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Abstract
mRNA localization is a powerful mechanism for targeting factors to different regions of the cell and
is used in Drosophila to pattern the early embryo. During oogenesis of the wasp Nasonia, mRNA
localization is used extensively to replace the function of the Drosophila bicoid gene for the initiation
of patterning along the antero-posterior axis. Nasonia localizes both caudal and nanos to the posterior
pole, whereas giant mRNA is localized to the anterior pole of the oocyte; orthodenticle1 (otd1) is
localized to both the anterior and posterior poles. The abundance of differentially localized mRNAs
during Nasonia oogenesis provided a unique opportunity to study the different mechanisms involved
in mRNA localization. Through pharmacological disruption of the microtubule network, we found
that both anterior otd1 and giant, as well as posterior caudal mRNA localization was microtubule-
dependent. Conversely, posterior otd1 and nanos mRNA localized correctly to the posterior upon
microtubule disruption. However, actin is important in anchoring these two posteriorly localized
mRNAs to the oosome, the structure containing the pole plasm. Moreover, we find that knocking
down the functions of the genes tudor and Bicaudal-D mimics disruption of microtubules, suggesting
that tudor's function in Nasonia is different from flies, where it is involved in formation of the pole
plasm.
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Introduction
The establishment of the antero-posterior and dorso-ventral axes in the early embryo is a long
standing problem in developmental biology. Investigations in Drosophila have elucidated a
variety of mechanisms used to establish axes, including the formation of morphogenetic
gradients that pattern the segmented body (Ashe and Briscoe, 2006). The initial polarization
of the Drosophila embryo, however, is achieved during early oogenesis, prior to the
establishment of these morphogenetic gradients, when the cytoskeleton becomes polarized and
various maternal mRNAs are specifically localized to opposite poles of the developing oocyte
(St Johnston, 2005). mRNA localization is a common strategy for creating asymmetry within
a cell by targeting proteins to particular areas within a cell or tissue (St Johnston, 2005). A
variety of methods are employed by the cell to localize mRNAs. This includes active transport
along cytoskeletal elements, diffusion and anchoring, as well as degradation and protection of
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mRNA. Most of these processes are mediated by elements located in the 3' and/or 5'
untranslated regions (UTR) of the mRNA. Among these mechanisms, active transport via plus-
end or minus-end directed motors along the microtubule network has been studied in detail in
the Drosophila ovary, where many maternal mRNAs are localized to opposite poles to establish
the initial antero-posterior axis of the oocyte (St Johnston, 2005).

In recent years, it has become clear that several aspects of Drosophila development are not
conserved in all insects, in particular during early embryogenesis. This has led researchers to
seek common and distinct developmental features of insect embryogenesis. In Drosophila,
bicoid (bcd) is the critical factor that patterns the anterior-posterior axis. bcd maternal mRNA
is localized at the anterior pole of the Drosophila embryo through transport along the
cytoskeletal tracks via a minus-end directed motor. Upon fertilization, translation of bcd
mRNA generates a morphogenetic gradient of the Bicoid protein (Steinhauer and Kalderon,
2006; Struhl et al., 1989) (Driever and Nusslein-Volhard, 1988a) (Driever and Nusslein-
Volhard, 1988b). Despite the various important functions of Bcd in Drosophila segmentation,
including transcriptional activation and positioning of gap genes, as well as translational
repression of the posterior factor caudal, bcd is a recent addition in higher dipterans to the
genetic network responsible for the formation of the body plan and is not found outside this
order (Niessing et al., 2002; Niessing et al., 1999; Niessing et al., 2000; Rivera-Pomar and
Jackle, 1996; Rivera-Pomar et al., 1996) (Stauber et al., 1999).

The other critical mRNA that is localized in Drosophila for antero-posterior axis formation is
nanos (nos). nos takes advantage of the specification system that generates the germline and
is localized to the posterior of the embryo where it generates a gradient that functions in
repressing anterior development (Gavis and Lehmann, 1992). In contrast to bcd mRNA
localization, nos localization is achieved through diffusion and subsequent trapping of the
nos message. nos is released into the oocyte during nurse cell dumping and allowed to diffuse
throughout the oocyte. This diffusion is enhanced by microtubule-facilitated cytoplasmic
movements. nos mRNA is then trapped in the posterior cortex along with the germ plasm
through actin dependent anchoring (Forrest and Gavis, 2003).

Much has been learned about the conserved and derived aspects of insect segmentation as a
result of investigations using several distantly related insect model systems. However, a
number of these studies have used the beetle Tribolium, the grasshopper Schistocerca or the
milk weed bug Oncopeltus, all of which undergo a different mode of embryogenesis than
Drosophila, making comparisons of the early genetic network between these insects and
Drosophila difficult (Liu and Kaufman, 2005).These species undergo short germ
embryogenesis, in which the bulk of the egg is composed of extraembryonic membranes, while
the germ rudiment develops in the posteriormost region of the egg. As a result, only anterior
structures are patterned in a syncytial environment, whereas abdominal and posterior structures
form later in the posterior of the embryo from a cellularized “growth zone”. Drosophila instead
undergoes long germ development where the embryo occupies the entire egg length and lacks
a growth zone. Moreover, all segments of the embryo are patterned together within a syncytial
environment (Davis and Patel, 2002).

