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ABSTRACT

In flies (Diptera), lineage-specific new genes (orphan genes), such as bicoid in the fruit
fly Drosophila melanogaster and panish in the midge Chironomus riparius, have been found to
establish head-to-tail polarity of the embryo. However, the embryonic axis determinants of most
fly species have not been identified. In this study, I show that embryonic axis determinants of
distantly related fly species have frequently evolved from old genes through the use of
alternative transcription start or termination sites. In moth flies (Psychodidae), including the
drain fly Clogmia albipunctata and the sand fly Lutzomyia longipalpis, a maternal transcript
isoform of odd-paired (Zic) generated by alternative transcription initiation is localized in the
anterior pole of freshly laid eggs, and is necessary and sufficient for anterior development of the
Clogmia embryo. In the Southern house mosquito Culex quinquefasciatus (Culicidae), a
maternal transcript isoform of a previously uncharacterized gene, named cucoid, is generated by
alternative transcription termination (alternative polyadenylation), localized in the anterior pole
of the egg, and necessary for establishing embryo polarity. This function of cucoid is also
conserved in the yellow fever mosquito Aedes aegypti (Culicidae), suggesting a conserved role
of this gene in axis specification in culicine mosquitoes. In the malaria mosquito Anopheles
gambiae (Culicidae), a maternal transcript isoform of pangolin (Tcf) generated by alternative
polyadenylation functions as the axis determinant. I also found localized maternal pangolin
transcripts in the anterior eggs of Nephrotoma suturalis, a basal-branching crane fly (Tipulidae),
suggesting that pangolin functioned as ancestral axis determinant in flies. This also suggests that
panish, the pangolin-related orphan axis determinant gene of Chironomus, inherited its function
from pangolin. Finally, I provide preliminary evidence for a diverged axis specification

mechanism in the black soldier fly Hermetia illucens (Stratiomyidae), which is closely related to
X



species with bicoid. I found that, unlike in other flies, numerous maternal mRNAs of conserved
genes are localized in the anterior pole of the Hermetia egg. Together, I conclude that alternative
transcription played an important role in the evolution of new developmental gene functions and
gene regulatory networks in fly embryos. Given that alternative transcription is a widespread
phenomenon and can underlie the evolution of entirely new gene functions, it may play a much

more important role in animal evolution than previously thought.
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1. Introduction

1.1. Alternative transcription

Alternative transcription is a widespread phenomenon

Cis-regulatory DNA has long been recognized as an important target in evolution
(Carroll, Grenier, and Weatherbee 2005; Peter and Davidson 2011; Wittkopp and Kalay 2011).
However, the contribution of alternative transcription (AT) to the evolution of gene regulatory
networks remains poorly understood. AT allows a single gene to generate multiple transcript
isoforms with distinct 5° and 3’ ends through the use of alternative promoters (alternative
transcription initiation, ATI) and polyadenylation signals (alternative transcription termination,
ATT) (de Klerk and t Hoen 2015), and involves transcription of multiple pre-mRNAs from a
single gene. Transcript isoforms generated by ATI are characterized by alternative first exons
(Figure 1.1.1.) (Davuluri et al. 2008). The use of alternative first exons changes the 5’UTR
sequence but it can also lead to modification in the N-terminal region of the open reading frame.
Conversely, ATT generates isoforms with 3’UTR sequences of various length, or alternative last
exons if coupled with alternative splicing (AS) (Tian and Manley 2017) (Figure 1.1.1.).

Advances in high-throughput sequencing technology allowed genome-wide analysis of
AT events using methods that can specifically detect 5° or 3’ ends of mRNAs. For example, ATI
can be detected by Cap Analysis of Gene Expression (CAGE). In this method, a linker is
attached to the 5 end of full-length cDNA, which allows the restriction endonuclease to cleave
the initial 20 nucleotides of cDNA. A second linker is then attached to the 3’ cleavage site and
the fragment is amplified for sequencing, revealing the initial 20 bp of mRNA (Shiraki et al.

2003). Sequencing results are then mapped to the genome, which can detect alternative



transcription start sites of a gene. Several advanced CAGE methods have been developed, such
as deepCAGE (Valen et al. 2009), which allows sequencing of the initial 27bp of mRNA and
simplifies steps for high-throughput sequencing, and HeliScopeCAGE (Kanamori-Katayama et
al. 2011), which is compatible with HeliScope single molecule sequencing. For detecting ATT
events, a number of methods are currently available which can be broadly classified into two
categories (Chen et al. 2017). One involves Oligo(dT) priming-based methods, which target the
poly(A) tail of mRNAs using an oligo(dT) primer to generate cDNA. Methods in this category
include PAS-seq (Shepard et al. 2011) and 3’-seq (Lianoglou et al. 2013). The other category
uses RNA manipulation-based methods that avoid the problem of internal priming caused by
oligo(dT) priming. One example of this method is 3P-seq, where biotinylated primers are splint-
ligated to the end of the mRNA poly(A) tail for purification prior to the cDNA synthesis (Jan et
al. 2011).

Based on methods described above, genome-wide analyses of AT have been conducted,
showing that that both ATI and ATT are a widespread phenomenon. For example, there are on
average four alternative transcription start sites per gene in humans (Consortium et al. 2014) and
at least 70% of mammalian genes are subject to alternative polyadenylation (Derti et al. 2012).
Half of the genes of the fruit fly Drosophila melanogaster contain more than one
polyadenylation signal (Smibert et al. 2012), and about 30% of protein-coding genes in the
nematode Caenorhabditis elegans have alternative 3’ends (Jan et al. 2011). Frequent switching
of transcription start sites and polyadenylation sites has been observed throughout mouse
development (Zhang et al. 2017) and between mouse neuronal cell types (Jereb et al. 2018).
Finally, the combined contribution of ATI and ATT to isoform diversity exceeds that of AS

(Reyes and Huber 2018; Pal et al. 2011; Shabalina et al. 2010).
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Figure 1.1.1. Types of transcript isoforms generated by alternative transcription. TI, transcription initiation site;
AUG, translation initiation site; TT, transcription termination site; *, translation termination site; ATI, alternative
transcription initiation; AS, alternative splicing; ATT, alternative transcription termination. Black box, canonical
protein-coding regions; grey box, non-canonical protein-coding regions; white box, UTRs. Figure from (Shabalina
et al. 2014).

Functional consequences of alternative transcription

ATI and ATT can be tightly regulated in different cells or tissues to achieve isoform-

specific expression pattern (Davuluri et al. 2008). For example, a number of case studies have

shown that ATI can lead to cell/tissue-specific (Pozner et al. 2007; Feng et al. 2016),

developmental stage-specific (Davis and Schultz 2000), and sex-biased (Perera and Kim 2016)
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expression of transcript isoforms. In addition, a global survey of transcription start sites
confirmed that most human genes are expressed in a cell-type-specific manner (Consortium et al.
2014). Similarly, ATT has been shown to generate transcript isoforms with cell or tissue-specific
expression (Tian and Manley 2017). For example, transcripts with different 3’UTR lengths or
alternative last exons localize differently in neuronal compartments of the mammalian brain (An
et al. 2008; Taliaferro et al. 2016; Ciolli Mattioli et al. 2018). The choice of a different 3°’UTR
length can also result in tissue-specific expression (Smibert et al. 2012; Tushev et al. 2018) and
protein localization (Berkovits and Mayr 2015).

ATI and ATT can also affect translational efficiency. For example, longer 5’UTR
sequences in isoforms were generally associated with lower translational efficiency in mouse,
which can be explained by the existence of upstream open reading frame (UORF) or secondary
RNA structure that inhibits translation (Wang et al. 2016). The choice between alternative
3’UTR sequences can affect translational efficiency as well, likely due to regulators that interact
with regulatory elements in the 3’UTR (Lau et al. 2010; Pinto et al. 2011).

ATI and ATT are frequently coupled with AS. For example, in human and mouse, a
positive correlation was observed between the number of alternative promoters and higher AS
rates (Xin, Hu, and Kong 2008), and more than 80% of AS showed interdependency with the
alternative choice of transcription start sites in human breast cancer cells (Anvar et al. 2018). A
survey of mouse and human protein-coding genes also revealed strong coupling of AS with both
ATI and ATT, showing that AS in 5’UTRs and 3’UTRs almost always involves ATI and ATT
events, respectively (Shabalina et al. 2010). Moreover, it was found that alteration of the splicing
factor hnRNP H affects ATT, providing functional evidence for coupled AS and ATT (Martinez

et al. 2016).



Misregulation of AT has been associated with human diseases including cancer (Pal,
Gupta, and Davuluri 2012). For example, ATI of anaplastic lymphoma kinase (ALK) generates
truncated protein isoforms that stimulates several oncogene signaling pathways (Wiesner et al.
2015). Shortening of 3’UTRs of oncogene transcripts can also lead to overexpression of proteins,
partly due to the loss of repressive elements in the UTR sequences (Mayr and Bartel 2009). A
number of ATI and ATT events were found to be involved in cellular mechanisms similar to the
epithelial-mesenchymal transition, which plays a critical role in human cancer (Shapiro et al.
2011).

Functional studies in model organisms have shown that AT can generate dominant
negative and alternatively localized protein isoforms implied in different developmental
functions (Davuluri et al. 2008). For example, ATI of a Wnt signaling effector gene 7¢f7/2 in
mice generates an N-terminal truncated isoform, dnTcf712, that lacks the 3-catenin-binding
domain and thus functions as a dominant negative antagonist of the canonical Wnt signaling
pathway (Vacik, Stubbs, and Lemke 2011). During eye development in mice, ATI generates
multiple mRNA and protein isoforms of a transcription factor MITF, which show tissue-specific
expression. Some of these isoforms were functionally more important than others, as revealed by
genomic deletion experiments (Bharti et al. 2008). In mice, Runx 1, which plays a role in
regulating hematopoiesis, contains two non-redundant alternative promoters (Pozner et al. 2007).
In sea-urchins, E-protein ortholog (SpE-protein) generates two isoforms with N-terminal
difference via ATI (Schrankel et al. 2016). The authors reported that the shorter isoform can

negatively-regulate the canonical isoform in larval immunocytes.
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Figure 1.1.2. Illustrated examples of cell- or tissue- specific expression of isoforms via alternative transcription
initiation (ATI). P1, P2, P3 represent alterative promoters; TF, transcription factors; E, enhancers; TSS, transcription
start site. Figure from (de Klerk and t Hoen 2015).

Role of alternative transcription in evolution

A few studies have explored the role of AT in evolution. For example, it was noted that
while a large fraction of alternative promoter sequences are conserved between human and mice,
those with cell- or tissue-restricted expression have frequently changed during mammalian
evolution (Baek et al. 2007; Consortium et al. 2014). Also, alternative transcription initiation and
alternative transcription termination was found to have distinct effects on the evolution of gene
expression. Data from mammals suggest that alternative 5°UTRs of genes mainly altered gene

transcription whereas alternative 3’UTRs provided post-transcriptional regulatory options for
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tissue-specific and conditional expression (Shabalina et al. 2014). Another likely substrate for
evolutionary diversification are protein terminal ends generated by AT in conjunction with
alternative splicing. These facultative terminal ends commonly contain intrinsically disordered
regions that could facilitate the evolution of new protein-protein interactions (Buljan et al. 2013;
Shabalina et al. 2014). Finally, a recent case study found that a light fur color variant of beach
mice evolved repeatedly via selection for an alternative agouti isoform with increase translation
efficiency (Linnen et al. 2013; Mallarino et al. 2017).

