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In Drosophila, the Bicoid protein servers as paradigm as the first identified morphogen whose concentration
gradient provides the initial positional information in the anterior half of the embryo. There, it differentially activates
segmentation genes, in particular the gap genes. Insofar, there are two mainly prevailing models to explain how
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proposing that the bicoid mRNA is located at the anterior pole of the embryo at all times. The mRNA then serves
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suggested that ncd required αTubulin67C for cortical bicoid mRNA transport, also demonstrated by colocalization
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the Bicoid protein did not move into the interior, but rather moved along the cortex, even during long exposures. 3)
Combining hypoxia with drugs that disturb the formation of microtubules, we could observe interior movement of
Bicoid, while the mRNA strictly remained at the tip. When actin was compromised, little cortical Bicoid movement
was observed. This data suggested that Bicoid requires an intact cytoarchitecture for cortical movement. Finally,
we revealed several factors that played distinct roles in bicoid mRNA gradient formation, including trans-Golgi
proteins, the poly(A) polymerase Wispy, CyclinB and egg-activation genes.
Apart from studying the mechanism of bicoid gradient transport, we explored the expression patterns of bicoiddownstream genes in Bactrocera dorsalis, which is the oriental fruit fly with high relatedness to Drosophila,
however lacking bicoid. When comparing the segmentation gene expression patterns between Drosophila and
Bactrocera, bicoid downstream genes showed a strong shift of expression towards the posterior suggesting that
the positioning of the segmental anlagen along the anterior-posterior axis changed during evolution.
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ABSTRACT

In Drosophila, the Bicoid protein servers as paradigm as the first identified
morphogen, whose concentration gradient provides the initial positional
information in the anterior half of the embryo. There, it differentially activates
segmentation genes, in particular the gap genes. Insofar, there are two mainly
prevailing models to explain how the Bicoid protein concentration gradient forms:
1) the SDD (Synthesis, Diffusion and Degradation) model proposing that the
bicoid mRNA is located at the anterior pole of the embryo at all times. The mRNA
then serves as a source for translation of the Bicoid protein, followed by diffusion
of the protein to the posterior, combined with uniform degradation. 2) the ARTS
(Active RNA Transport and Synthesis) model proposing that the mRNA is
transported at the cortex along microtubules to form the mRNA gradient, which
serves as template for the production of Bicoid. Hence, there are clear differences
between the SDD and the ARTS model.
To corroborate the ARTS model, we used several approaches: 1) we investigated
on the transport mechanism of bicoid mRNA. To this end, we detected a cortical
microtubular network that was present in the anterior half of the early Drosophila
embryos, which was only active during metaphase and early anaphase. We found
that αTubulin67C is crucial for establishing the cortical microtubular network and
that cortical bicoid mRNA transport is compromised in αTubulin67C mutants. We
defined a motor protein, nonclaret disjunctional (ncd) to be a critical motor for
bicoid mRNA transport and demonstrated that ncd interacts genetically with
αTubulin67C. This data suggested that ncd required αTubulin67C for cortical
bicoid mRNA transport, also demonstrated by colocalization of αTubulin67C with
Ncd. 2) we chose one special fly stock that expresses 3 times more Bicoid and
treated the embryos with hypoxia to challenge the validity of the SDD model. Our
data showed that under hypoxic conditions, the Bicoid protein did not move into
the interior, but rather moved along the cortex, even during long exposures. 3)
Combining hypoxia with drugs that disturb the formation of microtubules, we
could observe interior movement of Bicoid, while the mRNA strictly remained at
the tip. When actin was compromised, little cortical Bicoid movement was
observed. This data suggested that Bicoid requires an intact cytoarchitecture for
cortical movement. Finally, we revealed several factors that played distinct roles in
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bicoid mRNA gradient formation, including trans-Golgi proteins, the poly(A)
polymerase Wispy, CyclinB and egg-activation genes.
Apart from studying the mechanism of bicoid gradient transport, we explored the
expression patterns of bicoid-downstream genes in Bactrocera dorsalis, which is
the oriental fruit fly with high relatedness to Drosophila, however lacking bicoid.
When comparing the segmentation gene expression patterns between Drosophila
and Bactrocera, bicoid downstream genes showed a strong shift of expression
towards the posterior suggesting that the positioning of the segmental anlagen
along the anterior-posterior axis changed during evolution.
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1 INTRODUCTION

“Developmental biology deals with the process by which the genes in the fertilized
egg control cell behavior in the embryo and so determine its pattern, its form, and
much of its behavior… differential gene activity controls development” (Wolpert,
1998).
Mice, frogs, zebrafish, C. elegans or Drosophila melanogaster? Each idealized
animal model has its own strength and weakness. Critics have mainly questioned
whether those animal models are qualified to represent the rest of the animal
species, since the requirements of those animals as study models were subject to
the bias of their life cycles and developmental advantage.
Thanks to the pioneering genetic studies of Thomas Hunt Morgan beginning in
1910, the history of using Drosophila as an animal organism in modern biological
sciences spans a century. Executed as a pilot study before sequencing the human
genome, Drosophila was the first complex animal to have its entire genome
sequenced (Adams et al., 2000). Regardless of the different developmental
patterns, the highly conserved genes and regulatory mechanisms that Drosophila
shares among all the animals draw more scientific attention (Reiter et al., 2001). In
Drosophila, there are approximately 15,600 genes within a genome of 144 million
base pairs. The genes associated with known diseases that range from the central
nervous system to cardiovascular diseases, from cancer to metabolic disorders,
share nearly 77% similarity with their human counterparts (Kornberg and
Krasnow, 2000; Pandey and Nichols, 2011). For instance, the major components
of the Ras signaling pathway in the fly visual system have been found to be highly
conserved in mammalian cells (Cagan, 2009; Nagaraj and Banerjee, 2004), which
contribute the research of cancer biology. As a model for neurodegenerative
diseases, when the CNS of the flies was transfected with Parkinson’s diseaseassociated genes, flies displayed similar symptoms with those from human
Parkinson’s patients (Feany and Bender, 2000; Whitworth, 2011).
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1.1 Overview of the Drosophila life cycle
The life journey of Drosophila begins with the fertilized egg, which undergoes its
embryogenesis within the first 24 hours. Afterwards, a first instar larva hatches out
of the egg. This larva eats to increase its size during the next 4.5 days, while going
through two more instars. At day 5.5, the larva forms the pupa by secreting a pupal
case. During the pupal stage, a significant phase called metamorphosis takes place
resulting in the formation of the adult structures. The last step is the hatching of
the adult fly, which completes the life cycle. The life cycle of Drosophila takes 9
days at 25° C and is demonstrated in Fig. 1.

Fig. 1 Life cycle of Drosophila melanogaster
The life cycle of the fruit fly takes approximately 9 days at 25° C. Image taken from the book
“Principles of Development”, Wolpert et. al. , 5th ed. (2015), Sinauer, ISBN 978-0-19-967814-3
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1.2 Overview of early Drosophila development
The early stage of Drosophila embryogenesis is represented by 14 nuclear cycles
during the first 3 hours, in the absence of cytokinesis. The first nuclear cycle (nc)
occurs after the fusion of the male and female pronuclei, whereby the syncytial
cycles are initiated. The first 7 nuclear divisions occur at the center along the
anterior-posterior axis. From the 8th division on, the nuclei start to migrate toward
the periphery of the embryos. During the period of nc 9, approximately five nuclei
move to the posterior pole and become enveloped by cell membranes. These give
rise to pole cells that later will become the gametes of the adult. The remaining
nuclei distribute along the cortex from nc 10 on, and complete the last 4 divisions.
During the 14th nuclear cycle, cell membranes encapsule the nuclei, forming the
cellular blastoderm. Fig. 2 shows the cleavage stages of Drosophila embryos.