We have focused our attention on Nasonia vitripennis, a parasitoid wasp (Hymenoptera) that
undergoes long germ development similar to that of Drosophila, yet is evolutionarily very
distant from flies (>200MY) and lacks bcd (reviewed in: (Pultz and Leaf, 2003). We have
uncovered a number of striking features that differ with the highly derived system of axis
formation in Drosophila. Notably, we have shown that Nasonia localizes a number of maternal
mRNAs that are not localized in Drosophila, such as orthodenticle-1 (otd-1), caudal (cad) and
giant (gt), as a primary step in oocyte axis specification and early embryonic patterning. This,
at least in part, compensates for the absence of bcd (Lynch et al., 2006)(Olesnicky et al.,
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2006)(Brent et al., 2007). otd-1 mRNA is expressed maternally in the Nasonia ovary and is
localized to both the anterior and posterior poles of the developing oocyte (Lynch et al.,
2006). caudal (cad) mRNA, which later forms a posterior to anterior mRNA gradient in the
early embryo, is transiently localized to the posterior of the oocyte during oogenesis (Olesnicky
et al., 2006). As in flies and in most insect species tested, nos is strictly localized to the posterior
of the oocyte during oogenesis and remains localized to the oosome in early embryos (J. Lynch
and C.D. submitted). The oosome is a structure that contains the germ plasm that will later give
rise to the germ line. During early Nasonia embryogenesis, the oosome migrates to the posterior
pole of the embryo and buds off the posterior pole to give rise to the pole cells. Moreover, we
find that giant (gt) mRNA is expressed maternally and localized to the anterior of the oocyte
in a manner reminiscent of bcd in Drosophila (Brent et al., 2007).

Both the Drosophila and Nasonia ovariole are meroistic, meaning that the nurse cells and
oocyte are both of germ cell descent and originate from the same primordium, but differentiate
during subsequent cell divisions. As each ovarian follicle develops and is positioned more
distally along the ovariole, the nurse cells remain attached to one another and to the oocyte
through ring canals, which arise from incomplete cleavage during cell division. The 16 sister
cells that make up each germline cyst result from four of these incomplete divisions. An egg
chamber forms comprising of 15 nurse cells and the oocyte, surrounded by the somatic follicle
cells, which form an epithelial layer around the oocyte. Nurse cells produce metabolites and
other factors that transit through the ring canals to accumulate in the oocyte (King, 1969)(Figure
1).

The Drosophila oocyte is specified early during oogenesis as a result of the asymmetric
segregation of the fusome, an organelle that connects the 16 cells. Once the oocyte has been
specified, the polarity of the oocyte microtubule network becomes extremely dynamic and
undergoes a major reorganization resulting from communication between the oocyte and
follicle cells. This reorganization is essential to localize maternal mRNAs that will generate
the axes of the embryo. At first, microtubule minus ends extend from the nurse cells into the
oocyte toward a microtubule organizing center (MTOC) localized at the posterior pole of the
oocyte, near its nucleus. Later, however, the posterior MTOC disassembles while multiple
MTOCs form toward the anterior of the growing oocyte. At this stage, the microtubules are
therefore pointing from the plus end at the posterior of the oocyte to the minus end at the
anterior. mRNAs and the oocyte nucleus utilize the polarity of the microtubules to localize to
the anterior or posterior pole (Steinhauer and Kalderon, 2006).

Nasonia oogenesis presents striking similarities to that of Drosophila. It is divided into five
morphologically distinct stages (King, 1969)(Figure 1A). In stage 1, the nurse cells and oocyte
are indistinguishable until they begin to segregate, with the oocyte lying towards the posterior
of the follicle. By stage 2, the nurse cells and a smaller oocyte are clearly distinguishable, as
a constriction forms between the oocyte and its supporting nurse cells. At this stage, the oocyte
nucleus is positioned in the center of the cell. The oocyte continues to grow throughout stage
3 until it becomes larger than its accompanying nurse cells. Concomitantly, the oocyte nucleus
migrates to the dorsal anterior cortex of the developing oocyte, as in Drosophila. Later, during
stage 4, the nurse cells begin to degenerate as they empty all their contents into the oocyte. In
the final stage (5), a vitelline membrane is constructed around the embryo (King, 1969)(Figure
1A).

Here, we show that the localization of four maternal mRNAs is achieved using at least 2 distinct
mechanisms. We show that, during Nasonia oogenesis, microtubules play a major role in
oocyte polarity and in the control of anterior localization of otd1 and gt mRNA and the posterior
localization of cad mRNA. In contrast, the actin cytoskeleton is important for anchoring the
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oosome and is therefore essential for the localization of nanos and otd1 mRNA to the posterior
pole of the oocyte.

Materials and Methods
Fixation and in situ hybridization

Nasonia wild type stocks were kept at 28°C. Ovaries were fixed in 4% Formaldehyde 0.1%
Tween 20 in 1X PBS for 20 minutes and dehydrated in methanol. In situ hybridization was
performed as previously described (Brent AE, 2003).

Microtubule detection and Immunohistochemistry
Microtubules were detected using the method previously described by Januschke et al, 2006
to preserve the cytoskeleton in ovaries. Monoclonal anti-α-tubulin (DM1A) FITC Conjugate
(Sigma) was incubated at 1:1000 overnight at 4°C in PBS 0.1% Tween containing 2% bovine
serum albumin (BSA).