AT could also play an important role in driving the evolution of entirely new gene
functions by altering the subcellular or cellular expression pattern of a gene. Testing this
hypothesis in vivo requires phylogenetic comparisons to assess whether the specific function of
an isoform is a new or inherited. However, AT has been studied predominantly in mice and
human cells, where isoform specific loss- and gain-of-function experiments are generally
difficult, laborious, and can be hard to interpret due to the complex anatomy and/or small cell
sizes of these experimental systems. As a result, the role of AT in evolution has remained poorly

understood.



1.2. A new experimental system for studying the evolution of gene function

Primary axis specification in embryos of flies (Diptera)

Previous research has revealed a surprising degree of evolutionary plasticity in the axis
specification mechanisms of fly embryos (Klomp et al. 2015). I have taken advantage of this
plasticity to study the question of how new gene functions evolve in embryogenesis. The insect
order of Diptera (flies) spans about 245 million years of evolution (Figure 1.2.1.) (Grimaldi and
Engel 2005; Wiegmann et al. 2011). The monophyletic origin of this large and diverse order is
well established, which is also the case for the nested subgroups Brachycera, which spans ca. 200
million years of evolution, and Cyclorrhapha, which spans ca. 150 million years of evolution and
includes the genetic model organism Drosophila. The non-brachyceran flies form a paraphyletic
assemblage of multiple independent branches, such as the Culicomorpha (e.g., mosquitoes and
chironomids), Psychodomorpha (e.g., moth flies), or Tipulumoprha (e.g. crane flies), and are
collectively referred to as “Nematocera.”

The specification of the primary axis (head-to-tail) in embryos of flies (Diptera) rests on
lineage-specific maternal mRNAs that are localized at the anterior egg pole (“anterior
determinants”). The existence of such localized determinants in insects were initially proposed
on the basis of ligation and transplantation experiments (Sander 1976). On the basis of
phenotypes obtained in chironomid midges after local ultraviolet light (UV-light) irradiation or
RNase application, it was further concluded that these anterior determinants contain RNA
(Yajima 1960, 1964; Kalthoff and Sander 1968; Kalthoff 1971; Kandler-Singer and Kalthoff
1976). Finally, the first anterior determinant gene (bicoid) was identified in a genetic screen for

maternal effect mutations in the fruit fly Drosophila melanogaster (Fronhofer et al 1986;



Frigerio et al. 1986; Berleth et al 1988).

Subsequent evolutionary studies suggested that bicoid evolved more than 150 million
years ago in the lineage of higher flies (Cyclorrhapha) via gene duplication of Hox3 (also known
as zerkniillt or zen), which functions in the specification of extraembryonic tissue (Stauber et al.
1999, 2000, 2002; Rafiqi et al 2008; Lemke et al 2010; Liu et al 2018). When it was found that
bicoid had been lost independently in Tephritid fruit flies and Tsetse flies, and that another
lineage-specific anterior determinant gene (panish), structurally unrelated to bicoid, was
discovered in common midges (Chironomidae), it was concluded that anterior determinants have
frequently changed in dipteran evolution, despite the general conservation of downstream
segmentation genes (Klomp et al. 2015).

The poor conservation of anterior determinants in flies provides an excellent model for
studying the evolution of gene function. Fly embryos offer several technical advantages that
facilitates the identification and functional characterization of new anterior determinants in an
evolutionary context. For example, it is possible to identify candidate anterior determinants by
comparing anterior and posterior transcriptomes from bisected, freshly-laid eggs (Klomp et al.
2015). This method overcomes the limitation of candidate-gene approaches and can be applied to
eggs of many “non-model” fly species. In addition, anterior determinants function during the
syncytial phase of fly embryogenesis, when thousands of nuclei migrate to the periphery of the
egg to form the blastoderm. At this stage, the cellularization process is still incomplete and their
activity can be directly suppressed or altered by injecting early embryos with appropriate
reagents. The large size of eggs compared to other cell types also provides a unique opportunity
for gain-of-function experiments via injection of mRNA at the posterior pole. Finally, the

phenotypes of successful loss-of-function or gain-of-function experiments with anterior
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determinants are predictable, as they are expected to result in mirror image duplications of the
tail-end (double abdomen) or cephalon (double head). In the next sections, I will describe the

mechanisms of action of bicoid and panish in more detail.
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Figure 1.2.1. Phylogeny of Diptera. Species referred to in this study are indicated with colored texts. Tree adapted
from (Klomp et al. 2015).

Function of bicoid in Drosophila melanogaster and other cyclorrhaphan flies

Maternal mRNA of bicoid is localized in the anterior pole of the freshly-laid egg, and
Bicoid protein forms a gradient in the early embryo (Figure 1.2.2.) (Berleth et al. 1988; Driever
and Nusslein-Volhard 1988b). Bicoid activates its target genes in a concentration-dependent
manner (Driever and Nusslein-Volhard 1988a; Struhl, Struhl, and Macdonald 1989), with

synergistic input from maternal hunchback (Simpson-Brose, Treisman, and Desplan 1994),
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which is translationally repressed in the posterior embryo by Nanos via a Nanos-response-
element in its 3’UTR (Wharton and Struhl 1991). It also directly interferes with the translation of
ubiquitous maternal caudal transcript via 3’UTR and thereby restricts Caudal activity to the
posterior embryo (Chan and Struhl 1997; Rivera-Pomar et al. 1996). Bicoid-deficient embryos
fail to develop head and thorax and instead form a second set of terminal structures (Frohnhofer
and Niisslein-Volhard 1986), or symmetrical double abdomen when the maternal activity
gradient of hunchback is disrupted simultaneously (Driever 1993). Posterior injection of bicoid
mRNA with heterologous UTR sequences can result in double heads, suggesting that bicoid is
both necessary and sufficient for inducing the anterior identity (Driever, Siegel, and Nusslein-
Volhard 1990). However, the loss of bicoid function can be compensated by simultaneously
increasing the maternal dosage of hunchback and reducing the copy number of knirps, a zygotic
segmentation gene that antagonizes hunchback (Wimmer et al. 2000).

The context of bicoid function varies slightly in other cyclorrhaphan flies. In the hover
fly Episyrphus balteatus (Syrphidae), maternal input of hunchback is absent and knockdown of
bicoid in this species results in mirror-image double abdomens, due to the loss of the central
expression domain of Kriippel, a zygotic segmentation gene (Lemke et al. 2010). In the scuttle
fly Megaselia abdita (Phoridae), bicoid RNA interference (RNA1), which leads to degradation of
bicoid mRNA, results in mirror-image double abdomens despite the presence of maternal
hunchback (Stauber, Taubert, and Schmidt-Ott 2000). This is because maternal hunchback in
Megaselia is insufficient for the expression of other segmentation genes, such as Kriippel
(Wotton, Jimenez-Guri, and Jaeger 2015). Megaselia also lacks maternal caudal expression,
indicating that this species does not use Bicoid as a posttranscriptional regulator of this gene

(Stauber, Lemke, and Schmidt-Ott 2008).
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Figure 1.2.2. Examples of maternal mRNA and protein distribution in (A) Drosophila oocyte and (B) early embryo.
lustration from Wikipedia (https://en.wikipedia.org/wiki/Drosophila_embryogenesis, by Fred the Oyster,
distributed under GNU Free Documentation License).

Function of panish in Chironomus riparius

panish was discovered by comparing anterior and posterior transcriptomes of freshly laid
Chironomus eggs (Klomp et al. 2015). It was found that the maternal mRNA of this gene is
localized at the anterior pole the egg (Figure 1.2.3.). panish encodes a novel cysteine-clamp
gene and panish RNAi embryos develop as symmetrical double abdomens, suggesting that
panish is required for establishing the normal head-to-tail polarity in Chironomus. However,
injection of panish mRNA at the posterior pole is not sufficient for inducing double heads,
suggesting that some posteriorly localized factor blocks its activity.

Further analyses suggested that panish may function permissively. The transcription of

the tailless ortholog (Cri-tll) and another posterior gene, Chironomus caudal (Cri-cad), are

repressed in the anterior embryo by panish. Unlike in Drosophila, zygotic transcripts of Cri-tll
are initially expressed in a posterior-to-anterior gradient. Cri-t/l RNAI results in double heads,

suggesting that Cri-tll transcript inhibits the default anterior patterning program. This result
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suggests that head development can occur in the absence of panish activity. Therefore, Panish
may act as a transcriptional repressor, whereas Bicoid primarily functions as a transcriptional
activator.

Surprisingly, panish is structurally unrelated to bicoid. This gene evolved by gene
duplication and rearrangement from the 7cf' homolog pangolin (pan) and, therefore, was named
panish (for pan“ish’). Pangolin functions as the effector of the B-catenin-dependent Wnt
signaling pathway (“canonical” Wnt signaling) but Panish lacks the domain that binds to B-
catenin, and sequence similarity between Pangolin and Panish is limited to the cysteine-clamp
domain (30 amino acids). The evolution of panish also involved gene fusion with a nucleoside
kinase gene Cri-zap3, which is expressed maternally in the Chironomus embryo. While Cri-zap3
shares the first two exons with panish, most of its ORF is not shared with panish due to AS, and
Cri-zap3 does not have any specific role in axis specification. However, Cri-zap3 may have lent

its promoter to panish, thereby allowing maternal expression of panish.

2 arapods
Anterior o Posterior head Sl a parap
oCinp —
—
®XNP )5 o RN
Ia T3 A1 A2 a3 A8
3 ? s f A4 A5 A AT
TC008222 oq T e s
° [rec 52"’@1 ® blot ® Apc ~—rt— antal o
oo CG818 M setae
? %&g‘m.u oDipt WT 3
© ° X -
> 24 panish nos ~ - -
& o o ‘g’ * anal
e cG6282 o
o
o

! \ 7 15 .\
I8 ‘& FERET 3\ v
» ;;_V ! :ﬁ ; \ anal
N

Y%
» /’,I’A-( | setae
\Jas )" |

\ Ag::&
parapods?,.: A\

75 5 25 0 25 5 75 (‘-’" 4
Differential Expression Score i ) 3 e
P panish RNAI

Figure 1.2.3. Expression and function of panish in the midge Chironomus riparius. (A) Differential expression
analysis between anterior and posterior transcriptomes of 1hr-old preblastoderm embryo. Red, score > |2.5| and P <
0.05; blue, putative germ plasm components. (lower right corner) RNA in situ hybridization of panish in
preblastoderm Chironomus embryo. Scale bar: 10um. (B) First-instar larval cuticle of wild-type (top) and following
panish RNAI (bottom). A, abdominal segment; T, thoracic segment. Scale bars, 30um. Figures from (Klomp et al.
2015).
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1.3. Research goal

The goal of this dissertation has been to identify anterior determinants in embryos of a
wider range of dipteran species that lack bicoid and panish to better understand how these
important developmental regulators evolved. I started the analysis with moth flies, including the
drain fly Clogmia albipunctata (Psychodidae) and the sand fly Lutzomyia longipalpis
(Psychodidae), subsequently extended it to three mosquito species (Culicidae: Culex
quinquefasciatus, Aedes aegypti, Anopheles gambiae), crane flies (Tipulidae: Nephrotoma
suturalis), and soldier flies (Stratiomyidae: Hermetia illucens) (Figure 1.2.1.). Many of the
techniques that I used to study gene expression and function in these species had to be adapted or
improved and are described in detail in the appendix of this thesis. My results show that anterior
determinants of these species repeatedly evolved from conserved genes via AT and suggest that
AT played an important role in the evolution of new gene functions and gene regulatory

networks in fly embryos.
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2. RESULTS

2.1. An alternative maternal transcript of the conserved segmentation gene

odd-paired functions as anterior determinant in moth flies!