Fig. 2 Drosophila melanogaster: early embryogenesis
After the first 3 hours and 14 nuclear divisions, the embryo is at the cellular blastoderm stage, which
contains approximately 6,000 nuclei at the embryonic surface. Image taken from the book
“Principles of Development”, Wolpert et. al. , 5th ed. (2015), Sinauer, ISBN 978-0-19-967814-3

1.3 Genes that govern the Drosophila body plan
The commitment of Drosophila body patterning consists of two steps:
specification and determination. The specification of the cell fate depends on
signals provided by protein gradients that originate from maternal genes, and can
still be influenced in response to other cells. The specified cell fate is transformed
into an irreversible determination by zygotic genes, categorized as segmentation
genes (gap genes, pair-rule genes, and segment polarity genes), and becomes cellintrinsic.

1.3.1 Maternal-effect genes
(Marlow, 2010) describes: ʺMaternal genes are those genes whose products, RNA
or protein, are produced or deposited in the oocyte or are present in the fertilized
egg or embryo before expression of zygotic genes is initiated.ʺ During the early
15

embryonic stage in Drosophila, maternal genes that are dumped from nurse cells
to oocytes, are responsible for programming the early embryogenesis, specifically
in regards to the formation of the body axes: the AP and DV axes (Fig. 3).

Fig. 3 Maternal effect genes on body pattern establishment
The establishment of the body pattern is subject to products of the maternal genes that form gradients
and regions of morphogenetic proteins. Positional information provided by these morphogens
activates a series of zygotic genes. The first ones are the gap genes, whose mutations cause body
portions to disappear. The gap genes then enable the expression of pair-rule genes, which regulate
the formation of body segments. The segment polarity genes decide the cells fate in each
parasegment. Together, the interactions of all those genes regulate the homeotic selector genes and
decide upon the characteristic structures of each segment. Image taken from the book
“Developmental Biology”, Gilbert and Barresi, 11th ed. (2016), Sinauer, ISBN 978-1605354705

One of the most important maternal genes is bicoid (bcd), the first identified
morphogen found in a maternal-effect mutation screen (Frohnhofer et al., 1986).
Bcd is known to affect multiple maternal and zygotic genes by initiating
expression patterns in relation to the AP axis (Fig. 4).
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Fig. 4 Segmental cascade initiated by maternal genes along the AP axis
Once the Bcd morphogen provides pattern information, the downstream genes are activated
sequentially and spatially. Segments: Lr, labral; hb, preantennal domain (head blob of wingless); hs,
preantennal domain (head spot of engrailed); An, antennal; lc, intercalary; Md, mandibular; Mx,
maxillar; La, labial; T1-3, thoracic segments; A1-9, abdominal segments. bcd, bicoid; otd,
orthodenticle; ems, empty spiracles; btd, bottonhead; hb, hunchback; Kr, Krüppel; kni, knirps; gt,
giant; cad, caudal; ftz, fushi tarazu; eve, even-skipped; h, hairy.
Image credit: Adapted from Dmitri Papatsenko
(https://bspace.berkeley.edu/access/content/user/247388/index.html)

1.3.2 bicoid, a maternal effect gene determines the AP axis
bcd belongs to the homeobox gene family and stems from an ancestral Hox3 gene.
An interspecific comparison between D. melanogaster and D. pseudoobscura was
carried out by (Seeger and Kaufman, 1990) identifying conserved functional
domains of bcd in Drosophila. In the past 30 years, numerous studies on Bcd have
been carried out at the molecular, cellular and physical level, all devoted to
uncover the DNA and protein structure, and to determine the fundamental roles
and the mechanism of Bcd. Many studies have provided experimental data that
Bcd was the first true morphogen, playing a role via its protein concentration
gradient along the AP axis during Drosophila embryonic development (Fig. 5)
(Crauk and Dostatni, 2005; Little et al., 2013; Porcher and Dostatni, 2010;
Wieschaus, 2016).
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Fig. 5 Genetic pathways of bcd to form the AP axis
In oogenesis, bcd mRNA is synthesized in the nurse cells, then dumped into the oocyte and finally
transported to the anterior tip. After egg activation, bcd mRNA is translated into proteins during the
syncytial blastoderm. With the positional signal provided from the Bcd protein gradient, the anterior
zygotic genes are up- or down-regulated to form the AP axis. Image taken from the book
“Developmental Biology”, Gilbert and Barresi, 11th ed. (2016), Sinauer, ISBN 978-1605354705

1.3.3 Analysis of the Bcd sequence and its functional domains
(Berleth et al., 1988) was the first report that determined the sequence of bcd. The
study also identified a shorter isoform containing only exons 1 and 4, which arises
through alternative splicing. Compared to the length of the current known Bcd
(large Bcd), the product of the 1.4 kb isoform was later designated ‘small Bicoid’
(Fig. 6B).
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Fig. 6 Gene structure and functional domains of Bicoid
Compared to the large Bcd (494 aa), the splice event generates a 1.4 kb fragment that loses the
activity of the SID domain (self-inhibitory domain, yellow), the homeo-domain (light blue), the
PEST domain (pink), the Q-rich (green), the A-rich (dark) and other domains with unknown
functions. Note that the majority of the acidic domain (red) is maintained in small Bcd. Image drawn
by Cai, X.

The Bcd protein (494 aa) is divided into 7 independent domains (Fig. 6B). The
main functional domain of Bcd, also called the homeo-domain, resides in the
amino-terminal part and is responsible for facilitating its morphogenic activity by
binding DNA or RNA in a sequence specific manner (Baird-Titus et al., 2006;
Rivera-Pomar et al., 1996). Homeo-domains are evolutionarily-conserved domains
encompassing exactly 60 amino acids that regulate developmental processes
during embryonic pattern formation in many multicellular organisms.
Interestingly, the Bcd homeo-domain is considered to be unique. (Baird-Titus et
al., 2006; Dave et al., 2000) demonstrated that the homeo-domain of Bcd contains
not only a lysine residue at the critical position 50 (K50), but also has an arginine
residue at position 54 (R54). With this flexibility, bcd is enabled to re-program its
recognition codes corresponding to consensus or non-consensus target-binding
sites, and alternates its role as a transcriptional and translational regulator. Further
functional and structural studies demonstrated that the helix 3 of Bcd adopts
multiple conformations when bound to different targets. Further, it was proposed
that the conformational heterogeneity of the homeo-domain could play an
important role in admitting Bcd to read its various binding zones (Adhikary et al.,
2017; Dave et al., 2000).
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Immediately after the homeo-domain, a domain between aa 170 and 203
constitutes a PEST domain, which regulates the degradation of Bcd and results in
a half-time of Bcd shorter than 30 min (Driever and Nusslein-Volhard, 1988).
Approximately 80 aa upstream of the carboxy-terminal end of Bcd, an acidic motif
was found, which was also identified as the main domain of small Bcd. Studies of
(Driever and Nusslein-Volhard, 1989; Struhl et al., 1989) concluded that the acidic
domain was not required for mediating the transcriptional activity of Bcd, but to
maximize bcd activity.

