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Chapter 1
Introduction
Sexual development is one of the most important and widespread developmental
processes that essentially entails one simple choice: becoming male or female. Al-
though this might suggest a common underlying genetic mechanism, an astound-
ingly diverse array of pathways regulates sex determination. All these pathways
have a common build-up; they consist of a cascade of hierarchically organized
genes. The cascade starts with a primary signal that initiates the pathway for
either male or female development. This primary signal is transmitted through
an array of genes that ends with the most downstream gene which is the key reg-
ulator for all the developmental genes involved in dimorphic sexual development.

In this introduction an overview of the genetic basis of sex determination of
a number of organisms will be given, with a focus on insects, starting with the
primary signals and ending with the master switch gene, doublesex (dsx). The sex
determination cascade of the fruit fly Drosophila melanogaster will be discussed
in detail because this cascade has been resolved almost completely and has served
as reference for a large number of other insects, in particular flies (Diptera).

Much progress in sex determination research has been made in parallel to my
project that started in 2006 and this knowledge has complemented the results
described in this thesis. In this introduction I will summarize the knowledge
of sex determination available at of the start of my project in 2006, to explain
the approach that I chose. In the Chapters that follow, I will present the experi-
ments that I performed with Nasonia and, additionally, I will discuss the relevant
new information on sex determination that was published for other species in the
meantime. In the discussion (Chapter 6), I will summarize all relevant current
knowledge on sex determination in insects and integrate it with the acquired
knowledge of the genetic basis of sex determination of Nasonia.

Primary signals

Mechanisms of sex determination were unknown until the early 20th century,
when McClung found in Orthoptera that in males one particular chromosome
did not have a homologue during meiosis and that this feature was related to
the mechanism of sex determination (McClung, 1902). This phenomenon is now
known as the XX/XO sex determination system which is found in a number of
different insect species, including grasshoppers and crickets. The sex determin-
ing system found in humans and all other mammals is based on the XX/XY sys-
tem, in which XX individuals have two homologous sex chromosomes and develop
as female and XY individuals develop as male. In most mammals the testis-
determining gene sry, which is located on the heteromorphic Y-chromosome, is
responsible for male development of the gonads which then imposes sexual dif-
ferentiation through hormonally regulated development (Sinclair et al., 1990).

9



Chapter 1

It is surmised that all vertebrates conform to this general model in which sex
determination is set for the entire soma and not on a cell to cell basis (cell au-
tonomously). A comparable, but essentially different principle is found in many
insects, where a dominant factor, M, on the Y-chromosome determines maleness
(Dübendorfer et al., 1992; Willhoeft and Franz, 1996), albeit on a cell autonomous
level as is the case in all insects (at least in somatic tissues). In some natural pop-
ulations of houseflies (Musca domestica), the chromosomes of males and females
are indistinguishable and the M factor is present on an autosome which renders
that chromosomal pair as the (neo) sex chromosomes (Inoue and Hiroyoshi, 1986;
Willhoeft and Traut, 1995). The chromosomal difference between the two sexes
that is responsible for sexual differentiation is considered the primary signal of
the sex determination pathway.

The fruit fly Drosophila melanogaster also has male heterogamety: females
are XX and males are XY. In the 1920’s it was established that the Drosophila pri-
mary signal relied on the ratio of X-chromosomes to autosomes (X:A ratio) rather
than on a dominant male determining factor on the Y (Bridges, 1921). This was
based on the observation that triploid flies, having two X-chromosomes but three
autosome sets (2X:3A), developed as sexual mosaics. This led to the model of
the X:A ratio as the balance between a set of X-linked “numerator” proteins and
autosomally encoded “denominator” proteins. The numerator proteins promote
female development while the denominator proteins counteract the numerator
proteins. However, only one relatively weak denominator element exists, dead-
pan (dpn), which is not enough to counteract the numerator proteins: sisterless-a,
sis-b (scute), sisterless-c and runt (Cline, 1993; Cline and Meyer, 1996). A recent
study confirmed that it is the X-chromosome dose that determines sex and not
the presence of a Y-chromosome per se or the number of autosome sets (Erickson
and Quintero, 2007).

For the roundworm Caenorhabditis elegans, another species for which the
sex determination mechanism has traditionally been well studied, it is still as-
sumed that the X-chromosome to autosome ratio (X:A) determines sex: females
are 2X:2A and have a ratio of one, whereas males are X:2A and have a ratio of
0.5 (Cline and Meyer, 1996). The above information shows that primary signals
that rely on similar chromosomal constitutions (i.e. male heterogamety) may be
processed differently at the molecular level, adding to the complexity in sex de-
termining processes.

Males are not always the heterogametic sex. In the ZW sex determining sys-
tem, which can be found in birds, butterflies and some other organisms (Bull,
1983), the situation is reversed with females being heterogametic (ZW) and males
homogametic (ZZ). Relatively little is known about sex determination in these
cases. A gene located on the W chromosome determines femaleness in e.g. the silk
moth Bombyx mori (Abe et al., 2005). In chickens, instead of a feminizing gene
on the W chromosome, a testis-determining gene, doublesex and mab-3-related
transcription factor 1 (Dmrt1), on the Z chromosome has been found (Smith et al.,
2009). Recently, the study of three chicken gynandromorphs (partly male, partly
female) demonstrated that (in chickens), somatic sex is determined in a cell au-
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General Introduction

tonomous manner and not dependent on sex hormones, which contradicts the
general vertebrate model as described earlier. Instead, cell-autonomous sex iden-
tity is imposed early in development by sex chromosome transcription and the
cells then react to the sex hormones in an independent manner based on their
sexual identity (Zhao et al., 2010).