Cal-opa generates transcript isoforms with spatially and temporally distinct expression
patterns during early embryogenesis

Clogmia albipunctata (Psychodidae) is a moth midge that is also commonly known as the
drain fly. It is an emerging model for developmental genetic studies that can be easily reared in
the laboratory, with a life cycle of about three to four weeks (Jimenez-Guri et al. 2014). Previous
studies analyzed the expression of Clogmia gap genes and pair-rule genes in a comparative
context to Drosophila (Rohr, Tautz, and Sander 1999; Bullock and Ish-Horowicz 2001; Garcia-
Solache, Jaeger, and Akam 2010; Crombach, Garcia-Solache, and Jaeger 2014; Janssens et al.
2014). However, maternal inputs that determine the polarity of the embryo have been unknown.
A classical experiment has shown that centrifugation of Clogmia eggs can result in double heads
(Sander 1993), but the genetic basis of this phenotype is unknown, Also, neither bicoid nor
panish were found in genome and transcriptome sequences of this species (Stauber, Prell, and
Schmidt-Ott 2002; Klomp et al. 2015; Jimenez-Guri et al. 2014).

To identify the anterior determinant of Clogmia, we compared the expression levels of
5,602 annotated maternal transcripts from the anterior and posterior transcriptomes of 1hr-old

bisected Clogmia embryos and ranked them according to the magnitude of their differential

! A manuscript describing results 1) through 3) has been submitted for publication. Differential expression analyses
of transcriptomes were performed by Jeff Klomp, a previous member of our laboratory. Ines Martin-Martin from the
Ribeiro lab at NIAID performed the expression level analysis of Lutzomyia pair-rule genes.
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expression scores and P values (Figure 2.1.1A). Differential expression analyses were performed
with pre-processed contigs that exclude short (<200 nucleotides), low in count (<20), and non-
animal genes (e.g. bacterial, fungal, etc.), using quasi-likelihood F-tests based on negative
binominal linear models. This test is useful for controlling for an error rate when the sample
number is small. The false-discovery rate (FDR) was controlled by the Benjamini-Hochberg
method (see methods for details). In the anterior embryo, the most enriched transcript was
homologous to odd-paired, the Drosophila homolog of mammalian Zic (zinc finger of the
cerebellum) genes. ZIC proteins are known to function as transcription factors or co-factors
(Houtmeyers et al. 2013). odd-paired was discovered in a screen for early Drosophila
segmentation genes and subsequently classified as a ‘pair-rule’ gene, since odd-paired mutants
had a periodic segment defect with periodically of two segments (Jiirgens et al. 1984). During
the Drosophila segmentation process, odd-paired is expressed in a single broad domain and
controls the 'frequency-doubling' of other pair-rule genes (Clark and Akam 2016).

The Clogmia genome contains a single odd-paired locus (Vicoso and Bachtrog 2015).
Using RNA-seq data from preblastoderm and blastoderm embryos and Rapid Amplification of
cDNA End (RACE), I identified maternal and zygotic Cal-opa transcripts with alternative first
exons that I mapped onto a 54kb genomic scaffold (Figure 2.1.1B). The maternal transcript
(Cal-opa™®") was detected in preblastoderm embryos (0.5hr-old) and syncytial blastoderm
embryos (4hr-old). The zygotic transcript (Cal-opa®€) was found in cellularized blastoderm
embryos (7hr-old) and gastrulating embryos (9hr-old). Protein alignments with homologs from
other flies suggest that Cal-opa®? encodes the full-length Cal-Opa protein (655 amino acids),

Mat encodes a truncated protein variant (635 aa), lacking the N-terminal 20 amino

while Cal-opa
acids of Cal-Opa?¢ (Figure 2.1.2.).

16



To confirm the alternative Cal-opa™“' and Cal-opa®* transcripts and their non-
overlapping expression patterns, I performed whole mount RNA in situ hybridization
experiments with transcript-specific probes. The Cal-opa™® transcript was anteriorly localized in
preblastoderm embryos but absent at the cellular blastoderm stage. Conversely, the Cal-opa®¢
transcript was absent in preblastoderm embryos but expressed broadly in the trunk region of 7hr-
old blastoderm embryos (Figure 2.1.3.), like odd-paired in Drosophila. These observations
suggest that Cal-opa produces transcript isoforms with spatially and temporally distinct

expression patterns.
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Figure 2.1.1. Maternal expression of Cal-opa and alternative Cal-opa transcripts in Clogmia embryos. (A)
Differential expression analysis of maternal transcripts between anterior and posterior halves of 1hr-old Clogmia
embryos. logFC: log fold-change. (B) Stage-specific RNA-seq read coverage of Cal-opa locus. Transcription start
sites (TSS) and transcription termination sites (TTS) are indicated on the genomic scaffold (solid line with 1000 bp
intervals marked) and were confirmed by RACE. Exon-intron diagram of Cal-opa™® and Cal-opa®? transcript
variants are shown with the open reading frame in black.
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Aga-Opa NIMMNAFMIDSGS SAAHHSHIATFIG | KMSPDHBEQSSE | ESSASSAAS---ASLAAAAAAAAASMLPPGASGTGASGASVGGS

Cri-Opa  MIMMNGFMDT---SSPYTHEAS FIGEKMS PNHDASSSLSQQHSHLASFGLKMSPNHDSAVQQHSHLASFG==- -~ LKMSPN@N
Sca-Opa MINMNMNAF |DPT--TTSQHHBATYG | RMSP TNTSAQ =—=-======----———————————- QQTDLAGHQ------- QMQQ®S
Bcu-Opa MMMNAF |DP---TPSQHHBASYGERMSPTTP TNQSDLLGGSAQQQH- AQQQQQQQQQ-------VQQQ@AQ
Dme-Opa WIMMNAF | EP---  AQHHBASYGERMSPNTTASN ======-=--------—-—————-——- SNAQQQQQQ------- QLEMTQ
9p 190 1]0 1.20 1.30 WflO 150 160
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Llo-Opa GMNT===----------- --DMSSSASTQHPYQNTATAGYP - -~ PHHP AATHMSHLNT--@NSLYP -
Aga-Opa SATSNANASDAMFYHHHPHHHHHHQGSP SNGAGGGGGSGGSGESA--- YNSHHLISPP SHEMS SHAMAPYHS -
CH-Opa ETRSNSLANDHTSMLHGSGNSLTDMSTASVAHNPYS SAQTSNG-------------- YPTSHY | PPTHMGQ INQ I PTYS-
Sca-Opa SAQD-------------- EAT-- QQQLDTSGLMSSAMSSG|S-SDMSSPS—=-==--~ SAYQNSGYGPFNTQLG ISYS/S-
Bcu-Opa QAQQ-------------- QQAQQQQSQQLDTSGLMSSAMS LGTSVSDMSSPVSASAASAAAYQNSGY SHFNTQLGSAYSTP
Dme-Opa QQQQ-------------- QQQQQQQQQQQDQESAAATAA ~  —=-=-==-===------- AYQNSGYGHFN -- ISYAS-
170 180 1.90 200 210 ZZO 230 240
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Cal-Opa®¢ RDFIE BRRDTNSNQTNMDYNHPL - ---APPPPPPPLTSHPTASPSSGSGNESMLFSNHS SANFANPHHY S FHi
Llo-Opa  RDF RRBNEY | PPTGASQS —------ AADP STMIFP'S | HHP HP -- ISMEDNLNHHSVGQHHFHI
Aga-Opa RDF KRBNDYF STAAVASSAA-=-=-=---- AAASSAADP TISBFAHESP LNH - -HSAAAARBA | G HHP FHAGAH
Cri-Opa  AKDFBFKRENDYMTPTATG G- ---PQSNPISADP SBBYHHTS | HDN --LNHHAAAS AAP L ANHH FIE@ -

Sca-Opa RDFIMEGRRTEQDYMTGSSSAQAQ-----~-- SAAADSNIBFPTFPASHANHPDLTGS --FGQHP FHT HHHAAAAHHHHSHQM
Bcu-Opa RDFIMEGRRTDNDYMSGAATSQVLGQSAAATAATADSNIMFP'SFPATHAQHPDLTTS--FGNHP FHAAAHHHAAAAKRHHQHQM
Dme-Opa RDFIMEGRR EAEYGVAGSAGQAS------- AAADSMIBF SGFPAQAA ELGSG--FGQHPFHS HHHHHQM
250 260 270 280 290 300 310 320
Cal-OpaMat FHPHHNH - - IANIPT.NPGTLIAFSRYTRNHH—

ANIP TMNP GTLIGAF SRYTRNHH-
----IBANEP MNAAQPGAF IRYMR H-

Cal-Opa?v9
Llo-Opa

- - - - WHHHN

Aga-Opa ----AVHHHHQHHPIEANEP VNPGTSIGAFFRYMR -

Cri-Opa ----MHHHN ----BANEP VNHGTSIGAFFRYMR -

Sca-Opa ----MHAHH ---- QHMGMHPAGAGAFLRYMRHQPP

Bcu-Opa R------MGMADY-------AHPYAHHAQ----HHTNFPS------- MHHHQH----  PAMSMHPAGAGAFLRYMRHQP -

Dme-Opa AMS AMHP AGAGAF LRYMRHQPA
350 360 370 380 390 400

Cal-OpaVat HEHQL P FKQEMQCMW | DPDPNSVVN-=-SGNSVIBSGNS SANSVNSSANNS ANRKTCGK TF TSMQDNN THETVEHV.GGPECT | H
Cal-Opas HHQL P F KQEMQCNVW | DPDPNSVVN--SGNSVIESGNS SANSVNSSANNSANRKTCGK T F TSMQDIN THETVEHVGGPECT | H
Llo-Opa HQPSANKQEMQCEWVDPD  ------- NPVEHQTAAP==-==-=--~~ GAGRKTCGK T F N TMQDHNN THIE TVEH
Aga-Opa  HP PANKQEMQCEWVEPELPPHHHHHHHHLGEGL SALAAS | GGAGSDGGSRKTCNKMIF S5
Cri-Opa HPPANKQEMQCEWVDVDGP ------ HPVGQP | CSNS===-=-=~~ NRKTCNKIF NSMQ ERV THETVD
Sca-Opa TSASANIKQEMQCEW | DPDQPG-- -
Bcu-Opa SAASANKQEMQCEWVDPDQPG-- -
Dme-Opa SSASSVKQEMQCEW|DPDQPGL------ =—=-=-=--= VP P GGRKTCNKV FHSNMH ENNM THETVEHVGGPECTTH
41 0 420 430 440 450 460 470 480
Cal-Opatet ACFWIIGC TRNGRP FKAKY KIBVNHIRVHTGEKP F P CP YHICIRIFARSINIKIIKRTIT-K P FKCEHEGCDRR FANS SDRK
Cal-Opa®s ACFWEGC TRNGRP FKAKY KIBVNHIIRV RTHTGEK P FKCE
Llo-Opa ACFWVIGCTRNGRP FKAKYK
Aga-Opa ACFWHEGC TRNGRP FKAKYKIEV KRTHTGEK P FKCE
Cri-Opa  CCYWHAC SRNGRP FKAKYKIBVNHIRVHTGEKP F PCP F PACGKNMF ARSENEKIHKR THTGEK P F K CEHEGCDRR FANS SDRK
Sca-Opa VCYWIGCSRNGRP FKAKYKIEVNHIRVHTGEK P F ACP HPGCGKVF AR SENEKIHKR THTGEK P F K CEHEGCDRR FANS SDRK
Bcu-Opa ACYWIGCSRNGRP FKAKYKIEVNHIRVHTGEK P F ACPHPGCGKWF AR SENEKIHKR THTGEK P F K CEHEGCDRR FANS SDRK
Dme-Opa ACFWVGC SRNGRP FKAK Y KIBVNHIRYHTGEK P F ACP HPGCGKV F ARSENEKIIHKR THTGEK P F K CEHEGCDRR FANS SDRK
500 510 520 5.30 5{!0 5.50 5&?0
SVIG-EKSPSHAYDSDGEESSSS SHMITGGNQTPPA | GNT