Bicaudal and tudor sequence information
The following 941 base pair Bicaudal fragment and tudor 810 base pair fragment were cloned
from a Nasonia cDNA library generated from ovaries. Primers were designed based on
sequence similarity between the Drosophila melanogaster tud and BicD genes. The known
Drosophila sequences were aligned with raw sequence data from the Nasonia genome
sequence using BLAST.

Nasonia tudor—
TGAAGAAATAACTACGGTACGCTTTATCGACTATGGTAACACTGATGTAA
TCCACAATAATGTAAGCAAGATCAAACAATTGCCTGATAAATGGAAGGCC
ATAAAGAAGTACGCTATTGAGTGTAAACTGGATGTACTCCCGGTTAATGC
TGACGACTGGAGCGACGAAGCCAGCGCCAAATTGAGTGAACTGGTTACAA
CTGAAGACCCTATCCACGCTTTGATAATCGCCGATAAAGCTCCAATGCGT
ATAGATCTCTATAGCAAAGGTGATAGTATCTGTAAGATGCTGATCGACGA
GAAGCTCGCTACGTACGTTCAAAGTTCCGAAGATCTGAATGAGGAGATTG
TTGAAGAAGTCCAGTTAGATCCACGATCTGCCTTCGTCAGTAACATTATA
TCAGTAGATCAATTTTGGGTACAGGAAGAAAAATGGATTAACGATTTGGA
AATGATAGAGGATAGACTTGTGATGGCTCCCATGTTCCCACAAGTACCAG
AAATCGAAGAAGGACTCGTCTGCATTGCTCATTTTCCTGATGACAACTTG
TACTACAGAGCTATCATTTTGTCACACACCGATGAAGGAACAAAGGTTCG
TTATATCGATTATGGCAATTCAGCCATCACAAAGGACCTTAAAACGATTC
CAGGGGACTTGGCCCAAATTCGTCCGCTGTCGAGAAAATGCTGTTTGGCA
AAACCAGATGGGATCGAACAGTGGCCTGATGGAATTCATGATGAATTTGT
CACCCTAGCGGCGTCTGGTGCAACAGTATTTCTTCTAGACGTAATCGAGA
GAGCGAAACT

Nasonia Bicaudal—
CTGCGCCATGAGTTGGAACGTGTTCAATCTGAGCGTGATCACGCTCTACA
AGAAAGAGAAGACGTAGGCAAGGACCATTTGTTAGTGGAGTCTGAACGGA
GAAGCTTGCGTACAGAGCTTAAAGAGAGCAGATTTCGCGAGACAAGACTT
CTGCAAGACTACACTGAACTCGAGGATGAAAACATTTCCTTGCAGAAGCA
AGTATCCACTTTGCGGTCTAGTCAGGTGGAATTTGAAGGTGCCAAACATG
AAATACGTAGACTGACTGAGGAGGTTGAGCTTCTGAACAGTCAAGTAGAAGAG
TTGTCTAATTTAAAGAAAATAGCTGAGAAGCAGATGGAAGAAGCATT
GGAGTCGTTGCAAGCCGAAAGGGAGGCAAAATATGTCCTCAAGAAGGAAC
TGGATCAGAGAATGAACAGCGAATCTATCTACAACCTCAGTAATCTTGCA
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CTTTCCATTCGCGGTATTACGGATGACCAAACGATGTGCAGCGATGGTGA
GGATGATTCTCCAGCACTAAGAAGAATAGAGGATGATCTGAAGACTCAAG
AACCTGGCACCTCATCGCCAAACAAGCAGGTCGACCTGTTCTCGGAGATT
CATTTGAACGAACTGAAAAAGCTTGAAAAGCAACTTGAAATGGCTGAAAC
TGAAAAGGCAGTACTGACGCAGAACCTGAAGGAATCACAGTGTGCTGTTG
ACAAGAGCCAAGCGGAATTGCAGTCGTTCATTGCGCGCATTGTACAATTA
GCTGCCCATGTCCAGTCTCTGCAGCACATTCACTCGAAGCTACCAGAGAA
GCAAAGCGATGAAACCACCCTGGACAAGCTGAATTTGGCCATTATTCAAT
ATCACCAATGGGAGTACATTGTCAGCCTCAAGAAGTTCCACCAACTACCA
AAAGACTTGGCTGAATTGGATAAGGGTCTGACGATTTCAGA

RNA interference
parental RNAi was performed as described in Lynch and Desplan (2006). To generate
templates via PCR for transcription of double stranded RNA the following primers were used
(T7 promoters in bold.): For Bicaudal dsRNA transcription templates: forward primer (5'
TAATACGACTCACTATAGGGAGACCACGCTGCGCCATGAGTTGGAACG 3') and
reverse primer
(5'TAATACGACTCACTATAGGGAGACCACCTTGTTACGAAGATTCGTAAG 3')
were used. For tudor dsRNA transcription templates: forward primer (5'
TAATACGACTCACTATAGGGAGACCACCGGTACGCTTTATCGACTATGG 3') and
reverse primer (5'
TAATACGACTCACTATAGGGAGACCACGTTTCGCTCTCTCGATTACGTC 3')
were used. Female pupae were injected with dsRNA and kept at 28°C until eclosion. Upon
eclosion, females were fed sugar water for 2 days at 25°C. Ovaries were subsequently dissected
and fixed for analysis by in situ hybridization.

