daily egg cards were collected and each male 

was paired with a single newly emerged, cured virgin female from the corresponding 

arrhenotokous culture. Mating pairs were observed under a dissecting microscope and 

allowed 15 min in which to complete copulation. If successful copulation was not 

observed, the mating pair was allowed 24 hours to mate without observation. 

Immediately after copulation, or at the end of the 24 hour pairing, each male was 

removed and frozen at -80 ºC for future DNA analysis. The mated female was offered an 

egg card and diluted honey, then allowed to oviposit for 48 hours before removal.  The 

parasitized eggs remained at 24ºC for development.  Emerging adult offspring were 
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frozen at -80 ºC for future DNA analysis using flow cytometry. A control experiment was 

performed using the corresponding cured, arrhenotokous culture and 50 randomly 

selected male offspring were chosen for mating.  

 

Flow cytometric analyses 

Flow cytometry was used to determine the ploidy of 144 mated males, representing at 

least 40% of those produced on a given day and ~60% of the total.  Since nervous tissue 

has been demonstrated to provide an accurate determination of ploidy in Hymenoptera 

(Aron et al, 2005), tissues extracted from the head were used for DNA quantification.  

Samples were produced by dissecting individual heads of adult T. kaykai and chopping 

with sharp razor blades in a drop of ice-cold Galbraith buffer (Galbraith et al, 1983). The 

volume of buffer was adjusted to 0.5 ml by adding Galbraith buffer and the sample was 

filtered through 20 µm nylon mesh filter. 40 µl of Propidium Iodide (1mg/ml) was added 

to each sample and after incubating for at least 1 hour, the mean fluorescence of stained 

nuclei in each sample was determined using a standard Becton Dickinson FACscan flow 

cytometer with a 488 nm Argon ion laser and CELLQuest Pro software. The haploid and 

diploid amounts of DNA in T. kaykai were established using the known quantity of DNA 

in D. melanogaster, 350 Mbp (2C) (Bennett et al, 2003).  
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Results 

A total of 241 males were produced by 71 of 100 thelytokous T. kaykai females. Each 

male was offered a female for mating and 145 (~60 %) successfully copulated within 15 

minutes (Table 5.1). Overall, 72% of the males produced by thelytokous females 

(174/241) fathered female offspring.  

Of 144 males whose ploidy was determined using flow cytometric analysis, 119 

(83%) were haploid and 25 (17%) were diploid (Fig. 5.1). There was no significant 

difference between the fertility experienced by the haploid male offspring produced by 

thelytokous and arrhenotokous control males (Chi-square = 0.478, df = 1, P = 0.489). 

However, diploid males clearly exhibited reduced reproductive success. When paired 

with a female, diploid males were significantly less likely than haploids to successfully 

copulate within 15 minutes (Chi-square = 9.06, df = 1, P = 0.003). Among pairs that did 

copulate within 15 minutes, copulations involving diploid males were less likely to result 

in fertilization (Chi-square = 22.1, df = 1, P < 0 .001). Overall, females mated with 

diploid males produced significantly more all-male broods (Chi-square = 5.91, df = 1, P = 

0.015) (Table 5.1).  

 

 

 

 

 

 

 

 

 

 



 

           Table 5.1. Mating success of males produced by thelytokous 

  

 

  

Total males produced (n=241) 

Total males of known ploidy 

(n=144) 

        Haploid males (n=119) 

        Diploid males (n=25) 

 

Figure 5.1. Flow cytometry analysis of Trichogramma kaykai

Haploid male produced by thelytokous female (C) Diploid male produced by thelytokous female. M

Vertical axis measures number of nuclei and horizontal axis

1
0
1
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Mating success of males produced by thelytokous T. kaykai females.  

Mating results  

# males producing 

daughters 

# males observed 

copulating 

# males observed 

copulating that fail to 

produce daughters

  

174 145 

 

24

110   90 13

101   81   

    9     9   

 

Trichogramma kaykai. (A) Normal haploid and diploid male and female produced by arrhenotokous wasp. (B) 

Haploid male produced by thelytokous female (C) Diploid male produced by thelytokous female. M-1 corresponds to haploid peak, M

axis indicates fluorescence intensity. 

 

# males observed 

copulating that fail to 

produce daughters 

24 

13 

  7 

  6 

 
(A) Normal haploid and diploid male and female produced by arrhenotokous wasp. (B) 

1 corresponds to haploid peak, M-2 to diploid.  
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A daily examination of male production showed a continual increase in the 

appearance of haploid males with a sharp rise in numbers after day 4 (Fig. 5.2). The 

majority of both haploid and diploid males were produced after day 4, approximately 

82% and 78% respectively. However, diploid male production, while remaining low 

throughout, peaked at day 5 then decreased. Nine of the 25 diploid males (36%) were at 

least partially fertile, producing 1 or more female offspring. There was no obvious pattern 

to the reproductive success enjoyed by fertile diploid males. However, although clearly 

more reproductively successful than diploid males, haploid males produced during the 

later oviposition days (5-7) showed minor decrease in fertility (Fig. 5.2).  

 

 

 
 

Figure 5.2. Temporal variation in the numbers and reproductive function of haploid (1
st
 

column) and diploid (2
nd

 column) males produced by thelytokous T. kaykai. 
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Adult sex ratios were determined for 7 of the 9 fertile diploid males and were 

generally very male biased (Table 5.2).  Two diploid male matings, both involving males 

produced on day 7, yielded normal female biased sex ratios.  In all broods showing male 

bias, most or all females were dead immediately after emergence and before all offspring 

had emerged. Fertile diploid males were all produced by different mothers.  

Overall, 45 of 51 females produced by 9 fertile diploid males could be 

successfully analyzed for ploidy. All daughters fathered by diploid males were triploid 

and analyses of all 33 sons resulting from matings with fertile diploid males were haploid 

(Fig. 5.3). 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Table 5.2. Numbers of offspring and sex ratios produced by female wasps mated with fertile diploid males produced on different days.

Male day of production Female offspring

3   3 

4   2 

5   9 

5   3 

7   3 

7 14 

7 19 

 

Figure 5.3. Flow cytometry analysis of female (A) and male (B) offspring resulting from matings with fertile diploid males.  M

triploid peak, M-1 to haploid.  Vertical axis measures number of nuclei and

1
0
4
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Numbers of offspring and sex ratios produced by female wasps mated with fertile diploid males produced on different days.

Female offspring Male offspring Sex ratio (% female)

31   8.8 

32   5.9 

18 33.3 

  3 50.0 

14 23.5 

  6 70.0 

  7 73.1 

 

Flow cytometry analysis of female (A) and male (B) offspring resulting from matings with fertile diploid males.  M-3 corresponds to 

measures number of nuclei and horizontal axis indicates fluorescence intensity.

 

Numbers of offspring and sex ratios produced by female wasps mated with fertile diploid males produced on different days. 