Cal-OpaMat TSDKPYNCRVNGCDK SYTHP S SHRKHMK F CL SQK

Cal-Opa?ye TSDKPYNCRMNGCDKSYTHPSSERKHMK FCL SQK SVIG-EKSPSHAYDSDGEESSSS SHMITGGNQTPPA | GNT
Llo-Opa KHSHVHTSDKPYNCRVNGCDKSYTHP S SIERKHNMK IGS LIG-EKSPSHAYDSEGEESSSSSVHTGGTQAPPTTR
Aga-Opa TSDKPYNCRVNGCDKSYTHP S SHRKHMK - GS LIG-EKSPSHNYDSDGEESSSESVMSGEGTRQTPPS | GRL
Cri-Opa TSDKPYNCRVAGCDKSYTHP S SIERKHMK SLVDEKSPVHQYDS EGEES SAS SIIVTGGNETPP
Sca-Opa TSDKPYNCR INGCDKSYTHP S SHERK NI D-EKSPSHGYDSDGEESSSSSHVTGGAQTPPSARLT
Bcu-Opa TSDKPYNCR INGCDKSYTHP S SIERKHMK NI D-EKSPSHGYDSDGDESSSSSHVTGGAQTPPSARLN

HS
Dme-Opa KHSHVHTSDKPYNCR INGCDKSYTHP S SIRKHMK [GNVD-EKSPSHGYDS EGEESSSS SIMITGGAQTPPSTRLD
570 590 600 610 620 630 640
Cal-QpaMat ASSVRQHSQLNPAG ISSSAPTTTSSSSDPVY | KSEASNYGHEHHQAAHHGSMS NHQEPHEHHEQOEL HESAHLLHS SISS S SM
Cal-Opazys ASSVRQHSQLNPAG ISSSAPTTTISSSSDPVY I KSEASNYGHEHHQAAHHGSMSNHQHEPHHHEQQEL HESAHLLHSSISSSSM

Llo-Opa ------ LGGGTDKLLTPSS IKSETG HGHETHLISHHS L
Aga-Opa HDTHGHSTHGSSKLSATADSLHSNNNNNNNSSSNNNNNNTSGTGSNAGNSSTSKSSSLLSPPHSGSGGGGGGGGGNSGTSS
Cri-Opa SRLQHDLKYNNNNNNNNNNNNNNNE TTANNNNNHTKISPAAPNRFTD I SATG QHSSYHH
Sca-Opa -~GDGSASGNGS INKSISPHS IKSEPGQNTG  MHSVHELGASISSGSSSTNSSSHHNQPHEGSHQHESNGS SQQAQQHQS
Bcu-Opa ------ VDNN SIG | GNK'SISPHS IKSEPSNHS | GGMHGV IBLGASSGGSSSTSSSHLEHTHALHES S SGGAGNGS SISGGAN
Dme-Opa GSAGSSSGVSSLSGGSGIKSSPHS IKSEPN PMHSVHL GASIS'SGSISSTASSSASHL LQHQQHQEHQQRQRQQRQRQRQHQQQRA
650 660 670 680 690 700 710 7.20
Cal- opaMatINNTNNTNSNSNNNENSSKSSNSIHPGYSQSLQIHPEANSLGIASIVTPPNSISPAAISPSSTSN ----------- LSSST
Cal-Opa?ve INNTNNTNSNSNNNENSSKSSNSIHPGYSQSLQIHPEANSLGIASIVTPPNSISPAAISPSSTSN-- -=- -LSISST
Llo-Opa  HSNNNNK PPPPPAPYGPLAPHQTPP--=----~- -ASISAS
Aga-Opa STSSSHLSQONQHHSLHSSSSHESH - QHHLASLQNHATSLAPPPPQLPLTPASSVSPQ------- -ATTPS
Cri-Opa HSHLTHPHALSHANPHHLHSHH IH - @NTNQLAPPQPSTTPNSSSSAPSPALNSNSPS----------- QTATA
Sca-Opa HHHHHHHLNHHQSAATTKSPABMQLMAA-ASISAYLPPPLGPPPSLTAASGSHHHSHHHHHQGMSATSPSSTS SGNAAAASAA
Bcu-Opa N NNNNNNHSAKSPABQLMAS SAAAAYLAPPLGPPPSLTAAA THHHHHHAQQAASPGS------ SNAAAA
Dme-Opa QQQQQ LTAHPSDPKSSPABMQLMAA-SASAYLPPPLGPPPS HHHHPHHHQAAPSPGA-----~-- AAASA

730 740 750 760 770 780 790 800
Cal-OpaMat PMIBNIGH - - ~HHHHABN SQHHP LS L YHHHHQQHDWYHHHHPP P SPNTTNTADPMTHENHFS - HEHE L MHHHGAATAY
Cal-Opa?ve -HHHHABNSQHHP LS L YHHHHQQHBDWYHHHHPPP SPNTTNTADPMTHENHFS -HHHHL VHHHGAATAY

Llo-Opa  SMENVGH---HQHHLE ----- YHHTQHPNDWYHHHHSPSTP--- TADTMTHENHFS -HHH EVHHGAATAY
Aga-Opa ---LYHHPQHHPNEWYSPTPP ------ AGPDTMNHENHF S H - HHHHHE VHHGP TTAY
Cri-Opa ---LYHP QHPNDWYHPTTP ------ TTHETMNHENHFS -HHHHHEVHHGP TTAY
Sca-Opa  SMIBAVSGHHHPNHHEL YHP - -~~~ AAQHHAP TDWYHAAAPA ===~~~ AGADANN PIENH F GHHHHHHHEVHPGAATAY
Bcu-Opa  SMIBN/TG - - -HENHHBL YHP - -~~~ AAQHHPP SDWYHTATPP------ AAAEANINPIENH F GHHHHHHHEVHPGAATAY
Dme-Opa SM - -LHHNHHELYHP----- AAQHHPP SDWYHTTAPS - ----- GSAEANMNPIENHF GHHHHHHEEVEPGAATAY

Figure 2.1.2. Protein alignment of predicted dipteran Odd-paired orthologs. Odd-paired orthologs were aligned
using ClustalW 2.1 (Larkin et al. 2007). Cal: Clogmia albipunctata (Psychodidae); Llo: Lutzomyia longipalpis
(Psychodidae); Aga: Anopheles gambiae (Culicidae); Cri: Chironomus riparius (Chironomidae); Sca: Stomoxys
calcitrans (Muscidae); Beu: Bactrocera cucurbitae (Tephritidae); Dme: Drosophila melanogaster (Drosophilidae).
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preblastoderm cellular blastoderm

Figure 2.1.3. Expression of Cal-opa transcript isoforms in early Clogmia embryos. RNA in situ hybridization of
Cal-opa™® and Cal-opa®? in 1hr-old preblastoderm and 7hr-old cellular blastoderm embryos. Anterior is left and
dorsal up. Scale bar: 100um.

Cal-opa™“is required for establishing embryo polarity while Cal-opa?* is required for
segmentation

To determine the function of Cal-opa™® and Cal-opa?’, 1 established a protocol for
microinjecting early Clogmia embryos and conducted transcript-specific RNAi experiments.
Injection of Cal-opa™® double-stranded RNA (dsRNA) led to mirror-image duplications of the
tail end (double abdomen; Figure 2.1.4. and Figure 2.1.6.). In contrast, injection of dsSRNA
targeting Cal-opa®? interfered with frequency-doubling of the expression domains of Cal-slp
(the ortholog of pair-rule gene sloppy-paired) and caused defects in segmentation, dorsal closure,
and head development but did not alter embryo polarity (Figure 2.1.5.). Finally, injection of
dsRNA targeting both Cal-opa™“ and Cal-opa®* resulted in double abdomens with missing
segments (Figure 2.1.7.). These observations indicate distinct roles of Cal-opa*® and Cal-opa?’¢
in specifying embryo polarity and in segmentation, respectively.
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Figure 2.1.4. Function of Cal-opa™® transcript in early Clogmia embryo. RNA in situ hybridization of Cal-cad in a
wild-type preblastoderm embryo and of Cal-nos4 in a gastrulating embryo (left) and stage-matched Cal-opa™“
RNAIi embryos (right). 1% instar larval cuticle of wild type and following Cal-opa™® RNAI (bottom). Anterior is left
and dorsal up. T: thoracic segment; A: abdominal segment. Scale bar: 100um
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Figure 2.1.5. Function of Cal-opa®® transcript in early Clogmia embryo. RNA in situ hybridization of Cal-slp in
extending wild-type germband and stage-matched Cal-opa®?¢ RNAi embryo, and 1st instar larval cuticle phenotype
following Cal-opa®¢ RNAI. Anterior is left and dorsal up. Md: mandibular segment; Mx: maxillary segment; Lb:
labial segment; T: thoracic segment; A: abdominal segment. Scale bar: 100um.
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Figure 2.1.6. Frequency of strong Cal-opa™® and Cal-opa®¢ RNAi phenotypes. (A) Cuticle phenotypes of 1% instar
larvae. For representative examples see Figure 2.1.4. and Figure 2.1.5.. ****: P<(0.0001, Fisher’s exact test. (B) Cal-
cad and Cal-slp expression phenotypes in embryos. For representative examples see Figure 2.1.4. and 2.1.5.. Cal-
cad in situ hybridizations were done on Cal-opa™“ RNAi embryos that reached cellular blastoderm stage. Cal-slp in
situ hybridizations were done on 14- to 18hr-old Cal-opa®% RNAi embryos. Embryos that had failed to reach the
stage of germband extension were excluded from the analysis.
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Figure 2.1.7. Cuticle phenotype of a Ist instar larva following Cal-opa™® and Cal-opa®¢ double RNAI. A double
abdomen with several missing segments is shown in lateral view. More severe phenotypic defects were not found in
1% instar larvae, possibly due to embryo death prior to cuticle secretion. Scale bar: 100um.