1.3.4 The homeo-domain-less Bicoid protein (small Bicoid)
The small Bicoid (smBcd) lacks the homeo-domain, the PEST domain, the Q- and
A-rich domain as well as other domains of unknown function, and is thought to
modulate the transcriptional activity of the main Bcd protein (large Bcd) (Zhao et
al., 2003). It has been reported that the other important maternal gene osk in
Drosophila encodes two protein isoforms, termed long Osk and short Osk
(Ephrussi and Lehmann, 1992; Hurd et al., 2016; Markussen et al., 1995; Vanzo et
al., 2007). Both isoforms together regulate the downstream genes at the posterior
end, and determines the germ cell fate and the posterior polarity. Between the two,
the short Osk is part of the germ plasm and is indispensible for the formation of
functional primordial germ cells. However, in contrast to Osk, there is sparse
structural and functional information on smBcd, because this isoform was largely
neglected.
Current studies reveal that smBcd lacks the most important functional domain, the
homeo-domain. Moreover, the splice event leads a truncated SID domain (selfinhibitory domain, see Fig. 6B) that contains a particular 10 amino acid stretch
identified for modulating the transcriptional activity of large Bcd (Zhao et al.,
2002). Interestingly, exon 1 of smBcd ends exactly within the 6 amino acids
important for this function. Mutational studies have shown that, by altering the last
4 amino acids of the SID in the large Bcd (located on exon 2 and thus absent in
small Bcd), the transcriptional activity of Bcd is lowered by a factor of 100 in
CAT-assays (Zhao et al., 2003), indicating a particular function ascribed to
smBcd.

1.3.5 Large Bcd as a transcription and translation factor
Due to its flexible binding ability to both DNA and RNA, scientists have identified
more than 40 zygotic target genes and 66 enhancers that are directly mediated in a
Bcd-dependent manner (Chen et al., 2012; Driever and Nusslein-Volhard, 1989;
Howard and Struhl, 1990; Kantorovitz et al., 2009; Riddihough and Ish-Horowicz,
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1991; Struhl et al., 1989; Xu et al., 2014). Bcd regulates its target genes in both
positive and negative ways. One well-studied example is the establishment of the
expression pattern of hunchback (hb). hb contains at least 8 Bcd binding sites and
highly depends on Bcd to maintain its domain of transcriptional activity in the
anterior half of the embryo (Driever and Nusslein-Volhard, 1989; Lucas et al.,
2013). (Niessing et al., 1999) revealed that the PEST motif of Bcd participates in
the translational repression of caudal (cad) through binding to the 3’ untranslated
region (3’UTR) of the cad mRNA in the anterior part of the embryo. Furthermore,
(Rodel et al., 2013) added that Bcd binds to the cad 3’UTR together with the help
of the miR-2 microRNA. (Lasko, 2012) described that the Nanos gradient along
the PA axis is achieved through translational-repressing activity of Bcd. Fig. 7
shows the interaction domains between Bcd and its target genes (McGregor,
2005).

Fig. 7 The functional domains of Bcd
The homeo-domain is shown in dark blue with the lysine and arginine residues at positions 50 and
54, respectively, and highlighted in yellow. Amino acids involved in cooperative Bcd binding are
indicated by arrows. The SID, which can reduce the transcriptional activity of Bcd is shown in cyan.
The eIF4E-binding domain (shown in purple) blocks the initiation of the translation complex at the
5,-cap of cad transcripts. The PEST domain (shown in black) also contributes to the repression of cad
translation as well as in transcriptional activation and Ubiquitin-dependent protein degradation. The
glutamine (Q)-rich transcriptional activation domain (shown in green) can be down-regulated by the
alanine (A)-rich transcriptional repression domain (shown in red). The C-terminal acidic region
(shown in green) is also a transcriptional activation domain. Image from (McGregor, 2005).
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1.4 The recent origin of bcd during insect radiation
As a member of the homeobox genes, bcd was considered to be as conserved as
other homeobox genes in animal evolution. However, bcd homologs are rarely
found in other species, apart from Drosophila melanogaster, and were found only
in the family of dipterans, such as Megaselia (Stauber et al., 1999; Stauber et al.,
2000), Musca and Lucilia (Shaw et al., 2001). On this basis, it was suggested that
bcd evolved recently and was derived from the ancestral Hox3 gene during insect
evolution (Stauber et al., 1999; Stauber et al., 2002). This suggestion is peculiar,
leading to questions of how the bcd gene evolved and adopted its unique function
in organizing its patterning activity along the AP axis, and how other insects
would execute this task without bcd.

1.5 Two controversial models of Bcd gradient formation
Regardless of its function as a transcriptional or a translational factor, the Bcd
protein gradient along the AP axis is an important information source at the early
stage of embryonic development. The mechanisms behind the establishment of
this concentration gradient have attracted the attention of scientists across many
disciplines. At present, there are two opposing, but well investigated models.

1.5.1 The SDD model and its paradox
Since its discovery in 1988, the Bcd gradient has been analyzed extensively by
various methods (Ephrussi and St Johnston, 2004). By utilizing various antibodies
against the Bcd protein, an anterior exponential gradient reaching > 50% egg
length was detected (Driever and Nusslein-Volhard, 1988). To explain the
occurrence of the gradient, a simple cellular mechanism was put forward: Bcd is
synthesized from a local source of mRNA, followed by diffusion and uniform
degradation. This mechanism would generate non-uniform distribution of Bcd
along the AP axis to regulate pattern formation (Driever and Nusslein-Volhard,
1988; Fradin, 2017; Gregor et al., 2007) (Fig. 8), also termed the SDD model
(synthesis, diffusion and degradation). As one member of the morphogen family, it
was reasonable to propose diffusion as the mode of transport of the Bcd (Turing,
1952). In fact, several well-studied morphogen gradients including those of Dpp,
Wg and Fgf8, largely satisfy the principle of the diffusion model (Grimm et al.,
2010; Kicheva et al., 2007).
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Fig. 8 The SDD model
Image taken from the book “Principles of Development”, Wolpert et. al. , 3th ed. (2007), Sinauer,
ISBN 978-0-19-927537-3

Even though the SDD model can be extended to several other morphogens, the
model recently encountered a critical challenge. Combining the diffusion equation
to estimate the diffusion coefficient (D) of Bcd and the framework of SDD model,
it was expected that D should be approximately 2 µm2/s to reach a stable
concentration along the cortex within 90 minutes. However, results from
Fluorescence Recovery After Photobleaching (FRAP) identified that the D(FRAP)
was stable at approximately 0.3 µm2/s, which is at least one order of magnitude
lower than expected (Gregor et al., 2008; Gregor et al., 2007). This fact questions
the possibility that the gradient could be established so rapidly (i. e. within 90
minutes).
(Abu-Arish et al., 2010; Porcher et al., 2010) measured the Bcd coefficient using
Fluorescence Correlation Spectroscopy (FCS) and found that the diffusion
coefficient (DFCS ∼ 7 µm2/s) was too high to be consistent with the SDD diffusion
model. In their studies, DFRAP was measured as well, and parameters were close to
1 µm2/s. (Sigaut et al., 2014) explained the results from both diffusion efficient
(DFCS and DFRAP) by proposing that the results could be compatible, if one
considers the interaction of Bcd with slowly-moving binding sites.
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Already in 1986, the presence of an mRNA gradient had been shown (Frigerio et
al., 1986), adding further to the inconsistencies within the SDD model. However,
this report lacked a detailed analysis and hence the results were neglected for at
least two decades. However, research has resumed once again in recognition of the
importance of the mRNA gradient along the anterior-posterior axis.