Sex ratio (% female) 

 
3 corresponds to 
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Discussion 

Our data show that diploid males produced by Wolbachia-infected thelytokous T. kaykai 

are partially fertile, fathering triploid daughters, presumably by transmitting diploid 

sperm. Diploid males show reduced ability for successful copulation and most matings do 

not result in egg fertilization. Of those capable of fertilization, most produce only a small 

proportion of adult female offspring, all of which are triploid. These results mimic those 

of several previous studies examining the reproductive functionality of diploid males 

produced under the sl-CSD mechanism of sex determination (Agoze et al, 1994; de Boer 

et al, 2007; Naito and Suzuki, 1991; Smith and Wallace, 1971). However, under sl-CSD, 

triploid homozygous offspring develop as males (Cournault and Aron, 2009; de Boer et 

al, 2007; Smith and Wallace, 1971).  Here it is not heterozygosity at the sex determining 

locus that renders triploid offspring female. Instead, it is the possession of a paternal set 

of chromosomes received through fertilization that induces female development in 

chalcidoid wasps (Dobson and Tanouye, 1999; Verhulst et al, 2010).  

Diploid males have been documented in a multitude of hymenopteran species and 

expected proportions of diploid male production under inbreeding conditions are often 

used to diagnose sl-CSD (van Wilgenburg et al, 2006). Diploid males are generally 

considered to pose a genetic load on populations since most are inviable (Petters and 

Mettus, 1980), sterile (Whiting, 1943), or sire inviable or sterile triploid females (de Boer 

et al, 2007; Liebert et al, 2005).  Thus, in species exhibiting sl-CSD, traits that reduce the 

frequency or costs associated with diploid male production are expected to evolve.  

Members of the superfamily Chalcidoidea appear to have done this through the evolution 
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of an alternative, non-CSD mechanism of sex determination, which has been assumed to 

completely eliminate the intrinsic genetic load associated with regular diploid male 

production under CSD (van Wilgenburg et al, 2006).  

Diploid males are extremely rare under the alternative mechanism(s) governing 

Chalcidoid sex determination.  The reproductive function of diploid males in this group 

has only been studied in one species, N. vitripennis, where they develop from unfertilized 

diploid eggs produced by triploid females in a mutant polyploidy laboratory strain and 

not as a result of homozygosity under CSD (Whiting, 1960). Whiting found that N. 

vitripennis diploid males exhibit normal fertility, produce diploid sperm, and readily sire 

triploid females.  However, the resulting triploid daughters experience significantly 

reduced fecundity, producing mostly inviable aneuploid eggs.  A small number of viable 

haploid and diploid eggs are produced which develop as males if unfertilized and normal 

diploid females and triploid females with reduced fecundity if fertilized (Whiting, 1960).  

Using the same polyploid line, Beukeboom and Kamping (2006) recently found that 

approx 2% of unfertilized diploid eggs produced by triploid mothers develop into normal 

fertile females. The authors suggested this may be due to a temperature sensitive 

epigenetic mutation. Support for this hypothesis is provided by a recent study by Verhulst 

et al (2010) which shows that female development in N. vitripennis requires the presence 

of a paternal set of chromosomes from which a threshold amount of N. vitripennis 

transformer (Nvtra) mRNA is transcribed since the maternal complement appears to be 

imprinted.  
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Although the diploid males produced by polyploid N. vitripennis present a cost 

via the production of triploid females which exhibit low fecundity and produce additional 

diploid males, there is likely very little load placed on the population since these forms 

occur as a result of rare mutations and are not regularly produced as under CSD. The lack 

of diploid males or triploid females reported from field collected specimens suggests 

these mutations are rare in nature and further indicates that load from diploid male 

production is not significant under the alternative sex determining mechanism in this 

group.  On the other hand, the diploid males produced here by thelytokous T. kaykai are 

associated with incomplete induction of parthenogenesis by the widespread intracellular 

bacterium, Wolbachia (Chapter 4). Although diploid males do not appear to be produced 

in large numbers in this group, they exhibit reduced mating ability and fertility. 

Furthermore, successful fertilization results in the development of triploid daughters. The 

fertility of the resulting triploid females was not determined in this study, but we found 

evidence of reduced viability and, as mentioned, previous studies consistently document 

a significant load associated with triploid female production (Agoze et al, 1994; de Boer 

et al, 2007; Naito and Suzuki, 1991; Smith and Wallace, 1971). 

Wolbachia is implicated in thelytokous reproduction in >46 species of parasitoid 

wasps and at least 17 others are suspected to have involvement by another microbe such 

as Cardinium or Rickettsia (Giorgini et al, 2009; Hagimori et al, 2006; Huigens and 

Stouthamer, 2003).  The occasional production of males has been documented in a 

number of thelytokous species, particularly in the genus Trichogramma (Huigens and 

Stouthamer, 2003). Previously, these males were presumed to be haploid.  Since 
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Wolbachia is shown to restore diploidy through gamete duplication, it was assumed that 

male production in these cases was simply caused by interruption of gamete duplication 

resulting in the production of haploid males. However, recent studies showing that 

parthenogenesis induction by Wolbachia and Cardinium is a two-step process involving 

feminization in addition to diploidy restoration, and demonstrate that interference in 

microbe-induced thelytoky can lead to the production of diploid males. This occurs at a 

low frequency in Wolbachia-infected T. kaykai (Chapter 4), but results in all diploid male 

offspring in Cardinium-infected E. hispida (Giorgini et al, 2009). If such a two-step 

mechanism of parthenogenesis induction is widespread among thelytokous chalcidoid 

wasps, any relief the non-CSD mechanism provides from the genetic load associated with 

regular diploid male production may be short lived.  
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Chapter 6:  

Wolbachia density and incomplete parthenogenesis induction in the parasitoid wasp, 

Trichogramma kaykai 

 

Abstract 

The vertically transmitted endosymbiotic bacterium, Wolbachia, induces a variety of 

reproductive phenotypes in its arthropod hosts to increase the number of infected females 

produced and thus, its own transmission. In several Wolbachia-host relationships, levels 

of expression of the reproductive phenotype are correlated with bacterial density. The 

tiny parasitoid wasp Trichogramma kaykai is infected with Parthenogenesis-inducing (PI) 

Wolbachia, which alters the wasp’s mode of reproduction from arrhenotoky to 

thelytokous parthenogenesis through a two-step mechanism of gamete duplication and 

feminization. Hosts exhibiting this type of reproduction normally produce all-female 

offspring. However, aging T. kaykai experience incomplete parthenogenesis 

characterized by the production of males and occasional intersexes. We examined the 

role of Wolbachia density in expression of the parthenogenesis phenotype in T. kaykai 

and found a clear relationship between bacterial density and gamete duplication. 