Clogmia lacks maternal germ plasm and uses an inductive mechanism for germ cell
specification

Expression profiling did not reveal any posteriorly localized maternal transcripts (Figure
2.1.1A, alpha = 0.001, unadj.), raising the question of whether Clogmia embryos lack maternal
germ plasm. In Drosophila and other dipterans, the maternal germ plasm in the posterior embryo
specifies primordial germ cells and stabilizes embryo polarity via nanos, which suppresses the
translation of anterior determinants in the posterior embryo (Gavis and Lehmann 1992; Lemke
and Schmidt-Ott 2009). The activity of nanos in the posterior preblastoderm is dependent on
oskar (Lehmann 2016), which is conserved in many insects (Ewen-Campen, Schwager, and
Extavour 2010) but absent from our Clogmia transcriptomes and the Clogmia genome (Vicoso
and Bachtrog 2015). To test whether Clogmia lacks maternal germ plasm, I examined the

expression of candidate germ cell markers, including Clogmia homologs of nanos (Cal-nos|1,
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Cal-nos2, Cal-nos3, and Cal-nos4, see Figure 2.1.8A for protein alignment), vasa (Cal-vas),
tudor (Cal-tud), and germ cell-less (Cal-gcl). Cal-nos1, Cal-nos3, and Cal-nos4 were not
localized in the posterior of preblastoderm embryos but were expressed in a small set of cells at
the posterior pole of cellular blastoderm and gastrulating embryos along with Cal-vas, Cal-tud,
and Cal-gcl that were expressed more broadly (Figure 2.1.8B-C). These observations suggest
that Clogmia lacks maternal germ plasm and that Clogmia may induce the germ cell fate
zygotically. To test this hypothesis, I examined Cal-nos expression in Cal-opa™® RNAi
embryos. Cal-nos positive cells were duplicated in double abdomens (Figure 2.1.4.), indicating
that Clogmia uses an inductive mechanism for germ cell specification, which is repressed in the

anterior embryo by Cal-opa™™.

Cal-opa™“1ocalization alone is sufficient for establishing embryo polarity

I noticed that maternal transcripts of Cal-slp and a homolog of miranda (Cal-mira),
which encodes an adaptor protein for cell fate determinants in Drosophila (Adams et al. 2000;
Ikeshima-Kataoka et al. 1997), were also slightly enriched anterior (Figure 2.1.1A). This
observation was confirmed by RNA in situ hybridizations (Figure 2.1.9A). Injection of Cal-slp
dsRNA resulted in head and dorsal closure defects while Cal-mira dsSRNA caused labrum and
antennal defects, but in both cases embryo polarity was retained (Figure 2.1.9B).

Mat

To test whether Cal-opa™* requires the localized Cal-slp and Cal-mira transcripts to

specify anterior development, I injected Cal-opa™*

mRNA into the posterior pole of 1hr-old
embryos. These embryos expressed a head marker, Cal-otd (ortholog of ocelliless/orthodenticle),

on both ends of the embryo and developed a symmetrical double head, including some
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duplicated thoracic elements (Figure 2.1.10. and 2.1.11.). These observations indicate that Cal-

opaM@localization is sufficient for establishing embryo polarity.

A

l1 1l0 ZlO 3:0 4.0
M Fimmmmmm i mm e - BDV TVYS-HSD
YWNNF - ----------------——- K THIDY'S - NSDI
N F
| |

Cal-Nos1 RS
K
NNFDVSNDMDLTLLNNLMASBMQMPNLNTEISKTF
EDL DM

Cal-Nos2 MD

F
C
Cal-Nos3 WAAS
Cal-Nos4 H

Cal-Nos1
Cal-Nos2
Cal-Nos3
Cal-Nos4

v invinvivel

Cal-Nos1
Cal-Nos2

Cal-Nos3
Cal-Nos4

Cal-Nos1 '-- S
Cal-Nos2 HQSGDT
Cal-Nos3
Cal-Nos4

Cal-Nos1
Cal-Nos2
Cal-Nos3
Cal-Nos4

<~EE =mzmIZ™

RZZR

£
£
(9
°
o]
o]
wv
st
)
4
g
Q

syncytial
blastodgrm

cellular
blastoderm

early
gastrulation

Cal-tud

Figure 2.1.8. Clogmia homologs of nanos, vasa, tudor, and germ cell-less. (A) Protein alignment of Cal-Nos
paralogs using ClustalW 2.1 (Larkin et al. 2007). Conserved amino acids are highlighted. (B) Cal-nosi, Cal-nos2,
Cal-nos3, and Cal-nos4 RNA in situ hybridizations in embryos at preblastoderm, syncytial blastoderm, cellular
blastoderm, and gastrulation stages. Anterior is left and dorsal up. Scale bar: 100um. (C) Cal-vas, Cal-tud, and Cal-
gcl RNA in situ hybridizations in embryos at gastrulation stage. Anterior is left and dorsal up. Scale bar: 100um.
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A preblastoderm preblastoderm

Figure 2.1.9. Maternal transcript localization and RNAi phenotypes of Cal-slp and Cal-mira. (A) Cal-slp and Cal-
mira RNA in situ hybridization in embryos at preblastoderm stage. Anterior is left; Scale bar: 100um. (B) Cuticle
phenotypes of 1% instar larvae following Cal-slp RNAI (left) and Cal-mira RNAI (right) in ventral view. Anterior is
left. Scale bar: 100um.
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Figure 2.1.10. Ectopic head induction by Cal-opa*®® in Clogmia. RNA in situ hybridizations of Cal-otd in wild-type
gastrula (top left) and stage-matched embryo following posterior Cal-opa™* mRNA injection (top right) are shown
in ventral view. A live wild-type embryo (bottom left) and a stage-matched embryo following posterior Cal-opa™®

mRNA injection (bottom right) in lateral view. Anterior is left. Scale bar: 100um.
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Figure 2.1.11. Cuticle phenotype of a st instar larva following Cal-opa™® mRNA injection. Dorsal view. Scale bar:
100um.

Changes in expression timing rather than protein sequences conferred the new function in
Cal-opa
Since posterior injection of Cal-opa™* mRNA can induce ectopic anterior structures, I

used this assay to identify essential requirements for this function. I first asked whether the

Mat

timing of Cal-opa™* expression is critical for its function. To test this hypothesis, I conducted

posterior injections of Cal-opa™®

mRNA during the syncytial blastoderm stage (4hr) and
examined Cal-otd expression after gastrulation. These embryos developed with normal head-to-

27



tail polarity (Figure 2.1.12A). This result places the axis specification role of Cal-opa mRNA
prior to the syncytial blastoderm stage and suggest that timing of Cal-opa activity is essential for
its ability to induce head development.

I then asked whether Cal-opa®? mRNA can induce head development when expressed
early despite the N-terminal difference between Cal-OpaMat and Cal-OpaZ¥e. Posterior injection
of Cal-opa”¢ mRNA into preblastoderm embryos resulted in double heads (Figure 2.1.12A).

Mat ;

Because the translation start site of Cal-Opa™® is located downstream of the Cal-opa®¢

translation start site, I also tested Cal-opa®¢ mRNA in which the putative start codon for Cal-

Mat

OpaM? was mutated to encode leucine (Cal-opa?s-Mei?ILew) Posterior injection of Cal-opa?’s

Met2ILet mRNA into early Clogmia embryos also induced double heads (Figure 2.1.12A). To
better define the portion of Cal-Opa™? that is essential for its function as anterior determinant, I
also tested more severely truncated protein variants (Figure 2.1.12A and Figure 2.1.2.). Cal-
Opal!3-955 (Cal-Opa!-%>° = Cal-Opa?*¢) and Cal-Opa'®*%> mRNAs retained the ability to induce
double heads but mRNAs of Cal-Opa!®>#%> and Cal-Opa'-*37*22 (a hypothetical splice variant) did
not perturb embryo polarity. These results indicate that the ability of Cal-Opa to specify embryo
polarity is largely insensitive to N-terminal truncation but requires the C-terminal portion of the
protein.

Cal-OpaM® could have evolved into an anterior determinant independent of any protein
change through acquisition of new target genes. Alternatively, changes in the protein could have
resulted in a new function. To distinguish between these possibilities, I injected odd-paired
mRNA from Lutzomyia longipalpis (Psychodidae), Chironomus riparius, and Drosophila

melanogaster into early Clogima embryos. All of these odd-paired homologs induced double

heads in Clogmia, provided that the endogenous kozak sequence of Cal-opa™® was used for
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optimal translation efficiency (Figure 2.1.12B). Since neither Drosophila nor Chironomus uses
odd-paired for specifying embryo polarity and maternal odd-paired transcript is absent in freshly
deposited eggs of chironomids (Klomp et al. 2015), mosquitoes (Akbari et al. 2013), and beetles
(Choe, Stellabotte, and Brown 2017), these results suggest that Cal-OpaMat acquired its function

as embryonic axis determinant independent of protein changes in the Clogmia lineage.
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Figure 2.1.12. Ectopic head induction by mRNAs variants derived from Cal-opa and Cal-opa orthologs in Clogmia
(A) Posterior injection of Cal-opa mRNA and mutated variants. Complete, symmetrical duplication of the bilateral
Cal-otd expression domain in gastrulating embryos was counted as double head (blue, see Figure 3A). All other
phenotypes, including incomplete duplications and wild type, were counted as “no double head” (black). Diagrams
of predicted Cal-Opa proteins are shown with ZIC/Opa conserved motif (ZOC) in yellow, the ZIC family protein N-
terminal conserved domain (ZFNC) in green, and zinc finger domains in orange. The Met21Leu mutation in Cal-
OpaZyeMei2ileu jg marked in red. Cal-opa™® (late): Cal-opa™®was injected during the syncytial blastoderm stage
(4hr). ns: P>0.05; ***: P<0.001; ****: P<0.0001, Fisher’s exact test. (B) Posterior injection of odd-paired mRNAs
from Lutzomyia, Chironomus, and Drosophila. Phenotypes were counted as in (A) and double head from Dme-opa
mRNA injection is shown as example. Cri-opa and Dme-opa mRNAs include the Kozak sequence of Cal-opa™™®
(TAAG). Cri-kozak and Dme-kozak refer to odd-paired sequences with donor-specific Kozak-sequences from
Chironomus (AAAA) and Drosophila (GACC), respectively. ns.: P>0.05; *: P<0.05; **: P<0.01; ***: P<0.001,
Fisher’s exact test.
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Alternative transcription and expression of odd-paired is conserved in the sand fly
Lutzomyia

Next, I asked whether the role of Cal-opa*“ is conserved in the sand fly Lutzomyia,
another member of the Psychodidae family that is of public health concern due to its role in the
transmission of visceral leishmaniasis. In Lutzomyia, an odd-paired homolog was also the most
enriched transcript in the anterior of 1-2hr old embryo and was named Llo-opa™“’ (Figure
2.1.13A). In the posterior embryo, the most enriched transcript was homologous to oskar,
indicating that Lutzomyia eggs contain maternal germ plasm at the posterior pole, unlike
Clogmia eggs. These findings suggest that sand fly embryos also determine embryo polarity via
anterior localization of maternal odd-paired transcript, and that maternal germ plasm was lost
only in the Clogmia lineage. Close examination of Lutzomyia transcriptomes from 1hr-old and
24hr-old embryos also revealed zygotic odd-paired transcript (Llo-opa?’?) (Figure 2.1.13B). Llo-
opa™® and Llo-opa®? share the same open reading frame but differ at their untranslated 5° and 3’
ends. Since the N-terminal ends of Llo-Opa™®/Llo-Opa?*¢ and Cal-OpaZ?* proteins are