In species of the Sciara genus (fungal gnats), sex is determined by a mecha-
nism of sex chromosome elimination that occurs after fertilization (Metz, 1938).
All zygotes start with a 3X:2A composition, then either one or two paternal X
chromosomes are lost and the zygote develops as a female with 2X:2A or a male
with X:2A. In coccids a similar system is operating causing all paternal chro-
mosomes to be eliminated (lecanoid coccids) or heterochromatisized (diaspidoid
coccids) in embryos which will then develop as males. These males are either
functionally or structurally haploid while the females remain diploid (reviewed
in Sánchez, 2008).

The blowfly Chrysomya rufifacies has a system in which maternal sex determi-
nation plays a principal role because no heteromorphism of the sex chromosomes
exists. Instead, the genotype of the mother determines the sex of the offspring.
Females that are heterozygous F’f (termed thelygenic), encode a dominant or
epistatic female sex realizer that has a sex-predetermining effect. This F’ fac-
tor accumulates in the oocytes during oogenesis and imposes female development
on the zygotes derived from them. Females that are homozygous for the reces-
sive allele f (arrhenogenic) do not encode this maternal factor and produce male
offspring which are homozygous for f (Ullerich, 1973). The F’ factor is located
on chromosome V that genetically acts as a X’X-XX sex chromosome system (Ul-
lerich, 1975) resulting in females being the heterogametic sex.

All of the above discussed sex determining systems relate to diploid organ-
isms and rely to some degree on the heterogamety of sex chromosomes. An-
other prevalent mode of reproduction is haplodiploidy, which can be found in pin-
worms (Oxyurida), beetles (Xyleborini and Drycoetini tribes), thrips (Thysanop-
tera), mites (Acari) and all members of the order Hymenoptera (>200,000 species
of sawflies, bees, ants, and wasps) (Normark, 2003). In haplodiploid organisms,
males develop from unfertilized eggs and are haploid, whereas females develop
from fertilized eggs and are diploid. This implies that males are always hem-
izygous for all chromosomes. This mode of reproduction was first discovered for
the honeybee Apis mellifera by Dzierzon (1845). Until recently, knowledge about
sex determining signals in haplodiploid species was limited to complementary sex
determination (CSD) in which sex is determined by the allelic state of the com-
plementary sex determiner (csd) locus. Although CSD has been inferred for over
60 hymenopterans (van Wilgenburg et al., 2006), the csd gene has thus far been
characterized in the honey bee only (Beye et al., 2003). Due to the multitude of
csd alleles, diploid individuals are mostly heterozygous for this locus which leads
to female development whereas haploid individuals are hemizygous which leads
to male development. Homozygosity at the csd locus results in diploid male devel-
opment, which happens under inbreeding because inbreeding leads to an increase
of homozygosity in general. Under single locus CSD (sl-CSD) homozygosity at the
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CSD locus can happen fairly quickly depending on population size and the num-
ber of segregating csd alleles. In some hymenopteran species multi-locus CSD
(ml-CSD) is found (De Boer et al.,2008). In this system multiple loci, each with
two or more alleles, determine the sex (Snell, 1935; Crozier, 1971). Females are
heterozygous at one or more loci, while males are hemizygous or homozygous for
all loci. Increasing numbers of loci and alleles reduce the rate of diploid male
production in populations. Remarkably, a CSD mechanism of sex determination
is not ubiquitous for all hymenopterans (Cook, 1993), since many species, i.e.
parasitoids, are recurrent inbreeders in nature but still produce female biased
offspring ratios (Bull, 1983) and no diploid males .

Doublesex
Sex determination cascades share some general features throughout different
taxonomical groups. A primary signal initiates a cascade of regulatory genes
ending with a master switch to set the choice for sex development. This master
switch regulates genes involved in establishing male or female morphology, be-
havior and other sex-specific traits. The role of the transcription factor doublesex
(dsx) as master switch at the bottom of the sex determining cascade was first de-
scribed in D. melanogaster (Baker and Wolfner, 1988; Burtis and Baker, 1989). It
has subsequently been identified in the dipterans Ceratitis capitata (Saccone et
al., 1996), Bactocera tryoni (Shearman and Frommer, 1998), Megaselia scalaris
(Kuhn et al., 2000), Musca domestica (Hediger et al., 2004), Bactrocera oleae (La-
gos et al., 2005), Anastrepha obliqua (Ruiz et al., 2005) and Anopheles gambiae
(Scali et al., 2005) and in the lepidopteran Bombyx mori (Ohbayashi et al., 2001).
In all investigated species dsx is sex-specifically spliced to produce male and fe-
male specific mRNAs that are translated into male or female specific DSX pro-
teins. Male specific splicing is the default process while female specific splicing
depends on the presence of specific splicing factors. Only in B. mori, but based
upon little information, the female specific splicing is considered to be the default
splicing mode (Suzuki et al., 2001).

Dsx belongs to a class of DM domain encoding genes that appear to be con-
served outside the insect class and possibly regulate sex determination in both
vertebrates (Suzuki et al., 2001) and invertebrates (Hodgkin, 2002). The DSX
protein is characterized by two functional domains: the DM domain (or OD1),
which is an N-terminal DNA binding domain, and a C-terminal dimerization do-
main (DSX dimer or OD2). The DM domain is a zinc module, with conserved
amino acid residues for zinc chelating and promoter binding (Zhu et al., 2000).
The DSX dimer is an alpha-helical motif which, by promoting dimerization of
DSX, enhances DNA recognition by the DM-domain (Bayrer et al., 2005). Strong
conservation of the DM domain exists between D. melanogaster DSX (DmDSX)
and the sex determining protein MAB-3 in the nematode C. elegans. Function of
the gene in these divergent organisms is sufficiently conserved so that Dmdsx can
partially rescue male-specific development in mab-3 deficient worms (Raymond et
al., 1998). Furthermore, the mammalian Dmrt1 gene transcribes a DM domain
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protein that is differentially expressed in testis, and the effect of mutations in
this gene suggests that it plays an important role in male sexual differentiation
(Raymond et al., 2000).

In conclusion, dsx is a conserved gene and may be involved in sex determi-
nation of all insect species. However, as discussed below, the upstream genes of
dsx that relay the primary signal to dsx appear to be more diverse among insect
species.