However, for feminization, a similar relationship was not apparent. In light of previous 

studies and current advances in parasitoid sex determination and Wolbachia-host 

interactions we develop a density/ localization model for the two-step mechanism of 

parthenogenesis induction in T. kaykai which involves gamete duplication and 

feminization.  
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Introduction 

The intracellular bacterium, Wolbachia, infects a wide range of arthropod and nematode 

hosts (Bandi et al, 1998; Jeyaprakash and Hoy, 2000; Werren et al, 1995). This vertically 

transmitted endosymbiont is renowned for the many reproductive manipulations it 

performs on its various arthropod hosts helping its own transmission. The most common 

reproductive phenotypes induced by Wolbachia infection include: cytoplasmic 

incompatibility (CI), male killing (MK), feminization, and parthenogenesis induction (PI) 

(reviewed in Stouthamer et al, 1999).  

Wolbachia-induced parthenogenesis is currently found only in hosts with a 

haplodiploid genetic system and is particularly prevalent among parasitoid wasps in the 

insect order, Hymenoptera (ants, bees, and wasps). Most Hymenoptera exhibit sexual 

reproduction through arrhenotoky whereby mated females control egg fertilization and, 

generally, males are haploid and develop from unfertilized eggs while fertilized eggs give 

rise to diploid females. However, in many parasitoid wasps, such as Trichogramma 

kaykai (Hymenoptera: Trichogrammatidae), infection with Wolbachia alters the mode of 

reproduction from arrhenotoky to thelytoky and unfertilized eggs give rise to female 

offspring.  This occurs as a result of Wolbachia-induced thelytokous parthenogenesis via 

a two step mechanism of gamete duplication and feminization (Chapter 4). The first step, 

gamete duplication, occurs in the egg as the two sets of chromosomes fail to segregate 

during the first mitotic anaphase (Stouthamer and Kazmer, 1994). However, when and 

how Wolbachia acts to feminize its Trichogramma host remains a mystery.  



114 

 

Several factors have been shown to interfere with expression of the 

parthenogenesis-inducing (PI) phenotype caused by Wolbachia, and as a consequence, 

result in the production of males and, occasional intersexes. In multiple host species, 

antibiotic treatment causes male production among the offspring in normally all-female 

broods (Arakaki et al, 2001; Stouthamer et al, 1990; Zchori-Fein et al, 2000). Indeed, 

some Trichogramma hosts, including T. kaykai, can be completely cured of infection and 

revert to arrhenotokous reproduction (Hohmann et al, 2001; Stouthamer et al, 1990).  

Exposure to high temperature is also often associated with the production of males and, 

sometimes, intersexes in Wolbachia-infected thelytokous hosts (Arakaki et al, 2001; 

Bowen and Stern, 1966; Pintureau and Bolland, 2001; Stouthamer et al, 1990).  

Furthermore, in some species, maternal rearing at increasing temperatures correlates with 

increased numbers of males and intersexes (Bowen and Stern, 1966; Cabello-Garcia and 

Vargas-Piqueras, 1985), as well as increased masculinity among intersexes (Bowen and 

Stern, 1966). Males and intersexes also appear among the offspring of aging 

Trichogramma females, indicating that age and/or previous egg production plays a role in 

the level of expression of the PI phenotype (Hohmann et al, 2001; Legner, 1985; 

Stouthamer, 1997).  

Antibiotic treatment, exposure to heat, and female aging or oviposition history 

may all lead to reduced numbers of Wolbachia in its host. For this reason, expression of 

Wolbachia-induced reproductive phenotypes has often been attributed to variations in 

host Wolbachia density. The relationship between Wolbachia density and phenotypic 

expression has been most intensely studied in hosts harboring CI-Wolbachia.  However, 
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these studies have yielded mixed results. In some infected hosts, a positive correlation 

between Wolbachia density and CI strength is demonstrated while in other, sometimes 

closely related species, a similar relationship appears to be absent (Jaenike, 2009). There 

have been no investigations into the role of Wolbachia density in expression of the PI 

phenotype in Trichogramma wasps. However, a single study investigating the effects of 

Wolbachia density on fitness traits and sex ratios in the thelytokous parasitoid wasp, 

Muscidifurax uniraptor, found a correlation between proportions of males produced and 

Wolbachia density (Zchori-Fein et al, 2000).  

Here, we explore the relationship between Wolbachia density and expression of 

the PI phenotype in T. kaykai. In this species, we recently found that, amongst the male 

and intersex offspring produced as a result of incomplete PI in aging females, a small 

proportion of males were diploid and the intersexes occurred in both haploid and diploid 

forms, although most were diploid. In this study, we investigate the relationships between 

Wolbachia density, host ploidy, and host phenotype to determine whether Wolbachia 

density plays a role in controlling the mechanisms of gamete duplication and 

feminization involved in the process of parthenogenesis induction in T. kaykai. 

 

Material and Methods 

Origin and maintenance of cultures 

The Trichogramma kaykai culture used in this study was derived from a single 

Wolbachia-infected female collected in May 2004 from near Kelso in the Mojave Desert 

of California. The female emerged from a parasitized egg of the butterfly, Apodemia 
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mormo (Lepidoptera: Riodinidae), removed from the host plant, Eriogonum inflatum 

(Caryophyllales: Polygonaceae) and was used to create a thelytokous, isofemale line 

(KD111) consisting of genetically identical, completely homozygous individuals.  The 

line was maintained in the laboratory in 12 x 75 mm glass culture tubes stopped with 

cotton and incubated at 24°C, L:D = 16:8 and 50% relative humidity . Every 11 days, 

cultures were offered fresh honey and a surplus of irradiated Ephestia kuehniella 

(Lepidoptera: Pyralidae) eggs adhered to small rectangular pieces of card stock using 

double-sided tape (egg cards).  

 

Wolbachia infection status 

Under normal laboratory conditions, the isofemale line of T. kaykai used for this study 

produces predominantly female offspring and the occasional rare male. Thelytoky in T. 

kaykai is associated with infection with Wolbachia (Schilthuizen et al, 1998). Presence of 

the bacterium in our experimental KD111 line was confirmed using a diagnostic 

polymerase chain reaction (PCR) and primers specific for the Wolbachia B strain 16s 

ribosomal RNA gene (Werren et al, 1995).  

 

Effect of heat and age on PI Expression 

Approximately 100 newly emerged, KD111 T. kaykai females were allowed to oviposit at 

room temperature for one hour on two egg cards containing a surplus of E. kuehniella 

eggs. The wasps were then removed and the egg cards were placed into cotton-stopped 

glass culturing tubes. To test the effects of heat on offspring Wolbachia density, one tube 
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containing parasitized eggs was placed in a Fisher Isotemp® water bath (Fisher 