Chemical treatments
One day after eclosion, wild type females were fed 65μg/mL colchicine in 20% sucrose
dissolved in dH2O for 15 hours, ovaries were subsequently fixed and examined for defects in
mRNA localization and oogenesis.

As cytochalasin D is lethal when fed to Nasonia for long periods of time, Nasonia ovaries were
instead cultured in the presence of cytochalasin D. Females were reared at 28°C and fed 10%
sugar water for 2 days after eclosion at 25°C. Ovaries were then dissected in 500 μl Schneider's
Insect Medium (Sigma-Aldrich) supplemented with 20% fetal bovine serum. 1μl/ml ethanol
was added to control ovaries, whereas experimental ovaries were supplemented with 1μg/ml
cytochalasin D. Ovaries were incubated on a nutator for 1 hour at room temperature and
subsequently fixed and analyzed by in situ hybridization.

Results and Discussion
Microtubules function in oocyte specification and polarity

A comparison of early developmental processes in Drosophila and Nasonia has highlighted
the critical role of mRNA localization in Nasonia. Of particular interest is the fact that various
maternal mRNAs appear to exhibit distinct localization profiles in Nasonia. For instance, while
cad mRNA is not localized in flies, it is initially localized to the posterior in Nasonia, but this
is rapidly lost, leading to the formation of an mRNA gradient in the embryo (Olesnicky et al.,
2006). In contrast, nos and posterior otd1 remain very tightly localized. Anterior otd1 and gt
are also more loosely associated with the anterior pole. We therefore investigated the
mechanisms involved in mRNA localization, focusing first on the mechanisms that are known
to play critical roles in Drosophila.
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We first investigated the role of microtubules. Microtubules are crucial for oocyte specification
in Drosophila, as their disruption often results in the formation of germline cysts with 16 nurse
cells and no oocyte. Moreover, active transport along the microtubule network is important for
the localization of various mRNAs during Drosophila oogenesis. For example, the minus-end
directed motor dynein is involved in transporting the mRNAs of bcd and gurken (grk) to the
anterior of the oocyte along cytoskeletal tracks. In contrast, oskar (osk), a posteriorly localized
mRNA, is likely transported along microtubules by the plus-end directed motor kinesin (St
Johnston, 2005).

Using the fixation technique described in Januschke et al (2006) to preserve the cytoskeleton,
we stained for microtubules in Nasonia ovaries using an anti-alpha-tubulin antibody
(Januschke et al., 2006). Microtubules are evident throughout the Nasonia nurse cells and
oocyte in late stage 1 and stage 2 follicles (Figure 1B). In stage 3, after the nucleus has migrated
to the dorsal anterior cortex, they are enriched around the nucleus and extend along both the
dorso-ventral and antero-posterior axes throughout the oocyte (Figure 1C,D). At the end of
stage 3, much of the microtubule network breaks down along the anterior-posterior axis. One
population, however, remains surrounding the nucleus, forming a hairpin-like structure that
opens toward the center of the oocyte. At this stage, the nucleus is located at the dorsal anterior
cortex of the oocyte (Figure 1E see arrow). Therefore, an intricate microtubule network exists
in the Nasonia follicle, similar to the network described in Drosophila. Moreover, as is seen
in Drosophila, we find that microtubules are enriched at the oocyte nucleus, suggesting that
microtubule nucleation might be mediated in a manner dependent on the oocyte nucleus
(Januschke et al., 2006).

Role of microtubules in formation of ovarian cysts
We next sought to disrupt the microtubule cytoskeleton pharmacologically using colchicine,
which acts by depolymerizing microtubules. One day after eclosion, females were fed 65μg/
ml colchicine dissolved in sugar water for 15 hours; ovaries were subsequently fixed and
examined for defects in mRNA localization and oogenesis. We find this the most efficient
approach to disrupt microtubules in a consistent way since cultured ovaries do not survive long
enough to exhibit phenotypes. The morphology and organization of developing follicles is
affected after this prolonged treatment in a way that is related to what has been observed in
flies. Additionally, the overall shape of the nurse cells is elongated and antero-posterior polarity
is often affected within the developing follicle chain, with some follicles exhibiting inverted
polarity, a phenotype that has not been previously reported in Drosophila in response to
microtubule disruption (Figure 2A,B). Colchicine treatment also results in altered number of
nurse cells. Although we do not find egg chambers composed solely of nurse cells, as has been
reported in Drosophila in response to similar drug treatment (reviewed by (Huynh and St
Johnston, 2004),we do find egg chambers with twice the number of nurse cells. We interpret
these as resulting from 2 follicles that have fused during oogenesis, but where only 1 oocyte
was specified (i.e. 31 nurse cells and 1 oocyte; see Figure 2C). It might also be possible that
this phenotype is the result of an extra round of mitosis in the germline, as has been previously
reported in Drosophila encore mutant egg chambers, which contain 31 nurse cells and 1 oocyte.
encore has been shown to be required for regulating mitotis entry/exit and oocyte
differentiation during oogenesis (Hawkins et al., 1996). Additionally, as a result of microtubule
drug inhibition, some follicles often contain a double oocyte with a furrow in the center,
surrounded on each side by a set of nurse cells with opposite polarity. This phenotype probably
results from the fusion of 2 cysts, one of which has inverted polarity (Figure 2B).