Insect sex determination cascades

Primary signal
(e.g. XX / XY)

Signal transferring 
genes

Master switch

♂
development

♀
development

Figure 1.1: General composi-
tion of a sex determination cas-
cade.

The insect class harbors a wealth of species that
show a wide range of different sex determining
cascades (Nöthiger and Steinmann-Zwicky, 1985).
Using Drosophila as an example, the general com-
position of a sex determining cascade involves mul-
tiple steps, starting with the primary signal that
transmits its signal to one or multiple “signal”
genes which then transmit the signal to the master
switch (Schütt and Nöthiger, 2000) (Fig. 1.1). For
female development, the primary signal, a twofold
X-chromosome dose of X-linked signal elements,
emits a signal to Sexlethal (Sxl) by promoting fe-
male specific splicing of Sxl. Although Sxl is con-
served in structure in insects (Müller-Holtkamp,
1995; Sievert et al., 1997; Meise et al., 1998; Sac-
cone et al., 1998; Serna et al., 2004; Lagos et
al., 2005; Traut et al., 2006), only in the genus
Drosophila has Sxl been recruited into the sex de-
termining pathway (Bopp et al., 1996). This female
specific splicing of Sxl, results in a SXLF protein that emits a signal to the down-
stream gene transformer (tra) by promoting female specific splicing of tra mRNA.
Then traF acts together with transformer-2 (tra-2) to transmit the signal to dsx by
promoting female specific splicing of dsx mRNA. For male development, a single
X-chromosome dose is not sufficient to emit a signal to Sxl resulting in a default
male specifically spliced Sxl transcript that contains an early in-frame stop codon.
Now, SXL protein is not able to transmit this signal to tra which results in default
male specific splicing of tra with again an early in-frame stop codon. Tra is now
unable to transmit the signal to dsx resulting in default splicing of dsx which pro-
duces a male specific transcript. This cascade involves multiple steps, starting
with the primary signal that transmits to one or multiple “signal” genes which
then transmit the signal to the master switch. The evolution of such a cascade
has been puzzling scientists for many years.

Wilkins developed a hypothesis for the evolutionary origin of the wide range
of sex determining cascades (Wilkins, 1995). It states that sex determining cas-
cades evolved in reverse order: from the final step in the cascade up to the first.
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Such a complex pathway evolves by successive selective steps in which each step
has a positive selective value. Selection for an optimal sex ratio is considered to
be the driving force, i.e. if the sex ratio shifts due to a change in conditions to an
unfavorable range, selection will favor the minority sex (Wilkins, 1995). In case
of D. melanogaster, the ancestral state of dsx may have been the default male dsx.
The activity of this early pathway may then have been biased towards male pro-
duction and a new splicing mechanism that promoted the female specific splicing
of dsx would have been selectively favored. Pomiankowski et al. (2004) further re-
fined this model on the evolution of the Drosophila sex determining pathway and
assumed that in the ancestral state control of sex determination was through het-
erogamety at the dsx locus. Males were heterogametic dsxM / dsx+ with the dom-
inant dsxM always producing a male specific DSX. Females were homogametic
dsx+ / dsx+ and only produced female specific DSX upon regulated splicing. A
transformer+ (tra+) allele produced TRA protein in both sexes, and acted as a fe-
male splice enhancer to dsx+ but not to dsxM. A mutation creating a stop codon in
exon 2 of the tra transcript (traS) would be favorable for males that are homozy-
gous for traS, because dsx+ cannot be spliced to female dsx by TRAS. In this way
males would only have DSXM and no DSXF. Simulations showed that this could
eventually lead to elimination of dsxM and to evolution of female heterogamety
for traS/tra+ (Pomiankowski et al., 2004). Now dsx+ is spliced by default in DSXM

with traS/traS while traS/tra+ females splice dsx+ into DSXF. In this model the
bottom switch gene arises first, the genes controlling the switch evolve because
of this positive selection on the minority sex. This is supported by the fact that
in insects the primary sex determining signal shows a lot of variation between
different species, but towards the bottom, at the level of dsx, the cascades show
increasing conservation (Marı́n and Baker, 1998; Raymond et al., 1998; Graham
et al., 2002).

Diptera: D. melanogaster

Insect sex determination has been extensively examined in Drosophila melano-
gaster (Nöthiger and Steinmann-Zwicky, 1985; Baker, 1989; Schütt and Nöthiger,
2000) and has served as a reference for all other insects (Graham et al., 2002;
Shearman, 2002; Pane et al., 2005). A study in 2007 has redefined the primary
signal in Drosophila (Erickson and Quintero, 2007).