Scientific, Indiana, PA) and incubated at 30.5ºC (Chapter 2). The other was placed at 

normal rearing temperature (24ºC). One day prior to the emergence of the adult offspring 

from the heated and normal temperature treatments, at 6 and 10 days respectively, the 

parasitized eggs were isolated into individual tubes and placed at normal rearing 

temperature (24ºC) for the remainder of the experiment. Upon emergence of the adult 

offspring 25 virgin females were randomly selected from each treatment and isolated in 

individual glass tubes. To test the effects of parental age on offspring Wolbachia density, 

females were given diluted honey and fresh E. kuehniella egg cards daily, and allowed to 

oviposit for 7 days. Egg cards were maintained at 24ºC, L:D = 16:8, and 50% relative 

humidity. Offspring emerging from each daily egg card were examined within 24 hours 

and daily sex ratios recorded. Offspring were then frozen at -80 ºC for future analysis 

using flow cytometry to determine the ploidy level of the individuals. Arcsin square root 

transformed sex ratio data were analyzed using a mixed factorial General Linear Model 

in Minitab 
® 

15 (State College, PA). Treatment was included as a between-subjects 

independent variable and the female, Mom, was included as a random factor nested 

within Treatment. Day of oviposition was included as a within-subjects independent 

variable.  
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Accurate determination of ploidy 

Flow cytometry was used to determine the ploidy of 162 offspring matching the 

following sexual phenotypes: 65 females, 21 intersexes, and 76 males. Since nervous 

tissue has been demonstrated to provide an accurate determination of ploidy in 

Hymenoptera (Aron et al, 2005), tissues extracted from the head were used for DNA 

quantification.  After removing the heads for analysis using flow cytometry, the 

corresponding bodies were immediately placed in 95% ethanol and stored at -20 ºC for 

analysis of Wolbachia density using real-time quantitative PCR (qPCR; see below). Flow 

cytometry samples were prepared by dissecting individual heads of adult T. kaykai and 

chopping with sharp razor blades in a drop of ice-cold Galbraith buffer (Galbraith et al, 

1983). The volume of buffer was adjusted to 0.5 ml by adding Galbraith buffer and the 

sample was filtered through 20 µm nylon mesh filter. 40 µl of Propidium Iodide 

(1mg/ml) was added to each sample and after incubating for at least 1 hour, the mean 

fluorescence of stained nuclei in each sample was determined using a standard Becton 

Dickinson FACscan flow cytometer with a 488 nm Argon ion laser and CELLQuest Pro 

software. The haploid and diploid amounts of DNA in T. kaykai were established using 

the known quantity of DNA in D. melanogaster, 350 Mbp (2C) (Bennett et al, 2003).  

 While flow cytometry is a very accurate method of determining ploidy, the 

procedure using small insects is extremely time consuming and expensive. Moreover, 

qPCR equipment and protocols have become quite common in the molecular laboratory 

while access to flow cytometry equipment remains comparatively restricted.  Therefore, 

we tested whether the ratio of mitochondrial gene copy number to nuclear gene copy 
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number could be used to estimate ploidy in place of flow cytometry (see qPCR below). 

We attempted this method in hopes that there would be a correlation between nuclear and 

mitochondrial copy numbers distinguishable by ploidy based on two alternative notions 

(1) each cell (regardless of ploidy) contains a relatively constant number of mitochondria, 

so that haploids have twice the mtDNA per nuclear copy as diploids, and (2) diploids, 

having twice the DNA, may have higher energy needs, thus more mitochondria per cell.   

 

 

Real-time quantitative PCR to assess Wolbachia density 

To estimate the density of Wolbachia in each wasp, DNA was extracted from individual 

T. kaykai headless bodies. The EDNA HiSpEx tissue kit (Saturn Biotech, Perth Australia) 

was used following the manufacturer’s protocol for extraction from 1 mm
3
 of tissue, but 

halving the volumes of all proprietary solutions to compensate for the small size of the 

wasps. This method of DNA extraction provided the greatest quantity and highest quality 

DNA for quantification using qPCR (unpublished data).  Samples were run on a Rotor-

Gene-3000 real-time DNA analysis system (Corbett Research, Sydney, NSW, Australia) 

using a multiplex reaction designed to target three loci: the single copy 16S ribosomal 

r(DNA) sequence of Wolbachia (Jeong and Stouthamer, 2009); the single copy nuclear 

forkhead gene of Trichogramma kaykai; and, the CO1 mitochondrial gene (mtDNA) of 

Trichogramma kaykai (Table 6.1). Newly designed primers and probes were used to 

target the Trichogramma kaykai genes. Species-specific forkhead primers and probe were 

provided by Gilsang Jeong (unpublished). Development of line-specific CO1 primers and 
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a complimentary probe involved first obtaining a sequence for a section of COI using the 

standard primers LCO1490 and HCO2198 (Folmer et al, 1994).  Primers and probe were 

then designed using the online primer designing tool Primer-BLAST 

(http://www.ncbi.nlm.nih.gov/). This portal uses Primer3 (Rozen and Skaletsky, 2000) to 

design PCR primers and probes, and then submits them to a BLAST search against a 

user-selected database to avoid primer pairs that can cause amplification of targets other 

than the input template.  
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1
2
1
 

Table 6.1. Primers and probes used for multiplex real time qPCR. Final column gives the quantities of each present in the 

multiplex qPCR. 
Target species Target allele Primer/Probe Sequence Final conc. (nM) 

 

Wolbachia 16S WoQf GAAGAAGGCCTTTGGGTTGT 

 

500 

  WoQr AACGCTAGCCCTCTCCGTAT 

 

500 

  WoQp [6FAM]-CAGAAGAAGTCCTGGCTAACTCCGTGC-[BHQ1]  

200 

     

Trichogramma kaykai forkhead FTQf GACCCTCAACGGCATTTATC 500 

  FTQr CTGCTTCGTGAGCAAATCCG 

 

500 

  FTQp [HEX]- 

CATCATGGAACGCTATCCCTACTACCGA-[BHQ1] 

 

200 

     

 CO1 KD111 COI-507r GCTCAAGAAAATAAAGAAACTAATTCA 125 

  KD111 COI-371f GGTCCTTCTGTAGATTTATCAATTTTT 125 

  KD111 CO1- p [Cy5]-TGCTGGGGTTTCTTCAATTATAGGATCA-[BHQ1] 50 
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DNA standards were created by first ligating PCR products for Wolbachia 16S 

rDNA (O'Neill et al, 1992), Trichogramma forkhead nuclear DNA and Trichogramma 

CO1 mtDNA into individual plasmid vectors (pGEM
®

-T Easy Vector System, Promega, 

Madison WI). Plasmids were cloned in JM109 competent cells (Promega) and purified 

using the Wizard
®

 Plus SV Minipreps DNA Purification System (Promega) according to 

manufacturer’s protocols. M13 PCR primers were then used to obtain linear PCR 

amplicons from the plasmid DNA for use as standards (Hou et al, 2010). Amplified 

products were cleaned using the Wizard
®

 PCR Preps DNA Purification System 

(Promega) and DNA concentration was estimated using the NanoDrop ND-1000 

Spectrophotometer (NanoDrop, Delaware).  A 5 point, 10-fold dilution series was 

constructed for each target gene DNA standard ranging from 1 ng/ml to 10
-6 

ng/ml using 

the fluorometric Quant-iT™ PicoGreen
®

 dsDNA Assay kit (Invitrogen, Carlsbad, CA).  