1.5.2 The ARTS model
In 2009, (Spirov et al., 2009) published a seminal article demonstrating that the
mRNA itself forms a concentration gradient along the embryonic cortex (Fig. 9),
in accordance with the previous findings of the existence of a mRNA gradient 3
decades ago (Frigerio et al., 1986). This mRNA gradient decrease exponentially
from the anterior pole of the embryo at the syncytial blastoderm stage and at all
stages precisely parallels that of the Bcd protein distribution.

Fig. 9 The bcd mRNA (top) and Bcd protein gradient (bottom).
Image taken from the book “Developmental Biology”, Gilbert and Barresi, 11th ed. (2016), Sinauer,
ISBN 978-1605354705

In order to achieve the rapid transport of the bcd mRNA within the time
limitations, active and fast transport of the mRNA along a cortical network of
microtubules (MTs) was proposed, a model referred to as the ARTS model (active
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RNA transport and synthesis (Spirov et al., 2009). The ARTS model differs
dramatically from the SDD model and provides a reasonable explanation for the
paradoxical results, that the diffusion of the Bcd protein was too slow by one order
of magnitude (Gregor et al., 2007).

1.6 The cornerstones behind the ARTS model
1.6.1 The secondary structure of the bcd 3’UTR and its respective roles
How is the active transport of the bcd mRNA achieved at the molecular level? It is
presumed that the bcd mRNA localization is highly dependent on its 3’UTR,
which folds into a particular secondary structure showing three arms (Fig. 10).
Two arms, domains IV and V, are responsible for the localization of the mRNA by
binding to Staufen, a RNA-binding protein (Ferrandon et al., 1994). The third arm,
domain III, is responsible for dimerization (Wagner et al., 2004). Approximate 40
nt downstream of the stop codon, a degradation motif was identified (Surdej and
Jacobs-Lorena, 1998) providing a tool to regulate the amount of bcd mRNA. The
Staufen-mRNA complex, along with other proteins, is thought to bind Dynein or
Kinesin, two motor proteins, which allow rapid movement of the complex along
microtubules (MTs). In essence, it is this large bcd ribonuclear protein (RNP)
complex that migrates along MTs at the cortex of the embryo to form the bcd
mRNA gradient.

Fig. 10 Secondary structure of the bcd 3’ UTR
The structure shows the elements for localization, dimerization and degradation. Image from (Brunel
and Ehresmann, 2004)
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1.6.2 bcd mRNA localization in oocytes
In the Drosophila oocyte, the process for bcd mRNA microtubule-dependent
localization was demonstrated (Chang et al., 2011; Khuc Trong et al., 2015;
Stephenson and Pokrywka, 1992). In the oocyte, at stage 10b and onwards, the γtubulin ring complex (γ-TURC) as the microtubule organizing center (MTOC)
assembles microtubular tracts for bcd mRNA transportation (Weil et al., 2006).
MTs are nucleated or anchored at the cortex and spread from the periphery into the
interior. More importantly, cortical MTs follow a decreasing concentration
gradient along the cortex, consistent with the distribution of the bcd mRNA (Weil
et al., 2010). According to their model (Fig. 11) and supported by experimental
data, distinct roles of Staufen and Dynein were proposed during late Drosophila
oogenesis. It was described that both Staufen and Dynein were closely associated
with the bcd mRNA to form the bcd RNP. The bcd RNP moved along specialized
MTs at the anterior pole, maintained by the cortical actin cytoskeleton. Together,
localization of bcd mRNA along the embryonic cortex is a complex process
including transacting factors (e.g. Staufen), molecular motor proteins (e.g. Kinesin
and Dynein) and cytoskeletal components (e.g. microtubules) that remodel
extensively during the lifetime of the mRNA.

Fig. 11 Model for bcd mRNA localization in late oogenesis
MTs (green) are localized by actin (blue), and bcd mRNA (red) moves along the MTs with the help
of dynein (purple) as a RNP complex. Image from Development 137, 169-176 (2010)

More recent studies suggested that the anchoring of the bcd mRNA after being
transported to the anterior was not MT-dependent. (Trovisco et al., 2016)
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depolymerized microtubules by incubating the embryos in the presence of
Colcemid. However, a large percentage of the bcd mRNA remained stable. In
addition, microtubules were stained with the minus-end binding protein Patronin.
The result showed that the bcd mRNA and the MT minus-ends do not overlap,
even though both proteins are strongly localized at the anterior pole of the oocyte.
Considering all these significant findings, it was proposed that only the delivery of
bcd mRNA towards the anterior pole needed MTs as tracts. However, as for
anchoring the bcd mRNA, MTs would be required to cooperate with other
components to specifically anchor the RNA along the anterior cortex.
The mechanisms of bcd mRNA transport during oocyte development shed
promising light on how the Bcd protein gradient formation could occur during
early Drosophila embryogenesis. Most importantly, however, it should be taken
into account that all MT arrays are disassembled into short and un-oriented MT
filaments through the late stage of oogenesis (Steinhauer and Kalderon, 2006;
Theurkauf and Hawley, 1992; Theurkauf et al., 1992). This means that the embryo
after fertilization needs to build up a fresh MT network.

1.6.3 Cortical MT network at blastoderm embryos
In contrast to the wealth of information on the bcd mRNA transport during
oogenesis, information in regards to the cortical MT network for bcd mRNA
transportation during embryogenesis was sparse. Most reports focused on
detecting how the MTs cooperate with other microfilaments such as actin for the
development of the cytoskeleton during the syncytial blastoderm (Karr and
Alberts, 1986; McCartney et al., 2001; Rodriguez et al., 2003; Sullivan and
Theurkauf, 1995).
(Fahmy et al., 2014) detected a peculiar cortical MT network in the anterior half of
early nuclear cycle 1-6 embryos. The study also showed that when the cortical MT
network or the motor protein was compromised, e.g. through mutations in the
respective gene, bcd mRNA transport was not established along the cortex
anymore.
Since it was shown that the cortical MT network is indispensible to the formation
of bcd mRNA gradient during early embryogenesis, an important question comes
up: where are the cortical MT arrays nucleated?
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1.7 MT organizing center
The centrosome is the conventional microtubule organizing center (MTOC) in
cells and is mainly involved in the process of meiosis and mitosis. MT arrays
organized from the centrosome are astral, whose minus-ends are embedded in the
centrosome, while the highly dynamic plus-ends stretch outwards.
It has been shown that MT arrays can also be nucleated from centrosomeindependent centers, termed acentriolar microtubule organizing centers (aMTOCs)
(Baumbach et al., 2015; Moutinho-Pereira et al., 2009). The MT arrays that are
assembled by aMTOCs are asymmetric. (Yvon and Wadsworth, 1997) found noncentrosomal acting MTs that emanated from the peripheral lamella of human
kidney cells that behaved dynamically at each end. (Khodjakov et al., 2000)
deactivated one or two centrosomes, respectively, and still could find largely
functional MTs. (Nguyen et al., 2011) showed that in Drosophila neurons, MT
arrays were formed independently of the centrosome and did not require
centrosomes for maintenance of those MTs. In Drosophila somatic cells,
monopolar spindle MTs were assembled with the assistance of aMTOCs, but
without recruitment of centrosomal- and chromatin-MTs (Mottier-Pavie et al.,
2011). Likewise, in others specialized cell types, a number of aMTOCs have been
detected, among these are melanosomoes in the pigments cells (Malikov et al.,
2004), the plasma membrane of polarized epithelial cells (Reilein and Nelson,
2005), and nuclear envelope in myotubes (Bugnard et al., 2005). However, studies
have showed that MT nucleation of aMTOC to a certain degree relies on the
known centrosomal pericentriolar material (PCM) with the assistances of Asterless
(Asl) serving as a member of mother centrioles. In parallel, Centrosomin (Cnn)
and Spindle defective 2 (Spd-2) serve as PCM scaffolding proteins (Baumbach et
al., 2015).