In Drosophila, the upstream genomic region of Sxl contains two promoters:
pestablishment (pe), which is the early promoter, and pmaintenance (pm), which is the
late promoter. The primary signal is based on the concentration of X-linked signal
elements (XSE) that activate the early Sexlethal (Sxl) promoter in diploid XX
individuals only (Sánchez and Nöthiger, 1983; Parkhurst et al., 1990; Penalva et
al., 1996; Erickson and Quintero, 2007) (Fig. 1.2). Transcription from the early
promoter of Sxl yields a transcript that is spliced by default to encode a functional
early SXL protein. This splice pattern depends on the use of the 5’ splice site
from the early exon E1, whereas in later stages the 5’ splice site of late exon
2 is used (Zhu et al., 1997). The early splicing results in the default exclusion
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of exon 3 that contains in-frame stop codons in the early transcript. This early
protein enables the production of a functional late SXL protein which further
maintains female specific Sxl splicing by auto regulation (Bell et al., 1991). SXL
also directs cryptic splicing of transformer (tra) by binding to a polypyrimidine
tract in the first tra intron and forces the general splicing factor U2AF to use the
female specific 3’ splice site in exon 3 instead of the non-sex-specific 3’ splice site
in exon 2 (Boggs et al., 1987; Sosnowski et al., 1989; Inoue et al., 1990; Valcarcel
et al., 1993). This tra transcript yields a functional TRA protein, which needs
to interact with the non sex-specific transformer-2 protein (TRA-2) (Belote and
Baker, 1982; Amrein et al., 1988; Goralski et al., 1989) for binding to the doublesex
(dsx) transcript in the middle of exon 4, called the dsx repeat element (dsxRE)
(Inoue et al., 1992; Tian and Maniatis, 1993). This dsxRE contains six copies
of the 13 nucleotide sequence TC(T/A)(T/A)C(A/G)ATCAACA (Tian and Maniatis,
1993). Located between repeat element five and six of the dsxRE is a purine-rich
enhancer element (PRE) which is required for the specific binding of TRA-2 to
the dsxRE (Lynch and Maniatis, 1995). The binding of TRA/TRA-2 to the dsxRE
and PRE sites regulates the retention of exon four in the dsx pre-mRNA, (Hedley
and Maniatis, 1991; Hoshijima et al., 1991; Ryner and Baker, 1991; Hertel et
al., 1996; Lynch and Maniatis, 1996), generating a female specific DSX protein.
This female DSX controls the downstream expression of female sex-specific genes
by repressing male sexual differentiation genes (Waterbury et al., 1999). The
TRA/TRA-2 complex also regulates female specific splicing of fruitless (fru) which
yields a non-functional FRU protein (Ryner et al., 1996).

In XY males the level of XSEs is insufficient to activate Pe for timely Sxl
transcription and, consequently, no early SXL protein is synthesized. Now, the
autoregulatory loop cannot be established and, as a consequence, Sxl pre-mRNA
from the late promoter is male specifically spliced by default, yielding a truncated
non-functional SXL protein (Bell et al., 1988; Salz et al., 1989). The absence of
SXL leads to the “default” splicing of the tra pre-mRNA and a non-functional TRA
protein will be produced. Without TRA, dsx pre-mRNA and fru pre-mRNA are
spliced by default generating a male-specific DSX and functional FRU protein.
DSXM and FRU act together to control sex differences in the nervous system
resulting in male specific behavior (Ryner et al., 1996). The male-specific DSX
protein also represses the genes that are responsible for female sexual differen-
tiation. The genes responsible for male sexual differentiation are not repressed,
which leads to male development (Baker et al., 1989).

The dsx gene is the last and master switch gene in the sex determining cas-
cade. Its proteins bind to and directly regulate the transcription of two of the
genes encoding terminal sexual differentiation proteins, the Yolk protein-1 and
the Yolk protein-2 (Yp) genes (Burtis et al., 1991; Coschigano and Wensink, 1993).
Dsx also converts the activities of signaling molecules and transcription factors
to direct various sex-specific aspects of growth and differentiation. Some of the
genes encoding for these signaling molecules and transcription factors are also
the target of homeobox (Hox) gene action, which seems to indicate that sex de-
termination and Hox patterning pathways are integrated to control growth, mor-
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XX XY

pmSxlF pmSxlM

SXL

traF traM

TRA

dsxF dsxM

+ TRA2

fruMfruF

DSXF FRUMDSXM

Morphology MorphologyBehavior Behavior

1 2 4 5 6 7 8 1 2 4 5 6 7 83
stop

1 3 42

stop

1 3 52 6

peSxl

SXL
early

e1 4 5 6 7 8

1 3 4

1 3 42 1 4 52 6 7 81 3 4 5 6 7 82

high dose of XSEs low dose of XSEs

stop

Figure 1.2: The sex determination cascade in Drosophila melanogaster. Boxes with num-
bers indicate transcripts with exon number and relative exon size. Dark gray transcripts
are full length ORFs and yield a functional protein. Light gray transcripts contain early in-
frame stop codons and give truncated non-functional proteins. Transcripts are designated
by their gene name in italic. Proteins are designated by their capital gene name. Super-
script F and M stand for female specific transcript or protein or male specific transcript
or protein, respectively. peSxl indicates Sxl transcript from the early promoter, pmSxl in-
dicates Sxl from the late promoter. DSXM directs primarily male morphology but also
interacts a little with FRUM to direct male behavior, which is indicated by a smaller ar-
row. The gray bottom half of the sex determining cascade shows the conserved part of the
cascade. This figure is published in Current Opinion in Genetics & Development (2010) 20
(4):376-383 and shown again in Chapter 6.
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phogenesis and differentiation (Christiansen et al., 2002).

Other Diptera

In the Mediterranean fruit fly Ceratitis capitata for the first time a transformer
ortholog was identified outside the Drosophilidae (Pane et al., 2002). Also in C.
capitata, the female specific splice variant of Cctra encodes a full length protein,
while the male specific variant contains early in-frame stop codons and yields
a non-functional protein. By RNA interference treatment of XX embryos with
Cctra dsRNA, these embryos showed intermediate or complete transformation
into fertile males, indicating that tra is necessary for female germline and soma
development in C. capitata. RNAi inhibition of Cctra also resulted in a shift of
the female specific splice form to the male specific splice form. It was therefore
concluded that in contrary to Drosophila, the female pathway in C. capitata is
maintained through an autoregulatory loop of tra (Pane et al., 2002), instead of
Sxl as in D. melanogaster (Bell et al., 1988; 1991). This was substantiated by the
finding of TRA/TRA-2 binding sites in the tra gene which indicated that a putative
complex of TRA and TRA-2 in2 in C. capitata is not only required for sex specific
dsx splicing but also for sex specific tra splicing (Pane et al., 2002). Later, it was
shown that female specific Cctra cDNA encoding the full length CcTRA protein
was able to regulate the female somatic and germline sexual development of D.
melanogaster XX tra mutant adults. Moreover, CcTRA was also able to induce
sex specific splicing of D. melanogaster dsx and D. melanogaster fru genes (Pane
et al., 2005).