These results indicate that microtubules play a major role in oocyte specification and overall
polarity of developing follicles. This major role for the microtubule network in oogenesis is
consistent with previous studies in hymenopterans using colchicine to inhibit the microtubule
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network (Bilinski and Jaglarz, 1999). Although microtubules do play an important role in
oocyte specification and transport of factors from the nurse cells to the oocyte in Drosophila,
microtubule inhibition in Nasonia results in strong oogenesis phenotypes that have not
previously been reported in Drosophila despite use of similar drug inhibition treatments.
Results from such experiments indicate that microtubules play a greater role in the wasp than
in Drosophila in maintaining the general morphology of the nurse cells, positioning nurse cell
nuclei, as well as in transferring maternal factors to the oocyte (Bilinski and Jaglarz, 1999).

Microtubules are necessary for localization of giant and caudal mRNAs
Our results show that colchicine treatment efficiently disrupts the microtubule network in
Nasonia follicles as oogenesis phenotypes similar to those reported for Drosophila are
obtained. We next examined the effects of microtubule disruption on localization of various
maternal mRNAs.

giant (gt) is expressed maternally and its mRNA is localized to the anterior of the early
Nasonia oocyte in a perinuclear manner (Figure 3A; Brent et al. 2007). This localization breaks
down once the embryo is deposited, resulting in an mRNA gradient in freshly laid embryos.
gt mRNA localization is microtubule dependent, as microtubule depolymerization prevents its
localization to the anterior of the oocyte. Instead, gt mRNA is homogenously dispersed,
resulting in a faint, even signal throughout the oocyte (Figure 3B). Interestingly, a population
of microtubules surrounds the oocyte nucleus in developing wild type follicles in a pattern
similar to the pattern observed during gt localization in stage 3 of oogenesis (Figure 3G,H).
Thus it is possible that a specific population of microtubules that surrounds the nucleus is
responsible for maintaining the perinuclear localization of gt mRNA. Similarly, in
Drosophila it is believed that different microtubule populations are responsible for directing
transport of specific mRNAs to different regions of the oocyte (St Johnston, 2005).

As our method for colchicine treatment employs feeding females over relatively long periods
of time and females ingest different quantities of microtubule inhibiting drugs, follicles are
affected at varied stages of oogenesis. Additionally, we observe a range of phenotypes and
varied strength within the affected follicles. Follicles treated with colchicine, presumably later
during the development of the follicle than those that fail to localize gt mRNA in early stage
2, exhibit a failure to maintain gt localization in later stage 3 of oogenesis. In these follicles,
“streams” of gt mRNA are seen detaching from the anterior pole, stretching towards the center
of the oocyte (Figure 3E). Microtubules are thus important for both the initial localization of
gt mRNA and subsequently for its maintenance.

We next examined the effect of microtubule depolymerization on the localization of caudal
(cad) mRNA. cad mRNA is expressed throughout oogenesis in nurse cells and is localized to
the posterior of the oocyte (Olesnicky et al., 2006) (Figure 4A). During stage 4, however,
cad mRNA localization begins to break down such that once the embryo is laid, a cad mRNA
gradient is formed. cad mRNA localization is also microtubule dependent as colchicine
treatment results in a failure to localize to the posterior. Instead, cad mRNA is homogenously
dispersed throughout the oocyte (Figure 4 compare A & C). Therefore, although at opposite
poles, the mRNA localization of both gt and cad appears to exhibit similar features: Both
mRNAs are transiently localized and begin to diffuse as the oocyte reaches stage 5, leading to
the formation of mRNA gradients in the early embryo. They both appear to rely on a similar
microtubule-dependent mechanism to achieve their initial mRNA localization. Later, gt mRNA
also relies on microtubules to maintain its localization, whereas cad mRNA localization breaks
down quickly in the wild type and has no need for maintaining localization.

In Drosophila, a number of transiently localized mRNAs, including Bicaudal-D and orb, have
been previously characterized. These mRNAs are also sensitive to microtubule inhibiting drug
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treatment, which results in uniform distribution of mRNA throughout the oocyte (Pokrywka,
1995; Pokrywka and Stephenson, 1991) (Pokrywka and Stephenson, 1995). Our results in
Nasonia suggest that microtubules might play a conserved role in the transport of mRNA.
Furthermore, the conserved sensitivity of transiently localized mRNAs to microtubule
inhibitors among different species might reflect a common general mechanism for achieving
this temporary localization.

Nasonia utilizes two different mechanisms to localize otd1 mRNA
otd1 mRNA is localized to both the anterior and posterior poles of the oocyte where it plays a
major role in patterning the embryo. In particular, the anteriorly localized otd1 functions in a
manner reminiscent of bcd in Drosophila (Lynch et al., 2006). During oogenesis, otd1 is first
localized to the posterior of the Nasonia oocyte and closely resembles the tight localization
seen for nos mRNA (see below; J. Lynch and C.D. submitted). Later, otd1 mRNA is also
localized to the anterior of the oocyte. Anterior otd1 mRNA is loosely localized in comparison
to the tight posterior otd1 mRNA localization, suggesting that the localization of this mRNA
to opposite poles relies on 2 different mechanisms. Moreover anterior otd1 differs from gt
anterior localization, as it is not perinuclear. Interestingly, in response to microtubule
depolymerization, anterior otd1 mRNA localization is abolished, whereas posterior
localization is maintained (Figure 4 compare B & D). Therefore, the anterior and posterior
localization of otd1 mRNA depend on two different mechanisms: Anterior localization is
microtubule-dependent while posterior localization is not.

