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Chapter

Expression of Nasonia vitripennis
transformer during embryonic

development
E.C. Verhulst

L.W. Beukeboom
L. van de Zande

Abstract
In all examined insects thus far, sex is determined by a cascade of genes with
doublesex (dsx) at the bottom of the cascade and transformer (tra) directly up-
stream of dsx. Both dsx and tra are sex specifically spliced, but only the female
specific splice variant of tra yields a functional protein. In all studied insects,
except for Drosophila, tra is maternally provided to eggs and initiates and main-
tains the female specific splicing of its own transcript via an autoregulatory loop.
In Nasonia vitripennis this mechanism of sex determination is also conserved
and the maternal provision and autoregulation of N. vitripennis tra (Nvtra) have
been demonstrated. Here we present the expression dynamics of Nvtra during
early embryonic development in embryos from fertilized and unfertilized eggs.
We show that in embryos from fertilized eggs the expression of Nvtra is signifi-
cantly higher than in embryos from unfertilized eggs. We suggest that this differ-
ence in expression is caused by maternal imprinting of the Nvtra gene or a trans
acting gene. Therefore, males develop as a result of maternal imprinting that
prevents zygotic transcription of the maternally derived Nvtra allele in unfertil-
ized eggs. Upon fertilization, a paternal genome set is introduced, which initiates
zygotic Nvtra transcription. This initiates autoregulation of the female specific
transcript, leading to female development.

This chapter is published as part of:

Maternal control of haplodiploid sex determination in the wasp Nasonia.
Science (2010) 328 (5978): 620-623.





Chapter 5

Introduction

In Chapter 2 and 3 Nasonia vitripennis doublesex (Nvdsx) and N. vitripennis
transformer (Nvtra) were described, respectively. It was shown that Nvtra mRNA
is already present in very early embryos, indicating maternal provision of Nvtra
mRNA to the eggs. In Chapter 4 it was shown that a decrease of Nvtra mRNA
levels in females, by parental RNA interference (RNAi), resulted in diploid male
instead of diploid female offspring while the production of haploid males was un-
affected. Quantitative PCR demonstrated that the levels of Nvtra indeed were de-
creased in RNAi treated females but also in their early embryos, which indicated
a successful knockdown of Nvtra and confirmed the involvement of maternal pro-
vision of Nvtra mRNA to the eggs in Nasonia sex determination. It was further
established that female specific splicing of Nvdsx as well as maintenance of the
female specific splicing of Nvtra itself is regulated by an autoregulatory loop.

In the meantime, a tra ortholog was also identified in the honeybee, Apis mel-
lifera (Hasselmann et al., 2008) and was termed feminizer (fem). Just like Nvtra,
fem is sex-specifically spliced, with the female specific transcripts encoding a func-
tional protein and the male specific transcript yielding a truncated non-functional
protein. Fem splicing was shown to be regulated by the complementary sex de-
terminer (csd), which is the primary signal in a number of Hymenoptera (see
Chapter 1). Repression of csd by RNAi during early embryogenesis in diploid
individuals, led to male specific splicing of fem transcripts and subsequent male
development, while RNAi in haploid individuals did not have an effect (Hassel-
mann et al., 2008; Gempe et al., 2009). Therefore, csd activity is not required
for male specific splicing of fem but is essential for female specific fem splicing
(Gempe et al., 2009). The fact that repression of fem did not alter csd expression
levels showed the hierarchy of regulatory genes and indicated csd as the primary
signal (Hasselmann et al., 2008). Fem shows more than 70% identity, based upon
amino acid residues, to csd but not to other A. mellifera genes. However, fem does
not have a hypervariable region but has a second RS-domain in the N-terminal
part. By comparing the coding sequence of fem and csd with two related honey-
bee species and the fem orthologs of the stingless bee (Melipona compressipes), the
bumble bee (Bombus terrestris) and N. vitripennis, it appeared that the csd gene
is unique to the honeybee lineage and arose by a duplication of fem (Hasselmann
et al., 2008).