In most Diptera, the primary signal was found to be similar, as in C. cap-
itata, the housefly Musca domestica, the Olive fruit fly Bactrocera oleae and
the Australian sheep blowfly Lucilia cuprina, although different from that of D.
melanogaster. Males carry M, a genetic factor, on their Y-chromosome that directs
male-specific differentiation (Bedo and Foster, 1985; reviewed by Nöthiger and
Steinmann-Zwicky, 1985; Dübendorfer et al., 1992; Willhoeft and Franz, 1996).
Natural M. domestica strains without Y-chromosomes also exist, in which both
sexes carry XX. In these strains the M factor is located on one or more of the
five autosomes and sometimes even on the X-chromosome (Willhoeft and Traut,
1995; Schmidt et al., 1997; Dübendorfer et al., 2002). In M. domestica a mater-
nal female determiner, F, is present which is directly upstream of dsx (Hediger
et al., 2004). F is maternally provided to the eggs to autoregulate the zygotic F
gene which initiates female development (Dübendorfer and Hediger, 1998). If the
M factor is present it blocks F in Musca or tra in Ceratitis resulting in male de-
velopment (Hilfiker-Kleiner et al., 1993; Pane et al., 2002). Some Musca strains
are homozygous for an autosomal M in both sexes, the females of such strains are
heterozygous for a dominant mutation FDominant (FD) on chromosome IV that initi-
ates female sexual development even in the presence of an M factor (Dübendorfer
et al., 2002).
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Hymenoptera: Apis mellifera

Until now, the only known primary signal in Hymenoptera is determined by the
allelic state of the complementary sex determiner (csd) locus. The csd gene of A.
mellifera is cloned (Beye et al., 2003) and appears to be present in both male and
female embryos. Neither sequence- nor splice differences were found between
the sexes. The protein has an Arg/Ser domain (RS domain) and a proline-rich
domain, like TRA, and is a member of a family of proteins that all contain RS
domains and often proline-rich domains (Blencowe et al., 1998). These proteins
are believed to be involved in protein-protein interactions and have a dominant
role in constitutive and regulated pre-mRNA splicing (Graveley, 2000; Hastings
and Krainer, 2001). CSD lacks a RNA recognition motif (RRM) in the N terminus,
which is required for interaction with RNA transcripts. In D. melanogaster, TRA-
2 contains a RRM domain and interacts with TRA to bind primary dsx transcripts
(Amrein et al., 1988; Inoue et al., 1992). CSD is hypothesized to similarly interact
with a TRA-2 homolog or a similar RS protein to direct sex determination (Beye
et al., 2003).

The csd locus contains a hypervariable region and therefore has many alle-
les. This is reflected in the encoded CSD proteins that differ extensively in the
number of aspargine/tyrosine repeats. This results in many different csd alleles
that contribute to the heterozygosity requirement of the locus for female sex de-
termination (Beye et al., 2003; Hasselmann and Beye, 2004). Repression of csd
in females by RNAi, i.e. mimicking a hemizygous or homozygous condition, re-
sults in a turn-over from female to male gonad development. Repression of csd
in males has no phenotypic effect. This indicates that csd encodes a functional
product in heterozygotes which is required for female development but a non-
functional product in hemizygous males (Beye et al., 2003). It has been suggested
that CSD forms a heterodimer when derived from two different alleles, while two
similar alleles cannot produce a heterodimer (Beye et al., 2003; Beye, 2004). Only
the heterodimer is active in the splicing of dsx.

Unknown sex determination mechanism in
Nasonia

It has been established with inbreeding experiments that a number of Hymen-
opteran species do not have CSD (Fig. 2). In the superfamily Chalcidoidea all 12
tested species lack CSD (van Wilgenburg et al., 2006) (Fig. 2). One of these is
the parasitoid wasp Nasonia that is a regular inbreeder in nature and produces
female biased offspring (Whiting, 1967; Werren, 1983; Molbo and Parker, 1996).
It has long been known that laboratory inbreeding does not lead to an increase in
male production which indicates that CSD is not the primary signal in Nasonia
(Skinner and Werren, 1980). It means that Nasonia has another mechanism for
sex determination than the honeybee (Cook, 1993) and that at least two different
sex determination mechanisms are present within the Hymenoptera.
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Figure 1.3: Phylogenetic distribution of complementary sex determination (CSD). Pres-
ence and absence of CSD is indicated by (+) and (-), respectively (Figure taken from Beuke-
boom et al., 2007b). Nasonia belongs the Chalcidoidea (indicated by the gray box).

Nasonia has been extensively studied genetically and is rapidly being rec-
ognized as a model system in evolutionary and developmental biology (Beuke-
boom and Desplan, 2003; Pultz and Leaf, 2003; Shuker et al., 2003; Werren and
Stouthamer, 2003; McAllister et al., 2004; Ferree et al., 2006; Lynch et al., 2006;
Werren et al., 2010). Nasonia are 3 mm long parasites of the pupae of cyclor-
rhapous flies. The haploid males develop from unfertilized eggs and the diploid
females from fertilized eggs. Males and females can be easily distinguished on
the basis of a number of external characteristics (Table 1.1) (Darling and Wer-
ren, 1990). The Nasonia-complex includes four species: N. vitripennis, N. oneida,
N. longicornis and N. giraulti. N. vitripennis is a cosmopolitan, while the latter
three are restricted to North America; N. vitripennis, N. oneida and N. giraulti oc-
cur microsympatrically in the east and N. vitripennis occurs with N. longicornis
in the west (Darling and Werren, 1990; Raychoudhury et al., 2010). In nature, the
four species are reproductively isolated. Each species is infected with its own two
types of Wolbachia bacteria, which cause cytoplasmic incompatibility in interspe-
cific crosses (Bordenstein and Werren, 1998; Breeuwer and Werren, 1995), except
for N. oneida that is only behaviorally isolated (Raychoudhury et al., 2010). In in-
compatible crosses the paternal chromosomes are destroyed, leading to all-male
progeny (Tram and Sullivan, 2002).