Mat gccurred after

homologous (Figure 2.1.2.), I infer that the N-terminal truncation of Cal-Opa
the transcript had evolved maternal expression and anterior localization. The detection of Llo-

opa?¢ transcript in 24hr-old embryos coincided with that pair-rule segmentation gene homologs

(Figure 2.1.14.), indicating that Llo-opa®*¢ functions during segmentation.
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Figure 2.1.13. Expression of alternative Llo-opa transcripts. (A) Differential expression analysis of maternal
transcripts between anterior and posterior halves of 1-2hr-old Lutzomyia embryos. (B) Stage-specific RNA-seq read
coverage of Llo-opa genomic locus and diagrams of Llo-opa™™ and Llo-opa®? transcripts. logFC: log fold-change

(see also legend to Figure 2.1.1.).
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8, 12, and 24 hr-old embryos. TPM: transcripts per million.
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2.2. An alternative maternal transcript of a conserved C2H2 zinc finger

gene cucoid functions as anterior determinant in Culicine mosquitoes>

Transcript homologous to cucoid is enriched in the anterior pole of freshly laid Culex eggs

The southern house mosquito Culex quinquefasciatus and the yellow fever mosquito
Aedes aegypti represent the mosquito subfamily Culicinae and are species of enormous public
health concern. Culex is a vector of West Nile virus (the leading cause of mosquito-borne disease
in the continental United States) and the nematode Wuchereria bancrofti (the major cause of
lymphatic filariasis), while Aedes transmits yellow fever, dengue, chikungunya and Zika viruses.
Despite their medical importance, the embryonic development of these species remain poorly
known, and are difficult to study due their eggshell properties.

Freshly deposited mosquito eggs lack maternal transcript orthologous to odd-paired
(Akbari et al. 2013). Their genome also lacks orthologs of bicoid and panish (Klomp et al. 2015).
These findings prompted me to extend my search for anterior determinants to mosquitoes.
Initially, I focused on Culex, because their eggs are large and have clearly distinguishable
anterior and posterior egg poles. Culex also lays eggs in a form of a raft, with all eggs aligned
together with the same anterior-to-posterior orientation. This allowed me to easily bisect multiple
eggs simultaneously for RNA-seq analysis.

8,239 Culex transcripts were annotated from the anterior and posterior transcriptomes of
lhr-old preblastoderm embryos and were ranked them according to the magnitude of their

differential expression scores and P values (Figure 2.2.1A). In the posterior embryo, the most

2 Differential expression analyses of transcriptomes were performed by Jeff Klomp, a previous member of our
laboratory. Ines Martin-Martin and Frank Criscione from the Ribeiro lab at NIAID performed cucoid RNAi
experiments.
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enriched transcript was related to nanos, consistent with the presence of maternal germ plasm in
this species (Figure 2.2.3B) (Juhn et al. 2008). The most enriched transcript in the anterior
embryo was closely related to an uncharacterized gene of Drosophila (CG9215), which encodes
a protein with five C2H2 zinc finger domains. However, reciprocal BLAST searches suggest that
CG9215 belongs to a poorly defined larger gene family in Drosophila that might be represented
by a single gene in mosquitoes. I therefore named this Culex gene as cucoid (culicine mosquito
gene (cu-) with a similar expression to bicoid (-coid)) (Figure 2.2.2.).

RACE experiments with cDNA from 0-7hr-old embryos revealed three alternative cucoid
transcripts with distinct 3” ends (cucoid”, cucoid®, and cucoid®) (Figure 2.2.1B), but only
cucoid® and cucoid® were recovered from ¢cDNA of 0-2hr-old preblastoderm embryos,
suggesting that one or both these transcripts might be maternally localized at the anterior pole.
These transcript isoforms encode protein isoforms with different C-terminal ends: cucoid”
(678aa), cucoid® (553aa), and cucoid® (490aa), respectively. Due to AS in conjunction with
alternative transcription termination, the predicted protein of cucoid® lacks the last C2H2 zinc

finger while the predicted protein of cucoid® lacks the last two C2H2 zinc fingers (Figure 2.2.2).
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Figure 2.2.1. Maternal expression of cucoid and alternative cucoid isoforms (A) Differential expression analysis of
maternal transcripts between anterior and posterior halves of 1hr-old Culex embryos. (B) Diagrams of cucoid
transcript isoforms based on RNA-seq and RACE experiments (see also legend to Figure 2.1.1.). Blue lines
represent sequence complementary to RNA probes used in Fig 2.2.3.
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cucoid€ is localized at the anterior pole of freshly laid Culex eggs and cucoid controls
embryo polarity

To test for isoform specific expression patterns, I performed RNA in situ hybridizations
with specific probes for cucoid! (probe A) or cucoid® (probe B) and a probe against all three
isoforms (probe C). cucoid* and cucoid® expression was detected in the fore and hind gut of
extended germbands but not in 1hr-old preblastoderm embryos. In contrast, the probe against all
three isoforms detected maternally localized cucoid transcript at the anterior pole in addition to
the zygotic expression pattern (Figure 2.2.3A). Taken together, these results suggest that only
the cucoid® isoform is maternally localized at the anterior pole and could function as anterior
determinant. To test this hypothesis, I collaborated with Ines Martin-Martin and Frank Criscione
in the Ribeiro lab at the National Institute of Health in Rockville (MD) to inject cucoid dSRNA
from the shared 5° region and examined the expression of a posterior marker (Cqu-cad) in
gastrulating embryos. Many of these embryos expressed Cqu-cad in the anterior and underwent

ectopic gastrulation at the anterior pole, suggesting that normal head-to-tail polarity was lost

(Figure 2.2.3C).
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Figure 2.2.3. Expression and function of alternative cucoid isoforms in Culex. (A) RNA in situ hybridization of
cucoid”, cucoid®, and cucoid® transcripts in 1hr-old preblastoderm and germband extending embryos. Anterior is left
and dorsal up. Scale bar: 100um. (B) RNA in situ hybridization of Cqu-nos in 1hr-old preblastoderm embryo.
Anterior is left. Scale bar: 100um (C) RNA in situ hybridization of Cqu-cad in a wild-type gastrulating embryo (left)
and in a stage-matched cucoid RNAi embryos (right; 16/48 with cucoid dsRNA versus 0/25 with lacZ control
dsRNA; P<0.0005). Anterior is left and dorsal up. Scale bar: 100um.
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Expression and function of cucoid ortholog is conserved in the yellow fever mosquito Aedes
aegypti

I then asked whether the function of cucoid as the anterior determinant was conserved in
the yellow fever mosquito Aedes aegypti, which also transmits dengue, chikungunya and Zika
viruses. 5,802 Aedes transcripts from the anterior and posterior transcriptomes of 1hr-old
preblastoderm embryos were annotated and ranked according to the magnitude of their
differential expression scores and P values. I found that transcript of Aedes cucoid (Aae-cucoid)
to be highly enriched in the anterior embryo and was able to confirm this result by RNA in situ
hybridization (Figure 2.2.4A-B). In the posterior embryo, no highly enriched transcripts were
observed. This was unexpected given that whole mount in situ hybridizations revealed posterior
localized transcript of Aedes nanos in 1hr-old embryos (Figure 2.2.4B) and that maternal
transcript of Aedes oskar is also localized at the posterior pole (Juhn and James 2006). Low
statistical power of our differential expression analysis in Aedes might explain this discrepancy.
This is because it is difficult to reliably distinguish the anterior and posterior pole in Aedes eggs.
Thus, I could have confounded the anterior and posterior pole in some of the bisected eggs (see
Methods).

RACE experiment with cDNA from 1-6hr old embryos revealed three Aae-cucoid
isoforms with distinct 3’ends (4ae-cucoid *, Aae-cucoid ®, Aae-cucoid ©). Unlike Aae-cucoid 4
and Aae-cucoid B, which encoded protein with five C2H2 zinc finger domains, Aae-cucoid ©
encoded a truncated protein with only two zinc finger domains (Figure 2.2.2). Injection of
dsRNA targeting all three Aae-cucoid isoforms resulted in double abdomens (Figure 2.2.4D),
suggesting that the mosquito homologue of cucoid evolved its function as anterior determinant

prior to the divergence of the Culex and Aedes lineages.
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Figure 2.2.4. Expression and function of cucoid in Aedes. (A) Differential expression analysis of maternal
transcripts between anterior and posterior halves of 1hr-old Aedes embryos. (B) RNA in situ hybridization of Aae-
cucoid (probe targeting all three isoforms) (top) and Aae-nos (bottom) transcript in 1hr-old preblastoderm embryo.
Anterior is left and dorsal up. Scale bar: 100um. (C) Diagrams of Aae-cucoid transcript isoforms based on RNA-seq
and RACE experiments (see also legend to Figure 2.1B). (D) 1* instar Aedes larval cuticle of wild type (top) and
following Aae-cucoid RNAI (bottom; 9/26 versus 0/22 with control dsSRNA; P<0.005). Scale bar: 100um.
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2.3. Anterior localization and function of a maternal pangolin isoform in
anopheline mosquitoes and crane flies suggests that panish inherited its

function from pangolin’

An alternative maternal transcript isoform of pangolin is localized at the anterior pole of a
freshly laid Anopheles eggs

The Anopheles gambiae species complex constitutes an outgroup to the Culex-Aedes
clade. It includes 8 or more sub-Saharan species that are difficult to distinguish due to
widespread genealogical heterogeneity across the genome, incomplete lineage sorting and
introgression (Thawornwattana, Dalquen, and Yang 2018). We interchangeably used A. gambiae
and A. coluzzii, two sibling species within this species complex that are responsible for the
majority of malaria transmission in Africa, to identify the anterior determinant of this important
mosquito lineage. Whole mount RNA in situ hybridizations with a probe against the Anopheles
gambiae homolog of cucoid did not detect any anterior localized transcript in 1hr-old embryos,
suggesting that Anopheles uses a different anterior determinant than Culex and Aedes.