Splicing of the A. mellifera dsx ortholog (Cho et al., 2007) is under the control
of fem (Gempe et al., 2009) just as Nvdsx is under the splicing control of Nvtra
(Chapter 4). In analogy to csd, as described earlier, repression of fem in diploid
embryos led to male specific splicing of dsx, while repression of fem in haploid
embryos still yielded male specific dsx. The repression of csd gave similar results,
indicating that male development is the default mode and no csd expression is
required. This is in conflict with Cho et al. (2007), who concluded that female
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specific splicing of Amdsx was the default mode (see also Chapter 3).
The ability of csd to regulate the sex specific splicing of fem is restricted to

a small window during early development (Gempe et al., 2009). It was shown
that fem has positive autoregulatory activity to maintain female specific splicing
(Gempe et al., 2009) as has been shown for Ceratitis capitata, Bactrocera oleae,
(Pane et al., 2002; Lagos et al., 2007; Ruiz et al., 2007) and more recently for
Lucilia cuprina, Musca domestica (Concha and Scott, 2009; Hediger et al., 2010)
and N. vitripennis (Chapter 4). In C. capitata, B. oleae, M. domestica, L. cuprina
and N. vitripennis, however, tra is maternally provided to the eggs (Pane et al.,
2002; Lagos et al., 2007; Concha and Scott, 2009; Hediger et al., 2010), while in
A. mellifera this has not been shown and csd has been recruited in the feminizing
pathway upstream of tra during early development (Gempe et al., 2009).

In Nasonia, the female specific splice form of Nvtra mRNA is maternally pro-
vided to all eggs, including the ones that remain unfertilized and develop into
males. An adjusted model (MEGISD) involving maternal imprinting that ex-
plains how unfertilized eggs, that contain a feminizing factor, nevertheless de-
velop into males was proposed in Chapter 4. This model postulates imprinting of
the maternal genome during oogenesis to prevent zygotic transcription of Nvtra.
Therefore the autoregulatory loop cannot be established in embryos from unfer-
tilized eggs, leading to male development. As fertilized eggs also contain a pater-
nally derived genome that is non-imprinted, Nvtra is zygotically expressed during
development and the autoregulatory loop will establish, leading to female devel-
opment. To test this model, the onset of zygotic transcription of Nvtra was deter-
mined using a strain of N. vitripennis that harbors a harmless deletion of 18 bp
in the first exon of the Nvtra gene. This makes it possible to differentially mon-
itor the maternal and paternal genome for zygotic Nvtra production. By using
females or males from the deletion carrying strain and mating those to males or
females from the AsymC strain, respectively, the expression from the maternal or
paternal set can be monitored (Fig. 5.1). Subsequently, the temporal expression
of Nvtra in embryos from unfertilized and fertilized eggs was measured during
early embryonic development using quantitative PCR (qPCR).

Results

Nvtra polymorphy
Ten N. vitripennis field strains were examined for potential polymorphisms in the
coding region of Nvtra that could be used to quantify the relative contributions of
the paternal and maternal Nvtra alleles, respectively. To this end, genomic DNA
was isolated from ten females from each of the ten strains. PCR fragments from
these samples, generated by a primer set (see Appendix: Table 1) that spans bp
58 to 368 of the non-sex specific coding region of the Nvtra gene were purified
and sequenced. Nine strains showed identical sequences, but a Russian strain
was found to contain a 18 base pair in frame deletion in the 1st exon of Nvtra
(Fig. 5.2). Initially, this deletion seemed ideal for qPCR to determine the absolute
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Figure 5.1: Onset of zygotic Nvtra expression from the maternal and paternal genome set.
RT-PCR analysis of Nvtra mRNA originating as maternal input and possible transcription
from the maternal genome (light gray arrows) or transcribed from the paternal genome
(dark gray arrows) in embryos from unfertilized (top) and fertilized (bottom) eggs. Open
dotted arrow indicates amplification resulting from residual genomic DNA. M is 100 bp
size marker, indicating 300 - 400 bp.

amount of maternal transcript and paternal transcript in early embryos. Un-
fortunately, the 18 bp deletion is in a repetitive region, which made designing
deletion spanning primers that are suitable for qPCR impossible. Instead, PCR
primers were designed to distinguish the deletion carrying Nvtra allele from the
“wild type” Nvtra allele by the size of the resulting fragment. The 18 bp difference
could be visualized on a 2.5% agarose gel.
  