Microtubules are not essential for nanos localization
The posterior otd1 localization is reminiscent of the tight localization of nos. This suggests
that both mRNAs rely on a common mechanism for localization. As in Drosophila, nos mRNA
is maternally expressed in Nasonia (J. Lynch and C.D., submitted). Using fluorescent in situ
hybridization techniques, early nos mRNA can be seen localized in a perinuclear manner in
oocytes (J. Lynch and C.D. submitted). Later, nos is tightly localized to the posterior pole of
the developing oocyte (Figure 2A,D; Lynch and C.D., submitted). Depolymerization of
microtubules using colchicine does not affect nos posterior localization within the egg
chamber, even in conditions where severe oogenesis and polarity defects described above are
fully apparent and cad and gt mRNAs are completely delocalized. In fused egg chambers, each
set of nurse cells is oppositely oriented, resulting in nos mRNA localizing to the ‘posterior’ of
each apposed oocyte (Figure 2B). We also observe nos localization to both poles of the oocyte
in a small percentage of follicles examined, likely resulting from the transport of nos mRNA
from 2 sets of inverted nurse cells (“bicaudal oocytes” Figure 2E). Therefore, although
microtubules are necessary for oocyte specification and overall polarity of egg chambers
throughout oogenesis, they are only required to transport some mRNAs and do not appear to
be necessary for the localization of nos. This is consistent with previous reports in
Drosophila, where nos mRNA is dispersed throughout the oocyte and is localized to the
posterior by being trapped and anchored in an actin dependent manner to the pole plasm
(Forrest and Gavis, 2003).

In Nasonia, both nos and posterior otd1 mRNA remain tightly localized to the posterior of the
oocyte throughout oogenesis. Later, once the embryo is laid, nos and otd1 mRNA co-localize
with the oosome, a structure that will give rise to the pole cells in the developing embryo (J.
Lynch and C.D. submitted;(Lynch et al., 2006)). This suggests that a conserved mechanism
involving pole plasm is utilized in both Nasonia and Drosophila to localize nos mRNA in both
species, and posterior otd1 in Nasonia. However, since Drosophila has pole plasm structures
but lacks an oosome, there may be some differences in the role of the pole plasm in RNA
localization.
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The actin cytoskeleton is required for anchoring nos and posterior otd1
To test whether actin might be required for the localization of those mRNAs that do not depend
on microtubules, Nasonia ovaries were cultured with 1μg cytochalasin D for 1 hour, to disrupt
the actin cytoskeleton, fixed and analyzed by in situ hybridization. Treatment with the drug is
lethal at doses that affect oogenesis. Actin disruption results in nos detaching from the posterior
pole of the oocyte (Figure 5D). Although detached from the posterior cortex, nos remains
aggregated in a ring-like structure, which may represent the remains of the oosome. It has been
shown that Drosophila nos mRNA localizes to the posterior of the oocyte through trapping
and actin dependent anchoring of diffuse mRNA. Moreover, nos is associated with the pole
plasm in Drosophila, although this structure is more diffuse and not as clearly defined as the
Nasonia oosome (Forrest and Gavis, 2003). Our results suggest that a similar actin-dependent
mechanism is responsible for anchoring nos to the posterior and is likely dependent on proper
germ plasm assembly.

We also examined otd1 localization in cytochalasin D treated ovaries. While anterior otd1
localization is unaffected, posterior otd1 becomes delocalized from the posterior pole of the
oocyte (Figure 5C). The disruption of posterior otd1 localization is similar to that of nos, where
the mRNA becomes detached from the posterior cortex but remains mostly aggregated within
the oosome. This suggests that whereas anterior otd1 mRNA relies on microtubules for
localization, posterior otd1 mRNA localizes to the posterior cortex of the oocyte in an actin-
dependent manner, similar to nos mRNA. We also tested whether actin disruption affects the
localization of cad or gt mRNA. However, cad posterior localization and gt anterior
localization, like anterior otd1 mRNA localization, are not affected by cytochalasin D treatment
(data not shown), indicating that actin does not play a role in driving or maintaining localization
of these mRNAs. Instead, these mRNAs appear to utilize the microtubule network for proper
localization.

Bicaudal-D and tudor RNAi phenocopy colchicine treatments
We next sought to identify genes that might be involved in microtubule organization and
mRNA localization. In Drosophila, when egg chambers are depleted of Bicaudal D (BicD)
during mid-oogenesis, follicles sometimes have double or half the number of nurse cells.
Apposed egg chambers are also seen where the oocyte lies between two sets of nurse cells and,
often, nurse cell nuclei protrude into the oocyte (Swan and Suter, 1996) (Oh and Steward,
2001). BicD loss of function egg chambers also often fail to specify an oocyte and result in egg
chambers consisting of 16 nurse cells (Oh and Steward, 2001) (Suter and Steward, 1991). These
phenotypes are similar to the phenotypes that result from prolonged colchicine treatment
described in flies and here, in Nasonia follicles (see above). Indeed, in Drosophila BicD has
been shown to play a role in the formation of the microtubule network (Oh and Steward,
2001) (Bullock and Ish-Horowicz, 2001) (Navarro et al., 2004). In BicD and egalitarian
(egl) mutant egg chambers, the microtubule network fails to polarize as evidenced through
tubulin staining, and mRNAs such as osk fail to localize (Swan and Suter, 1996) (Huynh and
St Johnston, 2004). Egl protein forms a complex with BicD (Mach and Lehmann, 1997) and
also binds dynein light chain to facilitate microtubule dependent transport via the dynein motor
complex (Bullock and Ish-Horowicz, 2001; Navarro et al., 2004). Thus, BicD appears to serve
as an adaptor between its cargo and the motor complex required for active transport along the
microtubule cytoskeleton. We therefore next examined the role of BicD in Nasonia oogenesis.