To identify this gene, 9,353 transcripts were annotated from anterior and posterior
transcriptomes of 1hr-old preblastoderm embryos of 4. gambiae and were ranked according to
the magnitude of their differential expression scores and P values. In the posterior embryo, the
most enriched transcript was homologous to nanos. In the anterior embryo, the most enriched
transcript was homologous to pangolin (also known as Tcf) (Figure 2.3.1A). To test for potential

alternative maternal and zygotic isoforms of pangolin in Anopheles, I mapped the assembled

* Differential expression analyses of transcriptomes were performed by Jeff Klomp, a previous member of our
laboratory.
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transcripts and 5’ and 3° RACE products from 1-6hr-old embryos onto an available 4. gambiae
genome assembly (AgamP4). I identified two alternative transcript variants with non-
overlapping 3’UTRs but nearly identical open reading frames that I named Aga-pan™* and Aga-
pan?s, respectively (Figure 2.3.1B and Figure 2.3.2.). Aga-pan™ was tightly localized at the
anterior pole of 1-2hr-old preblastoderm embryos and only weakly expressed in elongated
germbands, whereas Aga-pan®é was expressed segmentally in elongated germbands but not in
embryos younger than 2hr-old preblastoderm embryos (Figure 2.3.1C). Both pangolin isoforms
were conserved in Anopheles coluzzii with sequence identity above 99% and the maternal
isoform (Aco-pan™®) was localized at the anterior pole (Figure 2.3.3.). The stage-specific
expression of both pangolin isoforms was also conserved outside the Anopheles gambiae species
complex in Anopheles stephensi (Figure 2.3.4.). Alignments of dipteran Pangolin proteins
suggest that, in Anopheles, the maternal variant includes an additional 7 amino acids at the C-
terminal end due to alternative polyadenylation and splicing (Figure 2.3.2.).
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Figure 2.3.1. Expression of alternative pangolin isoforms in Anopheles. (A) Differential expression analysis of
maternal transcripts between anterior and posterior halves of 1hr-old Anopheles embryos. (B) Diagrams of Aga-
pan™® and Aga-pan®? transcripts based on RNA-seq and RACE experiments (see also legend to Figure 2.1.1.). (C)
RNA in situ hybridization of Aga-pan™® and Aga-pan®? transcripts in 1hr-old preblastoderm and germband

extending embryos of A.gambiae. Anterior is left and dorsal up. Scale bar: 100um.
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Figure 2.3.2. Protein alignment of dipteran Pangolin orthologs and Panish. Proteins were aligned using ClustalW
2.1 (Larkin et al. 2007). Conserved domains are indicated with colored boxes. Dme: Drosophila melanogaster
(Drosophilidae); Nsu: Nephrotoma suturalis (Tipulidae); Cal: Clogmia albipunctata (Psychodidae); Llo: Lutzomyia
longipalpis (Psychodidae); Aae: Aedes agypti (Culicide); Cqu: Culex quinquefasciatus (Culicidae); Aga: Anopheles
gambiae (Culicidae); Ast: Anopheles stephensi (Culicidae); Cri: Chironomus riparius (Chironomidae). Conserved
amino acids are shown in color.
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Figure 2.3.3. RNA in situ hybridization of Aco-pan™® and Aco-pan® transcripts in 1hr-old 4.coluzzii
preblastoderm embryos. Anterior is left and dorsal up. Scale bar: 100um.
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Figure 2.3.4. Stage-specific RNA-seq read coverage of Ast-pan genomic locus and diagrams of Ast-pan™® and Ast-
pan®¥transcripts (see also legend to Figure 1A). Black box, Open reading frame; white box, untranslated regions.

Anterior localization of maternal pangolin transcripts is conserved in Nephrotoma eggs
Anterior-localized maternal pangolin (Tc-pan) transcript has also been observed in the
eggs of a beetle (Tribolium castaneum) (Bucher, Farzana et al. 2005). It is therefore possible that
this localization pattern evolved before the radiation of Diptera. To test whether ancestral
dipterans localized maternal pangolin transcript at the anterior pole of the egg, I collected
bisected freshly deposited eggs from the crane fly Nephrotoma suturalis (Tipulidae), which

belongs to one of the oldest branches of dipterans (Wiegmann et al. 2011; Grimaldi and Engel
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2005) and sequenced the anterior and posterior transcriptomes. 5,371 transcripts were annotated
and ranked according to the magnitude of their differential expression scores and P values
(Figure 2.3.5A). The most enriched transcript in the posterior embryo was related to oskar,
suggesting that crane fly eggs contain maternal germ plasm at the posterior pole. The most
enriched transcript in the anterior embryo was homologous to pangolin and therefore named
Nsu-pan™@, The anterior localization of this transcript was confirmed by RNA in situ
hybridization (Figure 2.3.5B). RACE experiments with cDNA from lhr-old embryos identified
multiple isoforms with slightly variable 5’ ends but the same open reading frame. An alignment
of the predicted Nsu-Pan protein from this open reading frame with other dipteran Pangolin
homologs revealed conserved N-terminal and C-terminal ends in Nsu-Pan. These results suggest
that anterior localization of maternal pangolin transcript was present in ancestral dipteran insects
and that conserved Pangolin protein preceded the modified variant (Aga-Pan™? and Panish) as an

anteriorly localized isoform.
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Figure 2.3.5. Expression of maternal pangolin transcript in Nephrotoma. (A) Differential expression analysis of
maternal transcripts between anterior and posterior halves of 1hr-old Nephrotoma (Tipulidae) embryos. logFC: log
fold-change. (B) RNA in situ hybridization of Nsu-pan™®.
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Maternal pangolin transcript isoform is required for establishing head-to-tail polarity in
Anopheles

In the beetle Tribolium, the function of maternal pangolin remains unknown. In previous
Tc-pan RNAI experiments targeting both maternal and zygotic transcripts, only posterior defects
were observed, which can be explained by the known role of zygotic Tc-pan in canonical Wnt
signaling in the posterior growth zone (Bolognesi et al. 2008; Fu et al. 2012; Priihs, Beermann,
and Schroder 2017; Ansari et al. 2018). However, it is possible that the reported phenotype
corresponds to a hypomorphic phenotype. To investigate the role of localized maternal pangolin
transcript in flies, I decided to study Anopheles coluzzii, where we can specifically target the
maternal isoform. Injection of Aco-pan™“-specific dsRNA into several hundred 1hr-old 4.
coluzzii embryos resulted in only 37 cuticles with variable phenotypes, including anterior
truncations and, in extreme cases, double abdomens (Figure 2.3.6A-C). I noticed perturbed

segmentation boundaries in the double abdomens, suggesting that Aga-pan*“

may also function
in segmentation, as suggested by its weak zygotic expression pattern. Injection of Aco-pan®2-
specific dsSRNA into 1hr-old A. coluzzii embryos resulted in severe segmentation defects that

were difficult to characterize, but no double abdomens or anterior-specific truncation defects

were found (Figure 2.3.6D).
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anal gills

anal gills

anterior truncation

Figure 2.3.6. Function of a maternal pangolin isoform in Anopheles. (A) 1% instar A.coluzzii larval cuticle of wild
type. (B) Cuticle phenotype of double abdomen (3/37) following Aco-pan™® RNAi. (C) Intermediate, anterior
truncation phenotype (8/37) following Aco-pan™® RNA.. Scale bar: 100um. (D) Cuticle phenotype of a 4.coluzzii
Ist instar larva following Aco-pan®8 RNAI (11/23). Phenotype difference between Aco-pan*® RNAi and Aco-pan®e
is significant; p<0.05, Fisher’s exact test.

pangolin cannot substitute the role of panish in Chironomus embryos

The findings in Anopheles and Nephrotoma suggest that localized maternal pangolin
transcript functioned as an anterior determinant in ancestral dipterans. In Chironomus, the
ortholog of pangolin (Cri-pan) is not expressed maternally and its diverged paralog panish
functions as an anterior determinant (Klomp et al. 2015). Given that panish evolved from
pangolin via gene duplication, panish probably inherited its role from pangolin. Therefore, it is

possible that Cri-pan and panish are still functionally equivalent when expressed at the anterior
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pole of preblastoderm Chironomus embryos. Alternatively, panish may have co-evolved with its
targets. In this case, Cri-pan should no longer be able to fulfill the function of panish. To
distinguish between these possibilities, | examined the ability of panish and Cri-pan mRNAs to
rescue the RNA1 phenotype of panish. It has been shown previously that dsSRNA of the panish
3’UTR can induce the double abdomen phenotype with a penetrance of nearly 100%, and that
this phenotype can be rescued in roughly half of the embryos by injecting panish mRNA with
heterologous UTRs at the anterior pole, shortly after the injection of dSRNA (Klomp et al. 2015).
I used this assay to compare the functions of panish mRNA (positive control), frame shifted
panish mRNA (negative control), Cri-pan mRNA, and a modified Cri-pan mRNA designed to
better resemble panish mRNA (Cri-pan”"“ mRNA). Cri-pan™"“ mRNA encodes a N-terminal
truncated Cri-Pan variant lacking the 3-Catenin binding and HMG box domains with two
mutations in the cysteine-clamp domain to mimic conserved changes of the Panish cysteine-
clamps (Figure 2.3.7A). Only panish mRNA rescued panish RNAi embryos (Figure 2.3.7B),
suggesting that panish co-evolved with its targets and functionally diverged after its origin via

gene duplication from pangolin.
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Figure 2.3.7. panish RNAI rescue experiments with Cri-pan mRNA. (A) Diagram of Cri-Pan and Panish (HMG:
HMG-box domain; C: Cysteine-clamp domain) and protein alignment of conserved C-clamp domains between
Panish and Pan orthologs. Panish-specific sequence change (RR->CQ) is indicated as an arrow. Pnu: Polypedilum
nubifer; Pva: Polypedilum vanderplanki; Cte: Chironomus tentans; Cpi: Chironomus piger; Cri: Chironomus
riparius; Aga: Anopheles gambiae; Dme: Drosophila melanogaster. (B) panish RNAI rescue experiments using
panish mRNA, panish FS (frameshift mutation) mRNA, Cri-pan mRNA, and Cri-pan™ mRNA. Cri-pan"*"
mRNA encodes Cri-Pan protein that lacks N-terminal sequences before C-clamp domain (N-terminal 365 aa deleted,
including HMG-box domain) and with Panish-specific sequence change (RR->CQ) in C-clamp domain, as in (A).
*xx%: P<0.0001
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Alternative pangolin isoforms and their expressions in Clunio marinus

Using publicly available genomes, I surveyed the occurrence of panish in Chironomidae
midges. Orthologs of panish in Chironomus piger and C. tentans have been reported previously
(Klomp, Athy et al. 2015). Because Panish is short (131aa) and contains introns in the diagnostic
C-clamp domain sequence, it was not possible to identify panish orthologs using BLAST.
Therefore, I utilized the fact that the panish locus overlaps with Cri-zap3, and directly examined
the Cri-zap3 locus to search for sequences homologous to C-clamp residues. Using this
approach, I found panish orthologs in two other species within the subfamily Chironominae,
including Polypedilum vanderplanki and P. nubifer (Figure 2.3.7A and Figure 2.3.8). However,
panish orthologs were not found outside Chironominae, while orthologs of pangolin and zap3
were identified in all species (positive control) (Figure 2.3.8.). These results suggest that panish

evolved in the Chironominae subfamily.