Deletion in Russia Bait TET   
 E   S   H   H   R   S   R   A   K   H   R   S   S   R   S   Q  
GAA TCG CAT CAT AGA AGC CGA GCC AAG CAT AGA AGC AGC AGA TCT CAA 
CTT AGC GTA GTA TCT TCG GCT CGG TTC GTA TCT TCG TCG TCT AGA GTT 

Figure 5.2: Nucleotide sequence of the region containing the 18 base pair deletion in the
Russia Bait TET strain. Amino acids are indicated in bold above the middle base pair of
the triplet. In black the 18 bp sequence that is absent in the Russian Bait TET strain.

Onset of zygotic Nvtra expression
From the Russian strain, homozygous for the 18 bp deletion, 30 females were
mated to males from the standard AsymC strain and 30 females were set up as
virgins. Females were allowed to oviposit for one hour after which the parasitized
hosts were incubated at 25 ℃. Therefore, the sample “five hours after egg laying”
includes one hour of egg laying and four hours of incubation. Embryos were col-
lected from these incubated hosts at two hour intervals during a time period of 23
hours. To eliminate possible PCR bias caused by the deletion, a reciprocal sample
set was collected in which females from the AsymC strain were either mated to
males from the Russian strain that carry the 18 bp deletion, or set up as virgins.
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The onset of zygotic Nvtra expression was determined by reverse-
transcriptase PCR (RT-PCR) using primers flanking the deletion. However, it
was not possible to distinguish the maternally provided Nvtra mRNA from zy-
gotic Nvtra mRNA transcribed from the maternal genome, as these yield simi-
larly sized PCR fragments. Therefore this experiment could only unambiguously
determine the onset of Nvtra transcription from the paternally derived genome
set.

During the first three hours after egg laying only a single PCR fragment of 328
bp was obtained from both fertilized and unfertilized eggs (Fig 5.1: 1–3 hrs of de-
velopment). This fragment represents the Nvtra mRNA that was maternally pro-
vided to the eggs during oogenesis. As expected, only a single PCR fragment was
obtained throughout the development of offspring from unfertilized eggs, since
only the maternal genome is present in these haploid individuals. However, the
continuous generation of a PCR fragment up to 23 hours of development of un-
fertilized eggs, may indicate low levels of Nvtra transcription from the maternal
genome despite the imprinting. In offspring from fertilized eggs, transcription
from the paternally derived genome set was detected from five hours after egg
laying onward (Fig. 5.1). The relative intensity of the products suggested that
most de novo transcription comes from the paternal genome equivalent (Fig. 5.1:
5–9 hrs of development), but this still needs to be verified. Although band stain-
ing intensities may be indicative for relative transcription levels, they can also be
very misleading.

Expression of Nvtra during early development

The previous experiment showed that zygotic transcription, at least from the pa-
ternal genome, starts at five hours after egg laying. Therefore a qPCR was per-
formed on the same developmental time series of embryos ranging from one hour
to 23 hours old with two hour intervals, to determine the difference in expression
levels of Nvtra in embryos from fertilized and unfertilized eggs. It was assumed
that imprinting regulates Nvtra expression and a differential expression pattern
of Nvtra between embryos from unfertilized and fertilized eggs would confirm
this. The results of the qPCR showed that in 1–3 hours old embryos from both
fertilized and unfertilized eggs, an equally low amount of maternally provided
Nvtra mRNA is present that gradually decays (Fig. 5.3). At five hours after egg
laying, when zygotic transcription from the paternal genome starts, the expres-
sion level of Nvtra was still decreasing in embryos from both fertilized and unfer-
tilized eggs. In embryos from unfertilized eggs, a more or less constant low level of
Nvtra mRNA was maintained throughout the 23 hours of embryonic development
(Fig. 5.3), but it was not possible to determine exactly when zygotic Nvtra tran-
scription starts in these embryos. In sharp contrast, however, a significant peak
expression of Nvtra in embryos from fertilized eggs was observed seven hours af-
ter egg laying compared to embryos from unfertilized eggs (t(8) = 4.18, P = 0.0031,
Fig. 5.3). After this peak expression a significantly higher level (F15,63 = 5.25,
P < 0.0001) of Nvtra mRNA was maintained (Fig. 5.3) although the expression
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level seemed to decrease a bit in older embryos. This could be due to the increas-
ing relative expression levels of the reference gene, Elongation Factor 1α (EF1α)
during embryonic development.
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Figure 5.3: Expression of Nvtra during embryonic development. Relative Nvtra mRNA
levels in embryos from unfertilized (light grey bars) and fertilized (black bars) eggs at
different developmental times, indicated as hours after egg laying. Error bars represent
s.e.