Multiplex qPCR was performed in 20 µl reactions containing 1 X Rotor-Gene Multiplex 

PCR Master Mix (Qiagen), 4 µl template DNA, and the respective quantities of primers 

and probes for each target gene (Table 6.1). Each sample was run in triplicate with the 

following thermocycling profile: hold at 95°C for 5 min followed by two-step cycles of 

15 s at 95 and 20 s at 60 for 45 cycles. A triplicate series of internal DNA standards for 

each target gene was also included in each run.  Initial gene copy numbers for the target 

genes were calculated by comparison to the corresponding standard curve using Rotor-

Gene operating software ver. 6.1 [Build 93] (Corbett Research). The copy number of the 

host nuclear gene (forkhead) was used to normalize estimates of Wolbachia 16s copy 

number. However, since diploids have twice the forkhead copies per cell and haploids are 
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known to have diploid thoracic and other tissues (Aron et al, 2005), corrections were 

made to the calculated forkhead copy numbers prior to normalization. The calculated 

forkhead copy numbers for diploids was reduced by 50%. The mean proportion of diploid 

cells in a haploid T. kaykai body was estimated by flow cytometry to be 0.22 ± 0.05 

(unpublished data) and the calculated forkhead copy numbers for haploids were 

subsequently reduced by multiplying by a correction factor of 0.82. Statistical analysis of 

variance was performed on the data using Minitab
® 

15 (State College, PA) to construct a 

General Linear Model. The model was designed to determine the effects of heat, age, 

phenotype, and ploidy on Wolbachia density in the individual offspring. Therefore, 

Wolbachia density was assigned as the dependent variable and Treatment, Day of 

oviposition, Ploidy, and Phenotype were assigned as independent variables.  

 

 

Test of CO1 as an alternative for estimating ploidy 

To determine if CO1 could be used (in conjunction with forkhead) as an alternative to 

flow cytometry for estimating ploidy, a least squares linear regression was performed 

between the Rotor-Gene generated copy numbers for CO1 and forkhead. Residual 

distances from the calculated best fit regression line were calculated and differences 

between what we already knew were haploid and diploid individuals (based on flow 

cytometry) were investigated using a two sample t-test.  Following this, ploidy (now 

predicted by CO1/forkhead ratios) was revised in our experimental individuals and the 
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dataset reanalyzed. Statistical analysis of variance was again performed on the revised 

data and results were compared with those obtained using known ploidy.  

 

Results 

Effects of heat and age on PI expression 

Heat treatment during development did not influence the sex ratios produced by 

thelytokous KD111 females (Table 6.2 GLM Results). Females reared under heat and 

control conditions produced similar frequencies of males and intersexes (Fig. 6.1). In 

contrast, age had a significant effect on sex ratios (Table 6.2 GLM Results). Overall, 

male production showed a steady increase with increasing oviposition day, but with a 

steep increase between early and late oviposition days (i.e. around day 4; Fig. 6.2). This 

pattern was characteristic of male production by Wolbachia-infected T. kaykai in 

previous experiments (Chapter 3). Intersex production appeared to show a slight, albeit 

non-significant, daily increase (Fig. 6.2).  

Flow cytometry revealed that 19 of the 21 intersexes examined for ploidy were 

diploid. The two remaining intersexes were haploid and appeared in offspring produced 

by two different mothers experiencing different rearing conditions. The haploid intersex 

produced under normal rearing conditions appeared on oviposition day 3 and the haploid 

intersex produced by a mother reared under conditions of heat appeared on day 6.  Four 

diploid males were identified among the 76 male samples. Each diploid male was 

produced by a different mother, 3 by mothers from the heated group and 1 from a mother 

reared under normal conditions. The diploid males were produced on oviposition days 3, 
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4, 5, and 6. As expected based on results from previous studies (Chapters 4 and 5), all 65 

females examined were diploid.   

 

Table 6.2. Statistical results for GLM Repeat Measures ANOVA Model testing the 

effects of Treatment and Day on male and intersex production.  
Variable DF Seq SS Adj SS Adj MS  F P 

Males 

Treatment       1         24.6             6.2         6.2   0.01   0.932 

Wasp within 

Treatment 

    48   47341.6   42211.7   879.4 1.34 0.084 

Day       6   55310.8   55310.8 9218.5  14.07  0.000 

Error   198 129696.2 129696.2   655.0   

Total   253 232373.2     

 

Intersexes 

Treatment       1       130.3            25.4     25.4 0.10 0.748 

Wasp within 

Treatment 

    48   11854.6   12150.2   253.1 1.28 0.124 

Day       6     2954.0      2954.0   492.3 2.49 0.024 

Error   198   39157.5   39157.5   197.8   

Total   253   54096.4     

 

 

Figure 6.1. Mean male and intersex production by virgin Wolbachia-infected thelytokous 

females exposed to heat and reared at normal temperatures during development. Error 

bars represent ± 1 s.e. 
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Figure 6.2. Temporal variation in male and intersex production by virgin Wolbachia-

infected T. kaykai females. Error bars represent ± 1 s.e. 

 

 

Association of Wolbachia Density with Ploidy and Phenotype 

After corrections for ploidy (determined using flow cytometry), the single copy nuclear 

host gene forkhead was used to normalize Wolbachia density, which is expressed here in 

terms of Wolbachia/cell. Wolbachia density was clearly associated with offspring ploidy 

(Table 6.3 GLM Results). On average, diploid cells harbored approximately 7 times more 

Wolbachia than haploid cells, regardless of phenotype. All diploid offspring were 

infected while only 88% (65/74) of haploids were infected. Both haploid intersexes were 

infected. Analysis using all wasps, regardless of ploidy, showed no correlation between 

phenotype and Wolbachia density (Table 6.3 GLM Results). Also, tests between 

phenotypes among wasps of a single ploidy (i.e., haploid males versus haploid intersexes; 

and diploid females versus diploid intersexes and diploid males) showed no significant 
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differences (haploids ANOVA, F1 72, P = 0.231; diploids ANOVA, F2 85, P = 0.832). 

Figure 6.3 illustrates that diploid males and intersexes consistently had Wolbachia 

densities that corresponded with their ploidy. However, Wolbachia densities among 

diploid males or intersexes of a determined ploidy did not appear to cluster together (Fig. 

6. 3).  
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Figure 6.3. Dot plot showing Wolbachia density relative to ploidy and phenotype. 

Diploids clearly have higher Wolbachia density. Aberrant phenotypes (intersexes and 

diploid males) plot consistently with their ploidy but appear randomly distributed within.  