1.7.1 Golgi complex as an aMTOC
In addition to the above, numerous reports showed that MT-assembling structures
could emanate from Golgi membranes (Chabin-Brion et al., 2001; Sanders and
Kaverina, 2015; Stephens, 2012; Zhu and Kaverina, 2013) (Fig. 12). A role of
MTs nucleated at the Golgi complex was ascribed to help to maintain the integrity
of the Golgi stacks (Miller et al., 2009), and stabilizing the position of the Golgi
complex within cells (Derby et al., 2007; Efimov et al., 2007).
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Fig. 12 Golgi as an aMTOC.
Golgi complex is as an aMTOC to nuclear MTs via both cis- and trans-golgins. Image from
(Stephens, 2012)
Image credit: (Stephens, 2012)

The golgins, a family of large coiled-coil proteins thought to function as tethers
are associated with the cytoplasmic surface of the Golgi complex (Nozawa et al.,
2005). dGM130 and dGM210 are localized within the cis-Golgi, while the GRIP
domain-containing golgins (dGolgin-97, dGolgin-245, dGCC88, and dGCC185,
all decorate the surface of the trans-Golgi network (TGN). Most of them have
binding sites for the Rab family GTPases for the purpose of anchoring to the Golgi
membranes (Sinka et al., 2008; Yadav and Linstedt, 2011), see also Table 1.

29

Table 1 Golgi binding sites of GTPases

Proteins

Localization

GTPases

dGM130

cis-Golgi

Rab1, Rab30

dGMAP210

cis-Golgi

Rab2

dGolgin-97

trans-Golgi

Rab6, Arl1/3

dGolgin-245

trans-Golgi

Rab2, Arl1/3

dGCC88

trans-Golgi

Rab6, Arl1/3

dGCC185

trans-Golgi

Rab2, Arl1

Interactions
MTs

MTs

In nocodazole wash-out hepatic cells, Golgi-dependent MTs are reconstituted and
anchored, together with the participation of γ-tubulin (Chabin-Brion et al., 2001).
Later, it was shown that a cis-Golgi MT binding protein, GMAP-210 was involved
in tethering γ-tubulin to the Golgi membranes in mammalian cells (Rios et al.,
2004). GM130 captures nascent MTs directly with the exception of GMAP-210
(Wei et al., 2015). Following up with prior research, (Efimov et al., 2007; Goud
and Gleeson, 2010) subsequently demonstrated that the TGN plays an important
role in both MT recruitment and stabilization. They found that on the surface of
TGN, a MT plus-end binding protein, cytoplasmic linker-associated protein
(CLASP), is trapped to the TGN and which recruits the MTs, with assistance of
dGCC185.
Apart from the Golgi complex as a potent aMTOC in Drosophila embryos, the
MT minus-end protein, Patronin, was reported to be involved in capping MTs.
This finding by (Goodwin and Vale, 2010) showed that purified Patronin was
sufficient to cap and protect the minus-end of MTs against depolymerization in
Drosophila S2 cells. In Patronin-deficient cells, free MT arrays were found
moving through the cytoplasm. (Nashchekin et al., 2016; Takeichi and Toya,
2016) elucidated that in Drosophila oocytes, Patronin was located along the cortex
by interacting with a cortical anchor, named ‘Short stop’, for the recruitment of
noncentrosomal MTs to establish the AP axis.

1.8 Other factors regulating bcd activity
1.8.1 Regulation of poly(A) tail length
When comparing the bcd mRNA and protein patterns, it is obvious that the protein
gradient reaches more posterior areas than the mRNA gradient. While the latter
could be due to lack of sensitivity to detect a longer mRNA gradient, it does not
exclude the possibility that there is post-transcriptional control involved that
allows to stretch the gradient further to the posterior.
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Previous reports have shown that the translational efficiency of Bcd strongly
depends on the length of the poly(A) tail of the bcd mRNA (Salles et al., 1994),
see also Fig. 13.

Fig. 13 poly(A) tail length analysis
Tests show that the poly(A) tail changes with time and is highest at the time of nc 14 Image from
(Salles et al., 1994).

The Drosophila genome harbors two poly(A) polymerase (PAP), wispy and pap2.
Overexpression of PAP2 level leads to a substantial increase of bcd protein
concentration (Juge et al., 2002). In the oocyte, during mid to late oogenesis, wispy
assists gurken mRNA localization at the dorsal-anterior corner through its role of
polyadenylation (Derrick and Weil, 2017; Norvell et al., 2015). Before egg
activation, the poly(A) tail length of bcd was short, preventing translation of Bcd
(Eichhorn et al., 2016). Moreover, embryos from wispy mothers failed to go
through oocyte maturation due to defects with MT-based events, which are
essential for bcd, nos or osk mRNA localization to either pole (Brent et al., 2000).
In summary, both PAP2 and wispy are required sequentially in cytoplasmic
polyadenylation of Drosophila oogenesis and in the early developmental stage.
PAP2 is responsible during the mid-oogenesis, while wispy is active from the late
oogenesis to early embryogenesis (Benoit et al., 2008).

1.8.2 Cyclins
In syncytial Drosophila embryos, the “wait-until-ready” mechanism of spindle
assembly checkpoint (SAC) coordinating the mitotic events in slower-dividing
nuclei from nc 13 on appears inappropriate and dispensable (Yuan and O'Farrell,
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2015). For this reason, a cyclin-based intrinsic timer was adopted. There are three
mitotic cyclins (A, B, and B3) that function and timely control the phase-phase
transition in syncytial embryos. The sequential degradation of CyclinA, CyclinB
and CyclinB3 is responsible for the timing and coordination of mitotic events.
CyclinA is degraded prior to the metaphase-anaphase transition and is responsible
for sister chromosome disjunction, while CyclinB3 is degraded during anaphase
and facilitates the restoration of the interphase nucleus. In contrast, the degradation
of CyclinB contributes to the transition from metaphase to anaphase (Parry and
O'Farrell, 2001; Yuan and O'Farrell, 2015). Interestingly, CyclinB is a target of
Wispy (Cui et al., 2013). Due to the fact that the activity of the cortical MT threads
for bcd mRNA transport are cell-cycle-dependent and are detected during
metaphase and early anaphase only (Fahmy et al., 2014), it is reasonable to
hypothesize that CyclinB could regulate the occurrence of the cortical MTs.
Hence, CyclinB could play a role in bcd mRNA gradient formation.