Sex determination mutants in Nasonia

In Nasonia a number of mutants have been described that have aberrant sex de-
termination. Characteristics of these mutants have been used to devise a number
of different sex determination models for Nasonia (reviewed by Beukeboom et al.,
2007b).

Two mutant strains for sex determination both produce individuals with par-
tial female and partial male “external” characters (gynandromorphs) (Fig. 1.4)
(Beukeboom and Kamping, 2006; Beukeboom et al., 2007a; Kamping et al., 2007).

19



Chapter 1

One is a polyploid mutant strain that was described in the 1960s in which fe-
males are triploid and lay haploid and diploid eggs that normally develop into
males when unfertilized (Whiting, 1960). When mated, these females will in ad-
dition to haploid and diploid males, produce diploid and triploid females from fer-
tilized eggs. This observation indicates that ploidy level per se is not the primary
sex determining signal in Nasonia. Diploid males are fully fertile and produce
diploid gametes because there is no reduction division during meiosis. Mating
these diploid males to diploid females results in triploid female offspring with
one maternal and two paternal genome sets. Hence, the presence of a paternal
genome set seems to be necessary for female development. Indeed, diploid eggs
with a maternal and a paternal set develop into females, but diploids with two
maternal sets typically develop into males. However, about 2% of the triploid
females were recently found to occasionally produce daughters as well as gynan-
dromorphs from predominantly diploid unfertilized eggs (Beukeboom and Kamp-
ing, 2006), which cannot be explained by the necessity of a paternal genome for
femaleness. Another strain, collected from Canada, produces gynandromorphs
from ∼5% of the unfertilized haploid eggs (Beukeboom et al., 2007a). This pro-
portion can be increased by exposing the mothers or early embryos to high tem-
peratures during specific stages of their development (Kamping et al., 2007). This
gynandromorphic strain has been selected for high (HiCD12) and low (LoCD12)
gynandromorph production. The strain differs from the polyploid strain in that
females are normally diploid and gynandromorphs result from haploid eggs.

Diploid males of the polyploid strain were crossed with females of the gynan-
dromorphic strain. This yielded triploid females with two chromosome comple-
ments of the polyploid strain and one set of the gynandromorphic strain in a
gynandromorphic cytoplasm (Beukeboom et al., 2007b). These females produced
a high frequency of 17% of gynandromorphs and daughters from predominantly
diploid unfertilized eggs. Apparently, the combination of genetic material from
the gynandromorphic strain in the polyploid strain greatly increases the produc-
tion of uniparental daughters.

A third sex determination mutant was created by X-ray mutagenizing wild

Table 1.1: Sex specific morphological characters of N. vitripennis (Darling and Werren,
1990; Kamping et al., 2007).

Female characteristics Male characteristics

Antennae Dark brown, thicker. Yellow, thinner.

Wings Full size – extend beyond abdomen. Rudimentary, narrow, short.

Legs Dark brown upper leg. Yellow throughout.

External genitalia Medially interrupted abdominal
tergites, pointed tip of abdomen.

Continuous abdominal tergites,
rounded tip of abdomen.

Body color Dark green to black with faint
green to bronze iridescent reflec-
tions.

Iridescent blue-green with green to
bronze reflections, color more bril-
liant.
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Figure 1.4: Morphology of N. vitripennis. (A) Male, (B) Female, (C) gynandromorph with
female antennae, (D) gynandromorph with female antennae, wings and legs. Black ar-
rows indicate female morphology; red arrows indicate male morphology (Figure taken from
Kamping et al., 2007).

type haploid males (Trent et al., 2006). When wild type diploid females were
mated to some of the resulting mutant males, only males were produced that
were either haploid or diploid. These diploid males were of biparental origin. It
was suggested that irradiation of the paternal genome damaged the hypothesized
feminizing factor on the paternal genome resulting in diploid biparental embryos
that developed as males.

Sex determination models

Many different models have been proposed to explain sex determination in Hym-
enoptera without CSD. One of the earliest models state that sex is determined
by the process of fertilization (Whiting, 1960): fertilized eggs become females and
unfertilized eggs become male. This fertilization sex determination (FSD) model
(Whiting, 1960) is not sufficient to explain sex determination in Nasonia as hap-
loid males resulting from Wolbachia incompatible crosses should develop into fe-
males under this model since they develop from eggs that were fertilized. Studies
with the paternal sex ratio (PSR) chromosome corroborate this conclusion (Nur
et al., 1988; Dobson and Tanouye, 1998; Werren and Stouthamer, 2003). PSR is a
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parasitic chromosome that occurs in males of some populations and upon trans-
mission through sperm condenses the paternal genome set shortly after fertiliza-
tion, turning fertilized diploid eggs into functionally haploid eggs that develop
as males. Under the FSD model the PSR fertilized eggs should still develop into
females despite their haploidy, because they have been fertilized.

The genic balance sex determination (GBSD) model proposes that sex is deter-
mined by a series of compensated (non-cumulative) male loci (M) and a series of
dose-dependent (cumulative) female loci (F) (Da Cunha and Kerr, 1957). The ef-
fect of M is the same in haploids and diploids; the effect of F is single in haploids,
but 2F in diploids. Sex is determined through 2F > M, so diploid individuals
become females and M > F in haploids yield males. Under this model, haploids
will always become males and diploids or triploids will always become female. In
an attempt to explain diploid males, it was proposed that diploid males have one
mutation in the F locus causing this locus to be non-functional (Stouthamer and
Kazmer, 1994). This means that diploid males are functionally haploid. If this
mutation segregates in a Mendelian way, two-thirds of the diploid eggs produced
by unmated triploid females would carry one mutated and one intact copy of the
F locus and should develop into diploid males. The other one-third would receive
two intact copies of the F locus and develop into diploid females. In Nasonia this
does not correspond to data of Beukeboom and Kamping (2006) in which only a
small fraction of triploid virgin females produce a low proportion of diploid uni-
parental females (or gynandromorphs).