In Nasonia, BicD is expressed homogenously throughout the egg chamber during oogenesis.
We examined the function of BicD in Nasonia oogenesis using parental RNAi (pRNAi).
Female pupae were injected with double stranded BicD RNA and their ovaries were
subsequently fixed for analysis. Whereas females injected with GFP dsRNA show no oogenesis
defects, females injected with BicD dsRNA show a range of phenotypes, closely resembling
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those observed in follicles of females treated with colchicine. Nurse cell morphology is affected
in 40% of BicD pRNAi follicles. Additionally, 15% of the follicles derived from females
injected with BicD dsRNA exhibit aberrant nurse cell number (Figure 4E). Some follicles show
half the normal number of nurse cells and often display polarity defects resulting in fused egg
chambers arranged in a symmetric manner (Figure 4E). Follicles with twice the number of
nurse cells are also observed, albeit to a lesser extent (5%), although these egg chambers do
not show polarity defects (data not shown). The most affected BicD pRNAi egg chambers show
migration of nurse cell nuclei into the oocyte (data not shown), a phenotype that is reminiscent
to the loss of function BicD phenotype in Drosophila. These data suggest that BicD function
in forming and polarizing the microtubule network during oogenesis is conserved between flies
and Nasonia.

In Drosophila, tudor (tud) is required for polar granule assembly and germ cell formation
(Amikura et al., 2001; Arkov et al., 2006). tud functions in the transport of mitochondrial large
ribosomal RNA from mitochondria to the polar granules (Amikura et al., 2001) (Thomson and
Lasko, 2004). Moreover, tud mutant embryos fail to maintain nos localization due to aberrant
polar granule assembly and often display loss of pole cells (Thomson and Lasko,
2004).Therefore, we expected tud to participate in nos and posterior otd1 mRNA localization
in Nasonia.

Nvit tud is expressed homogenously in egg chambers throughout oogenesis (data not shown).
Mutant follicles resulting from knockdown of tud function via pRNAi often display migration
of nurse cell nuclei into the oocyte (Figure 3F), abnormal nurse cell number and apposed egg
chambers with inverted polarity (Figure 2F, 4H) at similar frequencies to that seen in follicles
derived from females injected with BicD dsRNA. Surprisingly, these phenotypes closely
resemble the polarity defects seen in BicD RNAi and colchicine treatments, suggesting that in
Nasonia, tud functions in microtubule assembly or stabilization, a role that has not been
ascribed to tud in Drosophila. Instead, this more closely resembles Xenopus tudor repeat
protein (Xtr), which is expressed in oogenesis. Xtr was shown to play a role in the organization
of microtubules surrounding the nucleus in early Xenopus embryos, which also show cleavage
arrest and abnormal cleavage formation in blastomeres (Hiyoshi et al., 2005), suggesting that
Xtr functions during early embryogenesis in microtubule organization. These findings, together
with our results, suggest that tudor may have a conserved role in microtubule assembly that
was not detected in Drosophila.

Novel and conserved roles for tud and BicD in mRNA localization
We next tested whether mRNA localization is affected in BicD RNAi and tud RNAi follicles.
In agreement with the oogenesis phenotypes described above, phenotypes observed with
pRNAi are similar to those obtained with colchicine treatment. nos mRNA localizes normally
in both tud (Figure 2F) and BicD mutant egg chambers (data not shown). However, cad mRNA
fails to localize and instead shows diffuse staining throughout the oocyte (Figure 4G).
Similarly, gt mRNA fails to localize to the anterior (data not shown). As pRNAi generates an
allelic series, we also observe weaker phenotypes that affect mRNA localization at later stages
of oogenesis. In later stage 5 of oogenesis, gt fails to maintain localization in both tud and
BicD pRNAi follicles (Figure 3C,F). Finally, we examined the localization pattern of otd1
mRNA in BicD and tud RNAi follicles. Anterior otd1 localization is abolished in the absence
of tud and BicD function, but posterior otd1 remains localized, albeit at a lower level (Figure
4F,H). These results suggest that, in addition to oocyte specification, BicD plays a fundamental
role in mRNA localization, similar to Drosophila. Moreover, BicD has been shown to play a
role in MTOC formation in the Drosophila ovary. As the mRNA localization phenotypes in
BicD RNAi follicles are very similar to those obtained in microtubule disruption, it is probable
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that BicD plays a conserved role in MTOC formation in Nasonia. Consistent with the function
of Xtr in Xenopus, our data also suggest that tud plays a role in mRNA localization.