1.8.3 Egg activation
Translational recruitment of maternal mRNAs is an essential process in most
biological systems. Activation of mature oocytes could therefore serve as a switch
for subsequent translational activities after Drosophila meiotic arrest. Two genes,
cortex and grauzone, which were identified in a screen for female-sterile
mutations, play roles in translation and poly(A) tail length determination of bcd
mRNA (Harms et al., 2000; Page and Orr-Weaver, 1996; Schupbach and
Wieschaus, 1989). Embryos laid by either cortex or grauzone mutant mothers
contain a shorter poly(A) tail of bcd mRNA (∼ 80 nucleotides versus ∼140
nucleotides in wild type embryos), and the post-translational activity of bcd
mRNA is disturbed (Lieberfarb et al., 1996). (Horner et al., 2006) reported that
bcd mRNA translation is repressed in eggs laid by sarah mutant mothers (sarah
encodes the Drosophila calcipressin involved in egg activation) by interrupting the
polyadenylation machinery, as well.

1.8.4 Drug treatment of actin and MTs
Actin participates in protein-protein interactions more than any other recorded
protein. If Drosophila oocytes were bathed in the actin-depolymerizing drug
cytochalasin D, bcd mRNA localization at the anterior tip was compromised and
stable actin-dependent anchoring of the mRNA was no longer possible (Weil et
al., 2006; Weil et al., 2008). There are various actin-targeting drugs used in basic
research (Allingham et al., 2006; Spector et al., 1999). Of note are the latrunculins,
an actin-destabilizing drug similar to cytochalasin D used in the past to disrupt
filamentous actin (F-actin) in early Drosophila embryos. Phalloidin, a F-actin-
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stabilizing drug is used predominantly as a tool to visualize F-actin in combination
with fluorescent phalloidin-derivatives.
Small commonly-used molecular MT-binding drugs (Florian and Mitchison,
2016), summarized in Table 2, have made significant impacts in both in medicine
and basic research (Dostal and Libusova, 2014), (Fig. 14). The use of drugs that
assemble or destroy MT arrays, such as Taxol, Vinblastine, Colcemid and
Colchicine has been important in studying the mechanism of the MT network for
transportation of bcd mRNA (Fahmy et al., 2014; Weil et al., 2010). However, the
waxy layer that encompasses the vitelline membrane of the Drosophila eggshell
poses a challenge as to the use of drugs, by reducing the permeability. Fortunately,
several methods for permeabilizing the embryos still in their vitelline membrane
were described (Rand et al., 2010; Schulman et al., 2013).

Table 2 Summary of drugs acting on MTs
Drug

Binding site

Textbook mechanism
of action

Effects on MT array

Colchicine

Colchicine

Inhibits neutrophil
migration

Inhibits MTs
polymerization

Colcemid

Colchicine

Combretastatin A4

Colchicine

Nocodazole

Colchicine(?)

Inhibits MTs
polymerization
Antiangiogenic

Inhibits MTs
polymerization
Inhibits MTs
polymerization
Inhibits MTs
polymerization

Benomyl

Inhibits MTs
polymerization

T138067

Binds covalently to Cys-239 of β
-Tubulin

Vinblastine

Vinca

Antimitotic

Inhibits MTs
polymerization

Vincristine

Vinca

Antimitotic

Inhibits MTs
polymerization

Paclitaxel

Taxane

Antimitotic

Polymerizes MTs

Docetaxel

Taxane

Antimitotic

Polymerizes MTs

Eribulin

Vinca

Antimiotic

Inhibits MTs
polymerization
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Fig. 14 Binding sites for main MT drugs
Binding site of Colchicine is shown in the red zone. The blue zone is the binding site of Vinca, and
the green zone is responsible for binding of Taxane, respectively. Image from (Dostal and Libusova,
2014)
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1.8.5 Hypoxia in Drosophila embryos
The reaction to low-O2 environment is diverse among animals. Some species in the
invertebrate kingdom, as exemplified by Drosophila, are capable of being exposed
to hypoxic conditions for prolonged periods without apparent tissue injury. During
the hypoxic state, Drosophila embryos stop development and enter into an arrested
or a “sleeping” phase that can be reversed upon being exposed in oxygen again
(Haddad et al., 1997). However, (Heinrich et al., 2011) reported that the growth
rate and the body size are affected, generating smaller-sized thoraces and wings by
multiple mechanisms at various developmental stages.

1.9 The GAL4-UAS system for inducible gene
expression in Drosophila research
Manipulation of gene expression is an important tool for studying the function of a
gene. A binary expression system is a popular and efficient strategy to up- or
down-regulate a target gene (Riabinina and Potter, 2016; Viktorinova and
Wimmer, 2007). In Drosophila, the GAL4-UAS system has been an
extraordinarily efficient tool to dissect gene function in subsets of cells within a
given tissue (Brand and Perrimon, 1993; Fischer et al., 1988). The working
principle of the system is: an enhancer-driven GAL4 gene that encodes a yeast
transcriptional activator will specifically bind to a region where the UAS (upstream
activating sequence) is located. The cDNA sequence of a targeted gene X is placed
downstream of UAS (Fig. 16) (St Johnston, 2002). In Drosophila, the binary
system is achieved by crossing one strain carrying the GAL4 driver to another
strain carrying the UAS-gene X construct (Fig. 15). Combined with extensive RNA
interference (RNAi) stock collections and classical genetic mutations, the GAL4UAS system has proven itself as a very good tool to directly assess the effects of
altering the activity of a single gene in most developing tissues.
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Fig. 15 The GAL4-UAS system.
The yeast transcriptional activator GAL4 can be used to regulate gene expression in Drosophila by
inserting the upstream activating sequence (UAS) to which it binds next to a gene of interest (gene
X). The GAL4 gene has been inserted at random positions in the Drosophila genome to generate
'enhancer-trap' lines that express GAL4 under the control of nearby genomic enhancers. Therefore,
the expression of gene X can be driven in any of these patterns by crossing the appropriate GAL4
enhancer-trap line to flies that carry the UAS–gene X transgene. Image from (St Johnston, 2002)
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2 PRESENT INVESTIGATIONS