Sex specific splicing of Nvtra during early development
To determine if the sex specific splicing of Nvtra coincides with the onset of zy-
gotic transcription, a RT-PCR was performed, again using the same samples as
used for the qPCR and the RT-PCR. This splice form analysis showed that 1–5
hours old embryos from fertilized and unfertilized eggs contain only female spe-
cific Nvtra mRNA, as shown in Chapter 4 and this Chapter (Fig. 5.4). Although
it was shown earlier that zygotic transcription from at least the paternal genome
is initiated at five hours after egg laying, still only female specific Nvtra splice
forms were detected in embryos from both unfertilized and fertilized eggs. How-
ever, in embryos from unfertilized eggs, male specific splice variants of Nvtra
started to appear at seven hours after egg laying and these male specific splice
variants remain present throughout the first 23 hours of embryonic development.
Apparently, the absence of sufficient zygotic Nvtra expression to initiate the au-
toregulatory loop results in default male specific splicing of the little Nvtra ex-
pression from the maternally derived genome (Fig. 5.4). In contrast, in embryos
from fertilized eggs no male specific splice variants appeared while the female
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specific splicing of Nvtra was maintained (Fig. 5.4). This remarkable difference
in sex specific splicing starts at the moment that only in embryos from fertilized
eggs the peak in Nvtra expression is seen. Therefore, the maintenance of female
specific splicing of Nvtra mRNA in embryos from fertilized eggs must be due to
the availability of zygotic Nvtra mRNA that starts autoregulation of female spe-
cific Nvtra splicing. This female specific splicing of Nvtra is maintained at least
throughout the first 23 hours of embryonic development. The low levels of male
specific splice forms that were detected together with the female specific splice
form most likely result from the extracted RNA from a low fraction of unfertilized
eggs laid by the mated females that could not be excluded from the RNA pool.

M 1 3 5 7 9 11 13 15 17 19 21 23

Unfertilized

Fertilized

hours after egg laying

Figure 5.4: Sex specific splicing of Nvtra during embryonic development. Temporal pat-
tern of sex specific splicing of Nvtra mRNA in embryos from unfertilized (top) and fertilized
(bottom) eggs. Black arrows indicate male specific splice forms. Open arrows indicate fe-
male specific splice form. M is 100 bp size marker, indicating 200 – 600 bp.

Discussion

The results presented in this and the previous Chapters lead to the conclusion
that maternal provision of Nvtra transcript, followed by sufficient early zygotic
Nvtra expression, which only occurs in fertilized eggs, is necessary for female de-
velopment in Nasonia. It was shown in Chapter 3 and 4 that maternal provision
of Nvtra mRNA to the eggs is essential for female development. The use of the
Russian strain that harbors an 18 bp deletion in the coding region of Nvtra en-
abled us to determine the onset of zygotic Nvtra transcription, at least from the
paternally derived genome set. Unfortunately, no distinction could be made be-
tween Nvtra transcript that was maternally deposited in the egg, and Nvtra tran-
script that was zygotically produced from the maternally derived genome set. It
was shown that Nvtra is transcribed from the paternal genome set from five hours
after egg laying onward. The qPCR of embryos from unfertilized eggs showed that
the expression of Nvtra after seven hours is low and remains low during devel-
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opment. The qPCR analysis of Nvtra expression in embryos from fertilized eggs
showed a peak expression at seven hours after egg laying indicating that the pa-
ternal genome is at least partly involved but may be even the sole source for the
Nvtra expression. Apparently, the maternal genome has an inactive Nvtra gene,
silenced either by imprinting of Nvtra itself or, alternatively, of a Nvtra activating
factor.