Conclusions
We propose that Nasonia utilizes two basic mechanisms for the localization of mRNA, a
microtubule-dependent mechanism and an actin-dependent, microtubule-independent one.
Anterior localization of gt and otd1 mRNA, as well as posterior localization of cad mRNA, all
rely on a similar microtubule-dependent mechanism while posterior localization of otd1 and
nos mRNAs rely on actin. In wild type follicles, cad and gt mRNAs are initially localized,
while later in oogenesis this localization is relaxed to achieve a more graded mRNA
distribution. otd1 anterior mRNA, although not graded, is also localized loosely in wild type
follicles. nos mRNA localization and posteriorly localized otd1 mRNA, however, are tightly
localized to the posterior in a microtubule-independent manner. Interestingly, in freshly laid
embryos both posterior otd1 mRNA and nos mRNA are localized to the oosome. Maintaining
localization of these two posteriorly localized mRNAs relies on the actin cytoskeleton.
Additionally, actin might be required to anchor the oosome to the posterior pole of the oocyte,
as well as to trap mRNA to the oosome. It is therefore likely that both mRNAs are localized
to structures within the germ plasm, resulting in a tight localization that is maintained
throughout oogenesis and early embryogenesis and does not rely extensively on microtubules.
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Figure 1. Dynamic cytoskeletal changes during Nasonia oogenesis
The 5 stages of oogenesis as described by King & Richards (1969). Yellow and white represents
oogonium, nurse cells are in yellow, oocyte in white, oocyte nucleus in blue and vitelline
membrane in grey. Photographs of fixed wild type follicles taken using Nomarsky optics. In
early stage one follicles, the oocyte and nurse cells are indistinguishable. Later stage one
follicles begin to distinguish the nurse cells from the oocyte which lies at the posterior of each
follicle. Stage 2 follicles have the nurse cells and a smaller oocyte separated from one another
with a constriction. In early stage 3 follicles, the oocyte and nurse cells are comparable in size.
In later stage 3 follicles, however, the oocyte is larger than its accompanying nurse cells. Stage
4 follicles empty the nurse cell contents into the oocyte. In stage 5, a vitelline membrane is laid
around the oocyte (A). Early stage 2 follicles stained using alpha tubulin antibody and analyzed
using confocal microscopy. nc, nurse cells, oc, oocyte (B). Later stage 3 follicles show a
complex microtubule network throughout the oocyte and nurse cells, and highly enriched at
the oocyte nucleus (C,D). Late Stage 3 follicles show a breakdown of the microtubule
cytoskeleton along the anterior-posterior axis, but retain a hairpin like organization surrounding
the oocyte nucleus (arrowhead) (E).
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Figure 2. nos mRNA localization is microtubule independent
Wild type nos mRNA localization (A,D). Inverted, fused follicle, marked by an asterisk, is
shown on the left with posterior nos localization. The adjacent follicle on the right shows the
normal orientation of the follicular chain (B). Follicles often display extra nurse cells, with
nos mRNA accumulating in central nurse cells (marked by an asterisk) in response to
colchicine-treatment (C). A bipolar follicle shows localization of nos to both poles of the oocyte
(E). Bipolar localization is marked by asterisks. tud RNAi results in dicephalic follicles with
abnormal nurse cell numbers (F). The furrow within the oocyte is marked by an asterisk.
Nonetheless, tud RNAi affected follicles show normal posterior nos mRNA localization (F).
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Figure 3. gt mRNA anterior localization and maintenance is microtubule-dependent
gt mRNA localizes in a perinuclear manner in early wild type follicles (A). This early
localization is microtubule dependent since colchicine treated females fail to localize gt mRNA
to the anterior pole (B). gt localizes to the anterior pole of the oocyte in later wild type follicles
(D). Colchicine treatment disrupts the maintenance of gt mRNA localization in older follicles,
where gt mRNA is streaming towards the center of the oocyte and is no longer tightly associated
with the anterior pole (E). Similarly, BicD (C) and tud (F) mutant follicles show a failure to
localize (F) and a failure to maintain normal (C) gt anterior localization. tud mutant follicles
also display migration of nurse cell nuclei into the oocyte (F). Microtubules surround the oocyte
nucleus in a manner similar to gt mRNA localization as evidenced by alpha tubulin staining
(G). gt mRNA is localized to the anterior of the oocyte in a perinuclear manner (H). A model
for gt mRNA localization using a microtubule dependent mechanism for transport and
maintenance of localization (I).
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Figure 4. Anterior otd1 and posterior cad mRNAs are localized in a microtubule-dependent manner
Wild type cad (A) and otd1 (B) localization. cad localization is lost in colchicine-treated
follicles (C). Anterior otd1 localization is abolished in colchicine-treated follicles, while
posterior otd1 remains localized (D). cad mRNA is homogenously expressed in inverted and
fused follicles derived from BicD RNAi females (E). BicD mutant follicles show loss of only
anterior otd1 localization, while posterior otd1 localization is reduced (F). cad mRNA fails to
localize to the posterior of tud mutant follicles (G). tud RNAi follicles show fusion and inverted
polarity phenotypes with aberrant anterior otd1 localization (H).
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Figure 5. nos and posterior otd1 mRNA require actin for anchoring
Wild type follicles stained for otd1 (A) and nos (B) mRNA after 60 mins of culturing at room
temperature. Culturing for 60 mins with cytochalasin D results in detachment of posterior
otd1 mRNA from the posterior pole of the oocyte (marked by an asterisk). Anterior otd1 mRNA
localization remains unaffected (C). nos mRNA is also delocalized from the posterior in
response to actin disruption. Most of nos mRNA, however, remains localized to the oosome
(D).
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