2.1 Paper I: αTubulin 67C and Ncd are essential for
establishing a cortical microtubular network and
formation of the bicoid mRNA gradient in Drosophila
Aim and results
The Bcd protein serves as a paradigm for morphogen gradient formation in
textbooks and has been studied during more than 3 decades. Two competing
models of how the gradient arises are available: the SDD model (Synthesis,
Diffusion and Degradation) and the ARTS model (Active RNA Transport and
Synthesis). The SDD model proposes that the Bcd protein is synthesized from an
anteriorly-localized bcd mRNA, and subsequently diffuses throughout the
embryos to establish the gradient, combined with uniform degradation (Driever
and Nusslein-Volhard, 1988). In contrast, the ARTS model proposes that the bcd
mRNA is actively transported along the cortex to the posterior to form an mRNA
gradient that servers as a template for Bcd synthesis (Spirov et al., 2009). The
existence of a bcd mRNA gradient was first identified by (Frigerio et al., 1986).
The SDD model recently encountered a big challenge (Gregor et al., 2007), so the
question of how the bcd mRNA gradient up to 40% EL (Fig. 1A , B) forms was
answered in this paper.
Using a monoclonal antibody YL1,2 made against freshly-assembled Tubulin, a
cortical and omnidirectional MT network was detected that appeared only in the
anterior half of the embryos during metaphase and early anaphase of nc 1-6
embryos (Fig.1C, F). The network was not built up in unfertilized eggs (Fig. 1D,
E). Moreover, as embryonic development proceeded, the cortical MTs became
more and more numerous. At nc 6, the MT threads were detected to extend 20 µm
from the cortex (Fig. 1H, H’). At nc 11, the threads became denser below the
nuclear monolayer (Fig. 1J, K). At nc 13, vigorous MT activity was found
showing long extensions up to 30 µm into the interior (Fig. 1L). At nc 14, threads
extended further into the yolk with a length up to 50 µm (Fig. 1M). Interestingly,
the majority of those long threads were also detected using an antibody against
αTubulin 67C (Fig. 1O), a maternal Tubulin known to contribute to long MTs.
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Given the fact that αTubulin 84B and αTubulin 84D preferred to be associated
with MTs that embrace the nuclei (Fig. 1P), it was proposed that the composition
of αTubulins in the different cellular sub-compartments varies in space and time.
Furthermore, a study between the relationship of actin and the MT network
revealed that the two networks were independent of each other (Fig. 2).
Furthermore, among all 4 αTubulin genes, the expression profile of αTub67C was
remarkably similar to that of bcd mRNA (Attrill et al., 2016). Thus, we explored
the role of αTub67C for the cortical MT network. We stained eggs of kavarnull/Df
hemizygous mothers (a complete knock-down) and found many short MTs
without orientation (Fig. 4A, B). Next, we looked at the role of αTub67C for bcd
mRNA transport and showed that in αTub67C mutants, instead of being
transported along the cortex, bcd mRNA moved in the interior of the embryos
(Fig. 4C). In search for specific motor proteins associated with αTub67C, we
found that nonclaret disjunctional (ncd) encoding an unconventional minus-end
Kinesin interacted genetically with αTub67C. Analyses from both strong and weak
ncd alleles showed similar bcd mRNA movement as seen in kavarnull mutations
(Fig. 4F). To corroborate an involvement of ncd in the transport of bcd mRNA
together with αTub67C, we stained embryos with antibodies specific for each
protein alone. A clear colocalization between Ncd and αTub67C was demonstrated
in the periplasm and perinuclear areas of nc 14 embryos (Fig. 4P, Q), suggesting
that indeed these two proteins interact with each other.

2.2 Paper II: Cortical movement of Bicoid in early
Drosophila embryos is actin- and microtubuledependent and disagrees with the SDD diffusion model
Aim and results
Following the work in 2014 (Fahmy et al., 2014), the ARTS model strongly
challenged the SDD model. In the ARTS model, the bcd mRNA is transported
along the cortical MT network to generate the mRNA gradient, which then serves
as template for translation of the Bcd protein. To further provide evidence in
support for the ARTS model, we developed a sensitive assay to monitor the
movement of Bcd during early nuclear cycles.
The SDD model predicts diffusion of the protein from the anterior tip throughout
the embryo, including the cortex as well as the interior yolk. To achieve a high
sensitivity, we used a sensitive antibody against Bcd, combined with a strain that
expresses 3 times more Bcd protein than in wild-type embryos, bcd+5+8. As

38

expected, the Bcd protein gradient formed gradually from stage of nc 6 to stage of
nc 9 (Fig. 1A to D). However, we observed that the Bcd gradient always remained
along the cortex and no traces of Bcd were found in the interior of the embryo. To
further investigate the movement and the path of Bcd along the cortex, we exposed
embryos to hypoxic conditions, which would inactivate the mRNA transportation
system without affecting the viability of embryos. We chose nc 6 as a reference
time-point to evaluate Bcd migration from the position where hypoxic conditions
were applied. Embryos collected from different time periods of hypoxic treatment
revealed that the Bcd movement was still at the cortex, but its movement was
remarkably sparse (Fig. 1E to I). In contrast, the bcd mRNA remained tightly
located at the tip with virtually no movement (Fig. 1K, L). We then analyzed the
developmental consequences of the extra movement of Bcd under hypoxia. The
majority of embryos exhibited an enlargement of anterior segments with squeezed
posterior segments (Fig. 1M), in contrast to a smaller portion of embryos missing
several segments (Fig. 1N). Interestingly, the formation of pole cells was
suppressed (Fig. 1Q). To investigate whether Bcd movement is MT-dependent or
not, we combined our water-based hypoxic treatment with drug application.
Embryos exposed to hypoxia and the MT-destabilizing drug mixture
colchicine/colcemid (CC) displayed extensive interior movement during the
developmental stages (Fig. 3A-C). Embryos treated with the MT-stabilizing drug
taxol maintained the Bcd movement along the cortex (Fig. 3E, F). Surprisingly,
when embryos were treated with the drug vinblastine, Bcd was distributed
throughout the embryos (Fig. 3K). This data indicates that indeed the SDD model
could be simulated experimentally, but only if the yolk was modified. To rule out
that the Bcd protein movement resulted from movement of the mRNA, we stained
all the different treatments for the presence of bcd mRNA (Fig. 3D, H, L). In all
cases, we detected little movement, i. e. a similar distribution with that of hypoxiaonly treated embryos (Fig. 1K).
To investigate whether actin participates in the movement of Bcd, we subjected
bcd+5+8 embryos to drugs that disturb the formation of actin filaments. Embryos
exposed to the actin-destabilizing drug latrunculin B (Fig. 4A-C) revealed sparse
cortical movement with no interior Bcd movement. Embryos treated with the
actin-stabilizing drug phalloidin (Fig. 4E-G) behaved like bcd+5+8 embryos with a
minor fraction of protein moving to the interior. As expected, the bcd mRNA from
treated embryos with either drug stayed at the tip with little or no movement (Fig.
4D, H).
In addition to investigating the roles of cytoskeleton actin and MTs, we analyzed
the behaviour of Bcd and Staufen protein (as a read-out system of bcd mRNA) in
unfertilized embryos during short time intervals to monitor their movements. Our
results indicated that the Bcd protein followed an interior path, which paralleled
that of the pattern of bcd mRNA (Fig. 5). Our data suggested that an internal MT
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network exists in unfertilized embryos that served as a transportation path for the
bcd mRNA, while the cortical MT network and cortical mRNA transport would be
established only after fertilization.