 

 

 

 



128 

 

Table 6.3. Statistical results for GLM ANOVA Model testing the effects of Treatment, 

Day, Ploidy, and Phenotype on Wolbachia density.  
Variable   DF  Seq SS Adj SS Adj MS  F P 

Wolbachia density 

Treatment       1 0.0000006   0.0000000 0.0000000   0.03   0.870 

Day       6 0.0000199 0.0000027 0.0000004   1.65 0.137 

Ploidy       1 0.0000790 0.0000058 0.0000058    21.62  0.000 

Phenotype       2 0.0000015 0.0000015 0.0000007   2.70 0.071 

Error   198 0.0000407 0.0000407 0.0000003   

Total   253 0.0001416     

 

 

Effect of heat and age on Wolbachia density 

Just as developmental exposure to heat did not significantly affect sex ratio production by 

Wolbachia-infected females, mean Wolbachia density did not vary significantly between 

offspring produced by mothers reared under normal and high temperature conditions 

(Table 6.3 GLM Result). Also, analyses using all wasps indicated a significant negative 

relationship between the mother’s oviposition day and Wolbachia density in the offspring 

(Table 6.3 GLM Result). Since mothers produced higher proportions of diploid offspring 

on early oviposition days, offspring proportions examined for Wolbachia density were 

skewed by day, ranging from 92% diploids (23/25) on day 1 to 38% diploids (8/21) by 

day 7. Therefore, we examined the effect of oviposition day on Wolbachia density in 

offspring grouped by ploidy. Among diploids, Wolbachia density did not show a 

significant decrease with time (ANOVA, F6 81, P = 0.243), nor did the density among 

haploids (ANOVA, F6 67, P = 0.194).    
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CO1 as an alternative for estimating ploidy 

There was a significant relationship between CO1 and forkhead copy numbers (P < 

0.001, r
2
 = 58.9%; regression equation, COI copy number = 0.0398forkhead copy number 

- 10320214). A comparison of calculated residuals for haploids and diploids found them 

to be significantly different (two-sample t-test: t = 6.69, P < 0.001), with diploids 

typically having a positive residual value (falling above the regression line) and haploids 

a negative value (below the regression line). When the offspring corresponding with 

residuals above and below the regression line were respectively assigned as diploids and 

haploids, and compared with their known ploidy, the method was determined to assign 

ploidy with approximately 70% accuracy. Interestingly, while approximately equal 

proportions of haploid males (20/72), and diploid females (21/64) and intersexes (4/19) 

were mis-assigned, three of the four diploid males were mis-assigned.  

 Reanalysis of the data after correction for newly assigned ploidy (determined 

using CO1 method) and normalization of Wolbachia density, yielded qualitatively similar 

results compared to those achieved using the flow cytometry data.  Again, Wolbachia 

density in heat and control groups showed no significant variation (ANOVA, F1 151, P < 

0.982), while density decreased significantly over time (ANOVA, F6 151, P < 0.001). 

Also, Wolbachia density was clearly associated with offspring ploidy (ANOVA, F1 151, P 

= 0.005) and phenotype (ANOVA, F2 151, P < 0.001). Post hoc Tukey tests comparing 

mean Wolbachia densities between the phenotypes also showed that intersexes and 

females were statistically similar (P = 0.306) and significantly different from male 

densities (P = < 0.001).  
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Discussion 

Bacterial density has been shown to play a role in the strength of the reproductive 

phenotypes induced by Wolbachia in several of its arthropod hosts (reviewed in Jaenike 

2009). Furthermore, several factors such as antibiotics, temperature, and age are often 

able to influence bacterial titer, thus contributing to the expression of Wolbachia-host 

effects (Jaenike, 2009; Tortosa et al, 2010; Weeks et al, 2002; Wiwatanaratanabutr and 

Kittayapong, 2009). Under normal laboratory rearing conditions, thelytokous T. kaykai 

typically display strong PI, characterized by the production of all-female broods from 

unfertilized eggs. However, when infected females are allowed to oviposit for several 

days, haploid and diploid males and intersexes appear among the offspring. We examined 

the role of Wolbachia density in the fidelity of parthenogenesis induction in T. kaykai by 

comparing bacterial density with the ploidy and phenotype of offspring produced under 

conditions known to interfere with PI expression in Trichogramma species (heat and 

aging).  

In the present study we used qPCR to quantify Wolbachia density in the various 

offspring types and flow cytometry to accurately determine ploidy. However, since DNA 

analysis using flow cytometry, while very accurate, can be quite costly and time 

consuming, we also investigated an alternative method of assigning ploidy using the 

relationship between the relative quantities of nuclear and mitochondrial DNA in each 

host wasp. We found this method of assigning ploidy to be approximately 70% accurate 

(in comparison to flow cytometry) and when substituted into our analyses it yielded 

qualitatively similar overall results regarding Wolbachia density in relation to ploidy, 
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phenotype, temperature, and aging. However, the CO1 method of ploidy assignment mis-

assigned several intersexes and 3 of 4 diploid males so that, it would be impossible to 

determine fine scale variation in density associated with phenotypes, particularly diploid 

males. Therefore, the error associated with the CO1 method of ploidy assignment was too 

great to substitute for flow cytometry in the present study. However, it may prove a valid 

method for determining ploidy in other haplodiploid species. The discussion henceforth 

will consider only the results obtained using ploidy determination through flow 

cytometry. 

Our results show that the density of Wolbachia harbored by an adult thelytokous 

T. kaykai wasp is strongly correlated with its ploidy. Diploid offspring, regardless of 

phenotype, harbored approximately 7 times the mean Wolbachia density of haploids. As 

demonstrated in previous studies (Chapter 3, Hohmann et al, 1999), heat again did not 

affect expression of the PI phenotype in T. kaykai. Nonetheless, we quantified Wolbachia 

density in offspring produced by heat-exposed mothers and found that heat also has no 

effect on in-host density. The resistance to heat effects on sex ratio production and 

Wolbachia density is interesting since other Trichogramma species have shown an 

increase in male production in association with maternal rearing at high temperatures.  

Moreover, heat exposure for several generations has even been known to cure some 

Trichogramma species of their Wolbachia infection (Stouthamer et al, 1990).  However, 

the natural geographic range inhabited by T. kaykai, the Mojave Desert (where 

temperatures regularly exceed 38°C), may explain the resistance to heat effects observed 

in this particular species.  
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Aging is known to correlate with higher proportions of males and intersexes in 

Wolbachia-infected T. kaykai (Hohmann et al, 2001, Chapter 3, Stouthamer, 1997). Our 

results, examining all offspring produced daily, demonstrate a negative association 

between Wolbachia density and oviposition day. This association is expected since the 

proportion of haploid males, harboring much less Wolbachia, rises with increasing 

oviposition day.  However, comparisons of Wolbachia density among wasps of a single 

ploidy surprisingly showed no significant decrease with time. Also, apart from their 

associated ploidies, there appeared to be no association between Wolbachia density and 

sexual phenotype. Bacterial concentrations in diploids that developed as males were no 

higher than in diploid intersexes or females, and haploid males did not exhibit lower 

densities than haploid intersexes.  