In the maternal effect sex determination (MESD) model sex is determined by
a ratio of cytoplasmic to nuclear products (Crozier, 1977; Cook, 1993). A mater-
nally derived cytoplasmic component (maternal product, MP) induces male devel-
opment, but in diploid individuals it is outweighed by the nuclear genes (number
of complements, C) and this results in female development (Dobson and Tanouye,
1998). One example of a maternal product involved in sex determination is the
feminizing F factor in Musca (Dübendorfer et al., 2002). This model can explain
diploid males produced by triploid females: a triploid female puts a higher dose of
masculinizing cytoplasm into the eggs which overcomes the feminizing loci caus-
ing the embryo to develop into a male (3MP > 2C). However, this model cannot
account for the observation that mated triploid females produce diploid females,
because the ratio of MP to C is also 3MP > 2C and should lead to male devel-
opment as stated above (Beukeboom et al., 2007b). The only difference between
both observations is the inheritance of the paternal genome in the second case.
Apparently, in Nasonia a paternally inherited chromosome set is necessary for fe-
male development (Beukeboom et al., 2007b), which is in contrast to Beukeboom
and Kamping (2006).

The latter observation led to the genomic imprinting sex determination
(GISD) model that proposed a differential imprinting of the paternal set and the
maternal set of chromosomes (Poirié et al., 1992; Beukeboom, 1995). Males do not
imprint the sex-determining locus (S) while females do. The product of the non-
imprinted S locus can bind to a product (P) present in the egg or zygote, which
results in female development. When the S locus is imprinted by the mother, no
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product is made and a male develops. It is assumed that the imprint is erased
during zygotic development, otherwise half of the haploid (male) offspring would
carry an imprinted S locus and the eggs fertilized by these males would result in
zygotes with two imprinted S loci and subsequent diploid male development. Un-
fertilized haploid eggs are always male, because the maternally derived S locus
is imprinted. Fertilized diploid eggs are always female, because they have one
maternally derived imprinted S locus and one paternally derived non-imprinted
S locus.

Dobson and Tanouye (1998) have accepted the GISD model and rejected all
other models based on their data. However, not only the GISD but also the
MESD model predicts that unfertilized diploid eggs become male which is not
always the case for the polyploid strain (Beukeboom et al., 2007b). The gynandro-
morphic strain that produces females from haploid unfertilized eggs also cannot
be explained by the GISD model that requires a paternal genome complement
for female development. The MESD model further predicts that haploid unfertil-
ized eggs should develop into males because two maternal products outweigh one
chromosome complement (2MP > C) (Beukeboom et al., 2007b). This led Beuke-
boom et al. (2007b) to propose an adjusted model of sex determination in Nasonia
that combines aspects of both the MESD and GISD models: the maternal effect
genomic imprinting sex determination (MEGISD) model. A maternal effect gene
(maternal sex determiner (msd)) imprints a zygotic sex determiner (zsd) and this
leads to male development of the zygote (Fig. 1.5). The msd gene has two copies
in diploid females and is transcribed in a double dose. It is not active during sper-
matogenesis so the paternally inherited zsd gene is not imprinted, and this puts
the paternal zsd gene in the feminizing state. Since haploid eggs contain only the
(imprinted) maternally inherited zsd gene they develop into males, while diploid
fertilized eggs contain also a non-imprinted zsd gene and this results in female
development. It may be possible that msd and zsd are the same gene although it
is not necessary for the model to work.

The MEGISD model can explain all previous observations on sex determina-
tion in Nasonia. Haploid females from the gynandromorphic strain can be the
result of a maternal imprinting failure by the msd gene or a mutation in the
zsd gene resulting in a lower sensitivity to imprinting (Beukeboom et al., 2007b).
The polyploid strain that occasionally produces uniparental diploid females can
be explained by a failure to maternally imprint one or both zsd genes, because
of an epigenetic mutation in msd. The effect of PSR inheritance is also easily
explained using the MEGISD model. PSR turns diploid fertilized eggs into func-
tional haploid embryos with only the maternal genome set still intact. The pater-
nally contributed active zsd gene is not accessible because of early condensation
of the paternal genome set which results in male development. The results from
Trent et al. (2006) somewhat resemble this, because by X-ray radiating males it is
probable that the zsd gene was mutagenized and rendered inactive. Diploid em-
bryos would inherit one imprinted copy and one inactive copy of zsd and develop
as males. In both cases the zsd gene was provided to the next generation but
rendered inactive before it could exert its normal function in sex determination
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Figure 1.5: The maternal effect genomic imprinting sex determination (MEGISD) model.
A maternal effect gene (msd, two doses in diploid females) actively imprints a zygotic sex
determiner (zsd) into a masculinizing state. The msd gene does not imprint in males and
the paternally inherited zsd allele is feminizing. Unfertilized haploid eggs with only a
maternal zsd develop into males and fertilized diploid eggs with a maternal and paternal
zsd develop into females (Figure taken from Beukeboom et al., 2007b).

of the zygote.

Nasonia as new model organism
For over 70 years it has been an unsolved question how sex determination occurs
in Nasonia at the molecular level. The anticipated availability of its complete
genome sequence as well as the available sex determining mutants made Naso-
nia the ideal choice for sex determination research. In addition, Nasonia wasps
are rapidly becoming model organisms because of their quick generation time
(∼2 weeks), large family size, ease of laboratory rearing, cross-fertile species and
their easy haploid genetics in an otherwise complex eukaryote (Werren et al.,
2010). Cross-fertile species facilitate the mapping and cloning of genes involved
in species differences and haploid genetics assist efficient genotyping, mutational
screening and evaluation of gene interactions without the added complexity of ge-
netic dominance (Werren et al., 2010). A range of genetic tools has already been
developed for Nasonia that include (parental) RNAi (Lynch and Desplan, 2006)
and in situ hybridization (Pultz et al., 2005), both of which are necessary for sex
determination research and new techniques are still being developed, including
transgenesis. A dense microsatellite and singe nucleotide polymorphism (SNP)
map is under construction (Beukeboom et al., 2010; Niehuis et al., 2010).