2.3 Paper III: Genetic analysis of factors influencing
bicoid gradient formation in Drosophila
Aim and results
Substantial evidence was shown that bcd mRNA gradient formation underlies the
Bcd protein formation during Drosophila embryogenesis. The transport
mechanism of bcd mRNA in embryos is MT-based and one motor protein was
identified (Fahmy et al., 2014). However, knowledge on other factors that
influence bcd mRNA gradient formation is sparse. Given our previous and current
studies, we investigated four groups of factors, trans-Golgi proteins, poly(A)
polymerases, Cyclins and egg activation genes, in order to pave a fundamental
path to the mechanisms of bcd mRNA gradient formation.
We stained MTs with a MT-plus end marker, Chromosome bows (Chb), formerly
called Mast/Orbit/CLASP. We could show that Chb was associated with cortical
MTs in Drosophila embryos (Fig. 1). Since Chb was shown to serve as an
aMTOC, in concert with trans-Golgi proteins in vertebrates, we investigated
whether some of the proteins from the trans-Golgi compartment were involved in
cortical MT-network establishment in Drosophila, as well. Using genetic
approaches to over-express and down-regulate candidate proteins, we analyzed the
effects by monitoring the patterns of bcd-downstream genes such as the gap gene
empty spiracles (ems) and the pair-rule gene even-skipped (eve). We analyzed 4
trans-Golgi genes, dGCC88, dGolgin97, dGCC185 and dGolgin245 and could
demonstrate that 3 of them affect the Bcd gradient. Summarizing the cuticle
patterns in the 4 trans-Golgins (Fig. 2), we could observe that all four mutations
revealed head-defects, likely caused by altered Bcd activity. Furthermore, the
embryos from the partial loss-of-function of dGCC185c03845/Df(3R)08155 showed
defective germband retraction (Fig. 2H). A small portion of dGolgin97 embryos
exhibited an interesting phenotype of distinct regional nuclear density at nc 14
(Fig. 4E, insert), which showed two sets of nuclear density along the AP axis.
To investigate the relationship between the length of the of the poly(A) tail of the
bcd mRNA and gradient establishment, we targeted two poly(A) polymerases,
Wispy and PAP2. Due to the lethality of pap2 overexpression, we were only able
to obtain information from wispy overexpression (Fig. 5). The poly(A) polymerase
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gene wispy, presumably acting on the poly(A) tail length of the bcd mRNA was
found to shift the Eve stripes mainly to the posterior. Due to the effect caused by
Wispy acting on various other segmentation genes, the embryos displayed various
segmental defects (Fig. 5J, K, L). Furthermore, we performed a study on the cellcycle gene CyclinB. When overexpressed, CyclinB was shown to affect the
segmental anlagen primarily in the anterior part (Fig. 6). Finally, to determine the
link between egg activation and Bcd gradient formation, we analyzed 3 egg
activation genes. Due to high mortality of egg from cortex mothers, we could not
execute statistical analyses. Two egg-activating genes (grauzone and sarah) were
shown to affect the Bcd gradient by shifting the majority of the Eve stripes to the
posterior.
In summary: we have provided evidence of the existence of factors with diverse
cellular functions that regulate Bcd gradient formation. Our data reveals a larger
complexity of the mechanisms for Bcd gradient formation than initially
anticipated.

2.4 Paper IV: Segmentation gene expression patterns in
Bactrocera dorsalis and related insects: regulation and
shape of the blastoderm and larval cuticle
Aim and results
Previous studies revealed that bcd diverged recently from the Hox3 gene in the
course of insect evolution, instead of being conserved as the other Hox class genes
in animals (Stauber et al., 1999; Stauber et al., 2002). It is well known that bcd is
the most important anterior determinant for the generation of the AP polarity in
Drosophila embryos. However, bcd is not detected in many other flies, and plays
its role only in higher dipterans (Bonneton, 2003; McGregor, 2005). One
interesting avenue was therefore to investigate is how the AP patterns look like in
other flies where bcd was absent.
In this study, we explored the expression patterns of the bcd target genes in the
oriental fruit fly Bactrocera dorsalis. Phylogenetically, B. dorsalis is a member of
the family Tephritidae that is located immediately adjacent of that of
Drosophilidae (Geib et al., 2014). The (at that time) unpublished data showed that
the bcd gene was lacking in the B. dorsalis genome. Since the embryology of B.
dorsalis was not described in detail, we first undertook a comparison of its
embryology to that of Drosophila. This showed that the embryogenesis of B.
dorsalis was very similar to that of Drosophila, except that the overall shape of the
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embryo was quite different (Fig. 1 and 7B). Next, we examined the expression
patterns of selected bcd-downstream target genes in Drosophila that were also
expressed in B. dorsalis, including the gap genes hb, otd and Kr, the pair-rule gene
eve, and the segment polarity gene engrailed (en). Interestingly, the onset of
expression of all segmentation genes was detected one nc later, compared to their
Drosophila counterparts. Moreover, while the transcription of otd continued in
Drosophila, otd transcripts in B. dorsalis ceased after the extended germband
stage. Among those expression patterns of the genes, the way that the eve stripes
were aligned along the AP axis was particularly conspicuous. It was perpendicular
to the AP axis (Fig. 5), suggesting a distinct control. Furthermore, 3 extra stripes
of en were observed in B. dorsalis, which were not found in Drosophila (Fig. 6).
Finally, a comparative expression analysis revealed a distinct interpretation of the
gap gene (Kr) signal at the pair-rule level (eve) between B. dorsalis, Drosophila
and a third fly, the blow fly Lucilia sericata (Fig. 7).
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Abstract
The Bicoid (Bcd) protein gradient in Drosophila serves as a paradigm for gradient formation in textbooks. To explain the
generation of the gradient, the ARTS model, which is based on the observation of a bcd mRNA gradient, proposes that the
bcd mRNA, localized at the anterior pole at fertilization, migrates along microtubules (MTs) at the cortex to the posterior to
form a bcd mRNA gradient which is translated to form a protein gradient. To fulfil the criteria of the ARTS model, an early
cortical MT network is thus a prerequisite. We report hitherto undiscovered MT activities in the early embryo important for
bcd mRNA transport: (i) an early and omnidirectional MT network exclusively at the anterior cortex of early nuclear cycle
embryos showing activity during metaphase and anaphase only, (ii) long MTs up to 50 mm extending into the yolk at
blastoderm stage to enable basal-apical transport. The cortical MT network is not anchored to the actin cytoskeleton. The
posterior transport of the mRNA via the cortical MT network critically depends on maternally-expressed aTubulin67C and
the minus-end motor Ncd. In either mutant, cortical transport of the bcd mRNA does not take place and the mRNA migrates
along another yet undisclosed interior MT network, instead. Our data strongly corroborate the ARTS model and explain the
occurrence of the bcd mRNA gradient.
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Introduction

diffusion rates [6,7], calculated to be high enough to explain the
SDD diffusion model, and corroborated by a recent biophysical
model analysis [8]. Unfortunately, as a major drawback, all the
above analyses comprised measurements of diffusion during late
nuclear cycles (nc) 10–14 and at the peripheral cytoplasm of the
embryo. However, we should bear in mind that the time window
from fertilization up to nc 10 is the important time interval where
the SDD model predicts long-range diffusion of Bcd. Arguably, the
diffusion properties of proteins in the dense yolk are different from
those of the cytoplasm surrounding the cortical nuclei at 10–14
which make predictions of the diffusion coefficient problematic. It
is thus important to note here that, although these above
experimental and theoretical data permit to explain the SDD
model, it would be premature to imply a priori that the SDD
model is the correct one. Furthermore, the model still lacks a direct
proof of the existence of long-range Bcd diffusion, e. g. by tracking
single Bcd molecules during the early nuclear cycles. Equally
important to note: the ARTS model does not argue against a high
diffusion coefficient of Bcd, it is only largely irrelevant for the
model.

The Bicoid (Bcd) protein is a paradigm for morphogen gradient
formation taught in textbooks and studied for more than two
decades. The hallmark of the Bcd morphogen is its spectacular
gradient along the anterior-posterior axis of the early Drosophila
blastoderm egg [1]. In the past, two models were put forward to
explain the formation of the gradient, the ARTS model [2–4] and
the SDD model [1,5]. The SDD (Synthesis, Diffusion and
Degradation) model proposes that the gradient arises through
translation of an anteriorly-localized bcd mRNA source, followed
by diffusion of Bcd throughout the embryo, and uniform
degradation. In contrast, the ARTS (Active RNA Transport and
Synthesis) model proposes that the bcd mRNA is actively
transported along the cortex in a posterior direction from its
anterior pole to form an mRNA gradient which serves as template
for the synthesis of Bcd.
Recently, the SDD model encountered some severe difficulties:
the diffusion coefficient of Bcd was found to be two orders of
magnitude too low to establish a steady-state Bcd gradient by the
blastoderm stage [5]. Subsequently, other reports measured higher
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