 At first glance, these results would suggest that Wolbachia density is responsible 

for triggering gamete duplication in thelytokous T. kayaki, but that the feminizing 

mechanism must be managed through some other method. However, one must use 

caution when extrapolating the density reported from an adult wasp to the density 

occurring in a single Wolbachia-infected egg. Gamete duplication occurs in the first 

mitotic division within the egg and, while it is very likely that the sizable difference in 

bacterial density seen between haploid and diploid adults is reflective of the initial titer in 

the egg, it does not necessarily indicate a causal relationship. Furthermore, there are 

many cellular divisions and physiological processes occurring between the egg and adult 

stages. A recent study investigating the effects of host sex and age on Wolbachia 

dynamics demonstrated a rapid decay in bacterial density in males (Tortosa et al, 2009). 
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Though unlikely, it is possible that the differential Wolbachia densities exhibited by 

haploids and diploids in this system are actually a function of differential proliferation 

influenced by the ploidy of the organism.  

Just as one must use caution when interpreting a sizeable difference in bacterial 

density in an adult to be a causal mechanism for gamete duplication in an egg, one must 

also use care before rejecting a role for Wolbachia density in feminization simply 

because the relationship is not clear in the adult. The range of Wolbachia density required 

to initiate or otherwise control feminization in the developing embryo may simply have a 

narrower threshold density than that required to stimulate gamete duplication. 

Differences in sexual phenotypes among members of the same ploidy, say between 

diploid females and diploid intersexes, would most likely be lost during the 

developmental processes.   

However, an evaluation of previous studies and current advances in parasitoid sex 

determination and Wolbachia-host interactions, points to a role for bacterial density in 

both mechanisms involved in the induction of parthenogenesis in Wolbachia-infected T. 

kaykai. Investigations into the mechanisms of Wolbachia-induced CI in Drosophila 

illustrate a direct interaction between Wolbachia in the egg cytoplasm and spindle 

microtubules involved in chromosome segregation during mitosis. In mature eggs of 

Trichogramma spp. and other Wolbachia-infected hosts, Wolbachia localize at the 

posterior pole of the egg before disseminating through the cytoplasm (Stouthamer and 

Werren, 1993; van Vugt et al, 2003). Wolbachia use the host microtubule network for 

locomotion throughout the cell (Ferree et al, 2005; Tram et al, 2003). In thelytokous M. 
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uniraptor, Wolbachia also associate with the microtubules of the mitotic spindles— as 

early as the first mitosis. Then, during early embryogenesis, Wolbachia are seen 

interacting with the condensed chromosomes within the syncitium (the uncellularized 

blastoderm) (Riparbelli et al, 1998).  Recent work by Landmann et al (2009) shows 

Wolbachia causes CI by manipulating deposition of histone H3.3/H4 on the sperm 

pronucleus resulting in delayed chromosome condensation and failed segregation. 

Histone modifications of chromatin structure are often involved in regulating 

transcription of imprinted (methylated) DNA (Sha, 2008).  

These cell-Wolbachia dynamics are interesting in light of the mechanism of sex 

determination recently proposed for Nasonia vitripennis, the model system for studying 

sex determination in parasitoid wasps. Under the proposed mechanism, sex in N. 

vitripennis is determined through a combination of maternal imprinting and maternal 

effects. Female development requires a threshold amount of N. vitripennis transformer 

(Nvtra) mRNA, which is placed into the egg by the mother and is also transcribed in 

fertilized eggs. Transcription does not occur in unfertilized eggs containing only the 

maternal chromosome complement since imprinting blocks the maternally derived Nvtra 

allele. Thus, only fertilized eggs achieve the required threshold level of NVTRA to cause 

female development (Verhulst et al, 2010).  

It is proposed that T. kaykai exhibit a similar mechanism of sex determination, 

which is able to be manipulated by Wolbachia to induce thelytoky through a two-step 

mechanism of gamete duplication and feminization (Chapter 4). We maintain that both 

processes in this mechanism are likely dependent on Wolbachia density, with 
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feminization exhibiting a much finer scale threshold than gamete duplication. We 

propose a model in which Wolbachia interaction with spindle microtubules during the 

first mitotic anaphase causes segregation failure and thus gamete duplication. The model 

is density dependent because the posteriorly localized Wolbachia must move to the 

anteriorly located egg nucleus in order to interact with the mitotic spindle prior to 

completion of the first mitotic division (Stouthamer and Werren, 1993). Since the host 

microtubule network used by Wolbachia for locomotion throughout the cell does not 

organize until cell activation, upon oviposition or fertilization, high Wolbachia density is 

required to ensure that some bacteria are able to reach and interact with the mitotic 

spindle microtubules to induce gamete duplication. 

According to our model, feminization will occur during the first few mitoses 

while significant expression of zygotic genes has not begun (Pultz et al, 2005). 

Wolbachia disseminated throughout the egg cytoplasm on the hosts microtubule network, 

will interact with nuclei as they are encountered and regulate transcription of the 

maternally imprinted tra allele by histone modification. This mechanism relies on an 

adequate density of Wolbachia filling the egg and increasing the chance that Wolbachia 

will encounter the first two sets of diploid nuclei while they are vulnerable to histone 

modification. Most eggs containing a density of Wolbachia sufficient for inducing 

gamete duplication have large numbers of Wolbachia and the Wolbachia have, by this 

point, had ample time for locomotion throughout the egg cytoplasm and interaction with 

all dividing nuclei. Therefore, most diploid eggs will become fully feminized. In some 

cases in which Wolbachia density is near the upper threshold, bacterial numbers, or 
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locomotion efficiency, may be low enough that Wolbachia are unable to reach the first 

two sets of dividing nuclei, or incomplete histone modification occurs. In such cases, 

Wolbachia have only a few more opportunities to interact with condensed nuclei since it 

appears the microtubule networks only persist for up to four cell cycles (Riparbelli et al, 

1998).  If sufficient Wolbachia is not present (and properly localized), to modify all 

chromosomes, a diploid intersex will result. This model is consistent with intersex 

patterning seen in T. kaykai in which many intersexes exhibit some degree of 

masculinization on the head region, particularly the antennae which, according to a 

blastoderm fate map for the wasp Habrobracon hebetor, correspond to the portion of the 

blastoderm farthest from the posterior pole where the Wolbachia are localized initially 

(Petters, 1977).  Diploid males and haploid intersexes would occur as anomalies when 

Wolbachia density is low, but stochastic processes occur that allow sufficient interaction 

with the mitotic spindle microtubules to induce gamete duplication, but too few bacteria 

are present to locate nuclei for histone modification. Alternatively, gamete duplication 

may be missed but Wolbachia are subsequently able to modify some of the dividing 

nuclei. The absence of haploid females as a result of incomplete parthenogenesis 

induction in T. kaykai can be explained by a reduced transcriptional activity at the histone 

modified loci (Li et al, 2007). A diploid set of modified chromosomes is needed to fully 

induce feminization.  
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Chapter 7: 

Summary 

 

Members of the insect order, Hymenoptera, exhibit a haplodiploid genetic system in 

which, generally, males are haploid and females are diploid. The most common mode of 

reproduction in this group is arrhenotoky whereby haploid males develop from 

unfertilized eggs and diploid females arise from fertilized eggs. The only well described 

mechanism of hymenopteran sex determination is single locus-Complementary Sex 

Determination (sl-CSD). According to this mechanism, sex is determined by multiple 

alleles at a single sex determining locus. Individuals heterozygous at the sex determining 

locus become female while homozygous or hemizygous individuals develop as males 

(Beye et al, 2003). Inbreeding under sl-CSD results in regular diploid male production 

which often poses a genetic load on the population since diploid males generally show 

some degree of reduced viability and/or are effectively sterility (de Boer et al, 2007; 

Petters and Mettus, 1980; van Wilgenburg et al, 2006; Whiting et al, 1961; but see 

Cowan and Stahlhut, 2004; Elias et al, 2009).  