These results further support the adjusted maternal effect genomic imprinting
sex determination (MEGISD) model presented in Chapter 4: the Nvtra gene from
maternal origin is silent in the early embryo through maternal imprinting. In
this way, unfertilized eggs contain only a silenced maternal Nvtra gene, yielding
not enough zygotic Nvtra mRNA to initiate the autoregulatory loop that main-
tains female specific Nvtra mRNA splicing. The low amount of transcripts that
are produced will be spliced in the default male specific form, leading to male
development. In fertilized early embryos, however, the non-imprinted paternal
genome set provides enough early Nvtra mRNA to be spliced by the maternally
provided NvTRA (through maternally deposited Nvtra mRNA) to initiate the fe-
male specific auto regulatory loop, resulting in female specific splicing of Nvtra
and subsequent female development. The maternal imprinting could be directly
on the Nvtra gene or, alternatively, on a trans factor necessary for the timely
onset of zygotic Nvtra transcription. Upon fertilization, the paternally inherited
genome provides this trans factor, enabling Nvtra transcription from both Nvtra
alleles. Essentially, both scenarios involve an active maternal silencing to ensure
male development of the unfertilized egg.

The fact that Nvtra on the maternally derived genome is silent can also ex-
plain why the presence of the paternal-sex-ratio (PSR) chromosome leads to male
development. Upon fertilization the PSR chromosome quickly condenses the pa-
ternal genome with the non-silenced Nvtra gene while the Nvtra gene on the
remaining imprinted maternal genome set is not available for transcription. This
means that the embryo will develop as male, and proves that fertilization per se
is not sufficient for female development.

Another argument that supports the MEGISD model is that a dosage effect
can be ruled out. This issue has already been raised by Beukeboom et al. (2007b):
triploid females from a polyploid strain produce haploid and diploid gametes that,
when fertilized, will develop into diploid and triploid females but when unfertil-
ized will develop into haploid and diploid males (Beukeboom and Kamping, 2006).
The difference between the diploid males and diploid females is that male devel-
opment occurs when two maternally derived genome complements are present
while female development initiates when a paternally and a maternally derived
genome is present. Apparently, the presence of a paternal genome is essential for
female development. This excludes the possibility that the observed difference in
Nvtra expression between embryos from fertilized and unfertilized eggs is a result
of dosage differences between diploid or haploid embryos. It is noteworthy that
occasionally gynandromorphs or even fully fertile females develop from diploid
offspring of unmated triploid females. Reversely, a mutant strain has been de-
scribed (Beukeboom et al., 2007a; Kamping et al., 2007) that naturally produces
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haploid gynandromorphs that may even be phenotypically complete female. Both
phenomena can be explained by a disturbance of the maternal imprinting process,
leading to feminization of unfertilized eggs.

In D. melanogaster the product of the non-sex specific gene transformer-2 (tra-
2) interacts with TRA (Amrein et al., 1988) to enable binding to the doublesex
transcript and promote female specific splicing (Inoue et al., 1992). In C. capi-
tata and M. domestica it has been shown that tra-2 is maternally deposited in
the eggs and RNAi knockdown of tra-2 in C. capitata and M. domestica resulted
in male specific tra, dxs and fruitless (fru) splicing, indicating its necessity for
initiating and maintaining the autoregulatory loop of tra but also for sex specific
dsx and fru splicing (Burghardt et al., 2005; Salvemini et al., 2009; Hediger et al.,
2010). Preliminary results suggest that tra-2 is also maternally provided to eggs
in Nasonia and is probably required for the autoregulatory loop of female specific
Nvtra. However, this needs to be verified with functional assays, including RNAi.

Maternal input of tra mRNA followed by an autoregulatory loop for the con-
tinuous production of female specific tra has been demonstrated in several insect
species, initially by Pane et al. in C. capitata (2002) and later in B. oleae, M. do-
mestica, L. cuprina and A. mellifera (Lagos et al., 2007; Concha and Scott, 2009;
Gempe et al., 2009; Hediger et al., 2010). However, the regulation of tra in Naso-
nia markedly differs from that in other insects. Male development does not result
from disruption of the Nvtra auto regulatory loop by paternal repression (e.g. an
M factor as discussed in Chapter 4) or a non-functioning CSD, but is caused by
maternal silencing of the Nvtra gene. Hence, in Nasonia, maleness of haploid
offspring is actively regulated by the mother rather than the father. In addition,
the feminizing effect of Nvtra provided by the paternal genome set depends on
the maternally provided Nvtra mRNA. This means that female Nasonia have full
control over the sex of their offspring because they can choose to fertilize an egg
or not, but they also reign over the expression of the sex determination genes in
their offspring.