Aim of this research
This project was a very timely effort as it aimed at elucidating the mechanism of
sex determination in the haplodiploid wasp Nasonia. This provided long awaited
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information on sex determination mechanisms in haplodiploid species that lack
CSD and also for comparative studies in other insects. At the start of this project
the genome of Nasonia vitripennis, N. giraulti and N. longicornis were being se-
quenced. Today, the Nasonia genome sequences of all four species are completed
and this (still growing) dataset has greatly facilitated the project. We aimed to
combine the use of available sex determining mutants and the genome informa-
tion to resolve the mechanism by which Nasonia determines its sex in absence
of CSD. This knowledge may be applied to other Hymenoptera lacking CSD and
may provide a new glimpse in the evolution of sex determination in general and
insects in particular.

I used available data from other insect species to find conserved genes in Naso-
nia using the available genome sequence and subsequent molecular cloning tools.
Genes that were identified as putative sex determining genes were tested for their
functionality in sex determination by using RNA interference (RNAi) assays.

Thesis overview

In Chapters 2–5 the results of my work on Nasonia sex determination are pre-
sented. The final Chapter 6 integrates the new data on Nasonia sex determina-
tion with the sex determination studies from other insects and discusses the cur-
rent knowledge about the evolution of the sex determination cascades in insects.
The materials and methods of all chapters are summarized in the Appendix. The
data presented in the chapters have been published in several scientific journals
but not necessarily in the order as they are presented here. As these are multi-
authored articles, I will describe the chapters in my thesis using the plural form.

Chapter 2: In all studied insect species but also a number of vertebrates, the
master switch gene doublesex (dsx) is conserved at the bottom of the sex
determination cascade. To study sex determination in Nasonia we started
by identifying a possible dsx homolog in N. vitripennis, N. giraulti,N. oneida
and N. longicornis. The splice variants of this putative dsx in males and fe-
males were analyzed as well as sequence and/or splice differences between
the four species. The function of the putative dsx gene in Nasonia sex de-
termination was studied by using gynandromorphs to investigate possible
splice aberrations.

This Chapter was published in Insect Molecular Biology (2009) 18(3): 315–
324 in collaboration with the group of J.H. Werren (University of Rochester,
New York). Our contribution to this work was the transcript analysis of N.
vitripennis dsx which was confirmed by the Werren group and supplemented
by transcript analysis of N. giraulti, N. oneida and N. longicornis dsx. In
addition, we analyzed the splice variants of dsx in gynandromorphs. We also
identified the AFLP marker that is associated with wing length differences
between the Nasonia species and which turned out to be tightly linked to
dsx (Loehlin et al., 2010).

25



Chapter 1

Chapter 3: In this chapter we identified the dsx splicing regulator in Nasonia
vitripennis. In a number of insects it has been shown that transformer (tra)
is the splicing regulator of dsx and is spliced in a sex specific way. We inves-
tigated if this is also the case in Nasonia. The gynandromorphic strain was
employed to determine a function of this putative Nvtra gene in Nasonia sex
determination. To assess the hierarchical relationship between Nvtra and
Nvdsx, the expression of Nvdsx and the putative Nvtra gene during Naso-
nia development was analyzed. A synteny analysis was done between the
putative Nvtra gene and the honeybee tra ortholog, feminizer.

Part of this chapter was published in the Supporting Online Materials and
Text of the Nasonia genome sequence publication by Werren et al. Science
(2010) 327(5963): 343–348

Chapter 4: In the previous chapter we showed that Nvtra is already present in
early embryos, which suggests maternal provision of Nvtra mRNA to the
eggs. We examined this prediction by knocking down Nvtra expression in
female pupae with the parental RNA interference (RNAi) technique. We
found that Nvtra is not necessary for male development, as Nvdsx is spliced
into a male specific transcript without NvTRA protein present. Therefore,
we expected to find a shift in sex ratio towards males produced by RNAi
treated females. The splice variants of Nvtra and Nvdsx were analyzed to
see if they have changed after Nvtra RNAi.

The RNA interference experiment discussed in Chapter 4 demonstrated
that in Nasonia Nvtra is provided to the eggs to start the sex determina-
tion pathway and that a decrease of Nvtra provision to the eggs results in
male development. Nvtra was shown to be necessary for the female spe-
cific splicing of Nvdsx. However, Nvtra also regulates its own splicing into
the female specific splice form. This autoregulation of female specific Nvtra
splicing requires both a female specific TRA protein (which is provided as
mRNA to the eggs) and new Nvtra transcripts. Eggs that will be fertilized
but also the ones that remain unfertilized, receive this feminizing Nvtra
dose. Therefore a mechanism has to prevent this Nvtra autoregulation pro-
cess in unfertilized eggs.

Chapter 5: The level of Nvtra expression in a developmental time series of em-
bryos from fertilized and unfertilized eggs was determined, and this devel-
opmental time series was also used to establish the start of male specific
Nvtra splicing during embryonic development. An identified polymorphism
in a coding region of Nvtra was used to establish the onset of zygotic Nvtra
expression. By combining the results from the described experiments we
propose a mechanism by which unfertilized eggs develop as males.

The results from Chapter 4 and 5 have been published in Science (2010)
328(5978): 620–623.

Chapter 6: In this chapter an overview of the current knowledge on sex deter-
mination in insects is given. The recent increase in studies on this topic
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provided new insights into the conservation of the sex determination cas-
cade. In particular, we show that the conservation of sex determination
cascades is not just at the most bottom gene, dsx, but also on its splice reg-
ulator tra. This indicates that the conserved axis of sex determination in
insects consists of dsx – tra.

This Chapter was published upon invitation in Current Opinion in Genetics
& Development (2010) 20 (4):376–383.
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