Parasitoid wasps in the superfamily Chalcidoidea have evolved an alternative 

mechanism of sex determination under which diploid males do not appear even under 

conditions of extreme inbreeding or complete homozygosity (Cook, 1993; Stouthamer 

and Kazmer, 1994; Whiting, 1960). Thelytokous parthenogenesis, the production of all-

female offspring (and sometimes rare males) from unfertilized eggs, is a common mode 

of reproduction among chalcidoid wasps and is often associated with infection by 
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intracellular bacteria (Koivisto and Braig, 2003). The most common thelytoky inducing 

microbe is Wolbachia, which induces the parthenogenetic production of diploid 

homozygous females from unfertilized eggs (Stouthamer and Kazmer, 1994).  

Chalcidoid wasps in the genus, Trichogramma, usually exhibit arrhenotoky, 

however, several species are associated with parthenogenesis-inducing (PI) Wolbachia, 

which causes a shift to thelytokous reproduction (Stouthamer et al, 1990). In 

Trichogramma spp., Wolbachia induces gamete duplication as unfertilized eggs undergo 

diploidization in the 1
st
 mitotic division but fail to separate at anaphase (Stouthamer and 

Kazmer, 1994). It has long been presumed that the resulting homozygous offspring then 

develop as diploid females as the host sex determining system responds to the diploid 

state of the embryo. However, very little is known about the mechanisms governing 

alternative, non-CSD sex determination in chalcidoid wasps. Female development under 

Wolbachia-induced thelytoky appears to be inconsistent with the most probable 

mechanism of sex determination for this group: imprinting of the maternally derived sex 

allele and the requirement of a functioning paternal complement for female development 

(Verhulst et al, 2010). That is, of course, unless Wolbachia plays a more intimate role in 

sex determination than previously believed.  

The studies presented in this dissertation manipulated Wolbachia infection in 

Trichogramma kaykai to investigate mechanisms of host sex determination and the extent 

of the role of Wolbachia in parthenogenesis induction. T. kaykai is one of several species 

of Trichogramma that can be cured of Wolbachia infection and reverted to arrhenotokous 

reproduction with simple antibiotic treatment (Stouthamer et al, 1990). Thus, genetically 
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identical homozygous thelytokous and arrhenotokous isofemale lines were established, 

allowing a unique opportunity for comparison.  

The production of intersexes and males by thelytokous Trichogramma was 

integral to investigations into sex determination and the action of Wolbachia undertaken 

in this dissertation. Chapter 2 focused on details of intersex production: patterns in the 

appearance of intersexes and the intersexual characters within individuals were 

examined; inter- and intra-specific differences in intersex production were examined; and 

11 morphotypes ranging from anteriorly slightly masculinized to posteriorly very 

masculinized were described for T. kaykai.  Genetic analysis using flow cytometry 

confirmed that the intersexes were of a single genetic constitution and, in fact, true 

intersexes as opposed to genetic mosaics (Chapter 4). This finding, combined with the 

identification of diploid males among the normally haploid male offspring produced by 

Wolbachia-infected T. kaykai, provided the first direct evidence for a two-step 

mechanism of Wolbachia-induced parthenogenesis, requiring both gamete duplication 

and feminization.  

Examinations of the reproductive functionality of diploid males produced by 

thelytokous T. kaykai revealed that, while diploid males experienced greatly reduced 

reproductive success, some males were at least partially fertile (Chapter 5). 

Arrhenotokous females mated with sexually functional diploid males produced only 

haploid sons and triploid daughters.  These results, combined with the complete lack of 

intersexes and diploid males in the absence of Wolbachia (Chapters 3, 4 & 5), point to a 

mechanism of sex determination consistent with the imprinting model recently proposed 
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for Nasonia vitripennis. This model invokes the requirement of a paternally derived sex 

allele to compensate for an imprinted maternally derived allele in order to induce female 

development (Verhulst et al, 2010). These results also provide further support for the 

two-step mechanism of parthenogenesis induction by Wolbachia in which the bacterium 

is required to induce feminization subsequent to gamete duplication since the resulting 

diploid embryo lacks a paternal complement of chromosomes. 

Variability in the expression of parthenogenesis, as seen by the production of 

varying proportions of males and intersexes, was found to occur through a complex 

interaction between Wolbachia, its host, and the environment (Chapter 3).  Host genetic 

background, host age, and to a lesser extent heat, were all determined to be significant 

modulating factors in the expression of thelytokous parthenogenesis in Wolbachia-

infected T. kaykai. Investigations into the relationship between bacterial density and 

expression of Wolbachia-induced parthenogenesis showed a positive correlation between 

density and the ploidy of the host wasp, with diploids harboring on average 

approximately 7 times more Wolbachia per cell than haploids (Chapter 6).  A relationship 

between density and sexual phenotype (male, female, intersex) was not clearly visible. 

However, in light of previous studies and current advances in both parasitoid sex 

determination and Wolbachia-host interactions a density/localization model was 

developed for both mechanisms (gamete duplication and feminization) involved in the 

induction of parthenogenesis by Wolbachia  in a system with an imprinting mechanism of 

sex determination, i.e. that of Trichogramma.  
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Continued investigations using intersexes and diploid males produced by 

Wolbachia-infected thelytokous parasitoids may provide valuable information regarding 

the details of sex determination and differentiation in Trichogramma and other chalcidoid 

wasps. Such studies may also reveal the interactions between Wolbachia and its 

parasitoid hosts that allow the manipulation of host reproductive processes and result in 

thelytokous parthenogenesis. Comparisons of methylation patterns between Wolbachia-

infected and uninfected wasps may prove valuable in confirming both the involvement of 

an imprinting mechanism in sex determination and the manipulation of imprinting by 

Wolbachia (Negri et al, 2009). The precise role of density in controlling the mechanisms 

of gamete duplication and feminization can be better ascertained through experiments 

comparing bacterial levels during various stages of development. Furthermore, studies 

allowing visualization of the interactions between Wolbachia and the host cell structure 

through techniques such as live organism analysis using time-lapse scanning confocal 

microscopy (Albertson et al, 2009) may reveal key interactions involved in the processes 

of gamete duplication and feminization. Details regarding sex determination and 

differentiation and the mechanisms by which Wolbachia manipulates these processes will 

advance our understanding of the evolution of host reproductive and sex 

determining systems, and the contributions of reproductive parasites in shaping them. 
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