Future perspective
In this thesis an important part of the Nasonia sex determination pathway has
been elucidated. However, the initial signal (or primary signal) that starts the
sex determining cascade is still largely unknown. It has been shown that im-
printing is involved in the mechanism of the primary signal, but whether Nvtra
is imprinted or a trans acting factor is unclear. The nature of the imprint is also
unclear as this can be either DNA methylation or histone modification such as
acetylation, phosphorylation, methylation and ubiquitination. Nasonia and Apis
both contain all three DNA methyltransferase (Dnmt) subfamilies for DNA methy-
lation and are likely to maintain the ancient epigenetic control system (Werren et
al., 2010). Five DNA methyltransferase orthologs were identified in the Nasonia
genome database. The Dnmt subfamily 1 (Dnmt1a, 1b and 1c) is responsible for
maintaining DNA imprinting during DNA replication (maintenance imprinting)
(Goll and Bestor, 2005). Dnmt2 is now called tRNA aspartic acid methyltrans-
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ferase 1 (Trdmt1) and in humans it methylates cytosine38 in the anticodon loop
of aspartic acid transfer RNA (Goll et al., 2006) and not DNA. Dnmt subfamily 3
contains one gene and is a de novo methyltransferase that sets up methylation
patterns in the parental germline (Goll and Bestor, 2005). Trent and co-workers
have shown that at least five Nasonia genes (vitellogenin, epithelial membrane
protein, polypeptide of 976 amino acids, eIF2a kinase, eIF2B-gamma protein) are
methylated, indicating that methylation may be an important regulatory mecha-
nism in Nasonia gene expression (Werren et al., 2010). Therefore, study of differ-
ential DNA methylation patterns seems to be one obvious way forward.

In Nasonia a number of sex determination mutants are known, including a
strain that produces gynandromorphs (see Chapter 1 for more details). Back-
cross and introgression experiments indicated that a combination of a nuclear
maternal factor in combination with a cytoplasmatic component cause gynandro-
morphism. The nuclear component was mapped to chromosome IV and termed
gyn1 (Beukeboom and Kamping, 2006). Beukeboom et al. (2007b) suggested that
the maternal sex determiner (msd) in the MEGISD model may be gyn1. Msd
imprints the zygotic sex determiner (zsd) which may be Nvtra and this could in-
dicate that gyn1 is a member of the Dnmt family. Gyn1 is mapped to a region
near the centromere of chromosome IV, where Nvdsx is also located. It has been
established that dsx is not gyn1 and the reverse-transcriptase PCR results show
how the splice variants of Nvdsx and Nvtra in male and female gynandromorphs
follow morphological sex (Chapter 3 and 4), which indicates that gyn1 operates
upstream of Nvtra. Remarkably, both Dnmt1b and Dnmt3 are located in the re-
gion of gyn1 on chromosome IV (Werren et al., 2010) and especially Dnmt3, which
is a de novo methyltransferase and responsible for imprint establishment in the
parental germline, is a possible candidate gene for gyn1. In honeybees it has been
shown that Dnmt3 is involved in the development of queens (Kucharski et al.,
2008). Normally, sterile worker bees and fertile queens develop from genetically
identical larvae but the queens are fed with royal jelly and the worker bees with
less sophisticated food (Kucharski et al., 2008). After RNAi knockdown of Dnmt3
in the early larval stage the majority of emerging adults were queens without
having been fed royal jelly. Apparently, in A. mellifera, Dnmt3 in involved is
regulating methylation that is necessary for important developmental decisions.

New experiments will be aimed at determining the source of Nvtra expression
in early embryonic development and elucidating which gene, Nvtra or a putative
trans factor, is sex specifically imprinted. They will make further use of avail-
able sex determination mutants. These studies will hopefully show the nature of
the primary signal in Nasonia, and possibly extension of similar studies to other
Hymenoptera without CSD.
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