Polypedilum vanderplanki
Chironominae — Polypedilum nubifer
Chironomus riparius
Chironomus piger
Chironomus tentans

i Clunio marinus
Orthocladiinae Belgica antartica

Prodiamesinae

Diamesinae
Telmatogetoninae

Tanypodinae

Chironomidae

Podonominae ——= Parochuls steinenii

Aphroteniinae

Buchonomyiinae

m panish present
W panish absent

Figure 2.3.8. Occurrence of panish in Chironomidae genomes. panish occurrence in recently published genome
sequences of Polypedilum vanderplanki (Gusev et al. 2014), P. nubifer (Gusev et al. 2014), Clunio marinus (Kaiser
et al. 2016), Belgica antarctica (Kelley et al. 2014), and Parochuls steinenii (Kim et al. 2017). The phylogeny is
based on Cranston et al. (Cranston, Hardy, and Morse 2011).
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To test whether chironomid species that represent outgroups to Chironominae use
pangolin as anterior determinant, I collected samples of Clunio marinus, an orthocladiinae midge
that lacks panish (Figure 2.3.8.) to examine the expression of Clunio pangolin (Cma-pan). For
this experiment, fixed embryos were provided by Dusica Brisevac from the Tobias Kaiser Lab at
the Max-Planck-Institute for Evolutionary Biology in P1on, Germany. Interestingly, according to
the annotation provided by the Kaiser lab, Cma-pan had four transcript isoforms generated by
alternative transcription initiation and alternative splicing (Figure 2.3.9A). Among them, Cma-
pan® encodes a protein that lacks a significant portion of N-terminal region compared to other
isoforms and, thus, is more similar to Panish than other predicted Cma-Pan proteins (Figure
2.3.9B). To test whether Cma-pan® is expressed maternally, I conducted 5’RACE experiments
with cDNA from 0-2hr Clunio embryos. I found that Cma-pan® is strongly expressed at this
developmental stage. This observation raises the question of whether the Cma-pan® transcript is
anteriorly localized in preblastoderm embryo. To study the expression of Cma-pan in Clunio
marinus, Dusica Brisevac in the Kaiser lab provided fixed embryos. However, RNA in situ
hybridization using probes that recognize Cma-pan®, Cma-pan*8*P, and Cma-pan?*8*¢ did not
reveal localization of any Cma-pan isoforms (Figure 2.3.10.). One possibility is that Cma-pan®
is ubiquitously expressed in the preblastoderm embryo with no relevant function in primary axis
specification of this species. Alternatively, its activity could be concentrated in the anterior by
some other mechanism, such as translational inhibition in the posterior embryo. Another
possibility is that mRNAs in the fixed embryo samples were degraded during the sample delivery

from Germany.
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Figure 2.3.9. Alternative Cma-pan transcript isoforms. (A) Transcript annotation of Cma-pan locus (provided by

Tobias Kaiser at Max Plank Institute of Evolutionary Biology). (B) Comparison of Predicted Cma-pan® protein
isoform with Cri-Pan and Panish. HMG: HMG box domain; C: Cysteine-clamp domain.

Cma-pangA+B+C

Cma_pangA+B+D

Figure 2.3.10. RNA in situ hybridization of Cma-pan transcript isoforms in 0-2hr-old Clunio preblastoderm
embryos. Anterior is left and dorsal up.
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2.4. Asymmetrical localization of maternal mRNAs in the black soldier fly

Hermetia illucens*

Establishment of Hermetia illucens as a developmental genetics model

Basal-branching brachyceran flies are most promising species for filling the “gap”
between the primary axis specification mechanisms found in cyclorrhaphan flies and
nematoceran flies (see figure 1.2.1. for tree). Especially, these flies could provide evidence for
testing alternative hypotheses on bicoid evolution, since they might retain the mechanism that
preceded the bicoid-dependent axis specification mechanism in evolution. One prevalent
hypothesis is that Bicoid replaced the ancestral function of Orthodenticle, a homeodomain
protein with similar DNA binding affinity and a role in head development of many animals
(Datta et al. 2018; Lynch et al. 2006; Schroder 2003; Wimmer et al. 2000) (see DISCUSSION
for details). An alternative hypothesis is that bicoid inherited its function from its progenitor
gene zerkniillt. Therefore, asking whether these flies use an orthodenticle-like or zerkniillt-like
anterior determinant gene could potentially provide important information for understanding the
evolutionary origin of bicoid. Among the basal-branching Brachycera, many species have a long
generation time (e.g., one year) and/or cannot easily be reared in the laboratory. This is also the
case for the dance flies (Empididae), which are among the closest relatives of cyclorrhaphan
flies. However, with the help of Danny Chen, an undergraduate student in our lab, I found that
the black soldier fly Hermetia illucens (Stratiomyidae), another representative of lower
Brachycera, is suitable for developmental genetic studies in embryos, can be easily reared, and

has a reasonably short generation time (54 days at 28C).

4 Differential expression analysis of transcriptomes was performed by Jeff Klomp, a previous member of our
laboratory.
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I established embryo fixation, eggshell removal, in situ hybridization, and microinjection
protocols for early Hermetia embryos. Hermetia embryos have a tough eggshell but it can be
removed manually using a sharp tungsten needle under the microscope. Test in situ hybridization
experiments using RNA probes for Hermetia orthodenticle (Hil-otd) and Hermetia caudal (Hil-
cad) were successful (Figure 2.4.2A-B). Interestingly, both Hil-otd and Hil-cad were expressed
extensively along the AP axis from the anterior and posterior, respectively, in early cellularizing
embryos (Figure 2.4.2A-B). Microinjection of Hil-cad resulted in posterior truncation of the 1st
instar larva, which is an expected phenotype, suggesting that embryonic RNAi works efficiently

in Hermetia (Figure 2.4.3.).

>
vy

Hil-cad
Hil-otd

Hil-otd

Hil-otd

Figure 2.4.1. Establishment of RNA in situ hybridization protocol in Hermetia illucens embryo. (A) Hil-cad
expression in early cellular blastoderm embryos (B) Hil-otd expression in syncytial (top), early cellular blastoderm
(middle), and late cellular blastoderm embryos. Anterior is left; Scale bar: 100um.
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Hil-cad RNAi —

Figure 2.4.2. Establishment of RNAi protocol in Hermetia illucens. WT cuticle (top) and a cuticle with posterior
defect from Hil-cad RNAI (bottom) are shown. Anterior is left; dorsal view; Scale bar: 100um.

Asymmetrical localization of mRNAs in Hermetia egg

Our former lab member Chun Wai Kwan bisected 1hr-old Hermetia embryos and
sequenced the anterior and posterior transcriptomes. 7,883 transcripts could be annotated and
were ranked according to the magnitude of their differential expression scores and P values. In
the posterior embryo, no transcripts were enriched above the significance level, raising the
question of whether Hermetia lacks maternal germ plasm, like Clogmia (Figure 2.4.3. See

Figure 2.1.1. for Clogmia). While transcripts of oskar and nanos (Hil-nos) homologs were
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present in the maternal transcriptomes of early Hermetia embryos, RNA in situ hybridization of
Hil-nos did not show posterior expression in preblastoderm and syncytial blastoderm embryos
(in collaboration with Henry Scheffer, a summer student in our lab) (Figure 2.4.4.). Surprisingly,
many maternal mRNAs were enriched in the anterior embryo (Figure 2.4.3.). To test whether
this anterior bias in transcript localization was an artifact, I performed RNA in situ hybridization
experiments to confirm the localization of transcripts that appeared to be highly enriched in the
anterior embryo, including Hermetia homologs of short stop (Hil-shot), staufen (Hil-stau), TBP-
related factor 1 (Hil-trfl), daughters against dpp (Hil-dad), and Hil-CG9432. Transcripts from
all of these genes were anteriorly localized in freshly-laid Hermetia eggs, confirming the result
from differential expression analysis (Figure 2.4.5.). It is therefore likely that transcripts of other
genes that are shown to be differentially expressed are also enriched in the anterior pole of the
Hermetia egg.

Some of the anteriorly enriched transcripts in Hermetia eggs encode orthologs of
Drosophila proteins that function in axis specification, including Shot and Stau. Shot is a
cytoskeletal linker molecule that associates with the fusome and is required for microtubule
organization during oogenesis (Roper and Brown 2004; Nashchekin, Fernandes, and St Johnston
2016). Importantly, the fusome is required for establishing the body axis within the oocyte by
interacting with centrosomes (Riechmann and Ephrussi 2001; Nashchekin, Fernandes, and St
Johnston 2016). Therefore, the anterior localization of Hil-shot transcript may indicate a
polarized microtubule network in the preblastoderm Hermetia embryo and could underlie the
massive anterior bias of maternal transcripts of many genes. Stau is a double-stranded RNA
binding protein and functions in mRNA localization. Especially, Stau is required during

Drosophila oogenesis for the microtubule-dependent localization of bicoid and oskar mRNAs to
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the anterior and posterior poles, respectively. Therefore, also Hil-stau may contribute to the
anterior transport or localization of transcripts via microtubule network established in Hermetia

preblastoderm embryos (Ferrandon et al. 1994; St Johnston, Beuchle, and Nusslein-Volhard

1991).
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Figure 2.4.3 Differential expression analysis of maternal transcripts between anterior and posterior halves of 1hr-old
Hermetia embryos. logFC: log fold-change.
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Figure 2.4.4. RNA in situ hybridization of Hil-nos in (A) preblastoderm embryo (B) syncytial blastoderm embryo
(C) germband extending embryo, lateral view. (D) Germband extending embryo, dorsal view. Anterior is left.

preblastoderm preblastoderm

Hil-shot
Hil-trf1

Hil-stau
Hil-CG9432

Figure 2.4.5. RNA in situ hybridization of anteriorly localized maternal mRNAs in Hermetia embryo. Anterior is
left; Scale bar: 100um.
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BMP signaling is not required for establishing head-to-tail polarity in Hermetia embryo
Our lab previously found an anterior-to-posterior gradient of BMP activity in early
Hermetia embryos using antibody staining against phosphorylated Mad protein (pMad), which
functions as transcriptional effector of BMP signaling (performed by Chun Wai Kwan, a former
member of our laboratory; data not shown). I tested whether the BMP signaling pathway has
been co-opted for AP axis formation in Hermetia by knocking down Hil-dpp, the ortholog of
decapentaplegic, a key component of this pathway. Hil-dpp RNAi1 embryos exhibited head and
segmentation defects and a twisted abdomen phenotype but retained normal head-to-tail polarity
(Figure 2.4.6B). Therefore, BMP signaling does not seem to be involved in establishing head-to-

tail polarity of Hermetia embryos.

WT ___ Hil-dpp RNAI

Figure 2.4.6. Function of BMP signaling components in Hermetia. 1% instar Hermetia larval cuticle of wild type
(left) and following Hil-dpp RNAI. Anterior is left. Dorsal view. Scale bar: 100um.
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2.5. Preliminary data on asymmetrical localization of mRNAs in the egg of

the grey flesh fly Sarcophaga bullata

The grey flesh fly Sarcophaga bullata (Sarcophagidae) is a readily available
cyclorrhaphan fly that has lost bicoid (J. Klomp, unpublished data). Therefore, I included this
species in the search for new anterior determinants, even though follow-up analyses will be
complicated by the fact that this species is viviparous. I sequenced the anterior and posterior
transcriptomes of 1hr-old preblastoderm Sarcophaga embryos and ranked transcripts according
to the magnitude of their differential expression scores and false discovery rate (FDR) values.
Among 626 transcripts that were found to be differentially expressed (FDR <0.001; fold change
>2), the most anteriorly enriched transcript was homologous to translocation protein 1 (trpl),
which has been implicated in the translocation of proteins to the ER membrane (Willer et al.
2003) (Figure 2.5.1.). In the posterior embryo, exuperantia (exu) appeared to be significantly
enriched. Exu is an RNA-binding pseudonuclease and is required for the localization of bicoid
and oskar mRNAs during Drosophila oogenesis by associating with microtubules (Schupbach
and Wieschaus 1986; Berleth et al. 1988; Cha, Koppetsch, and Theurkauf 2001; Wilhelm et al.

2000; Lazzaretti et al. 2016).
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Figure 2.5.1. Differential expression analysis of maternal transcripts between anterior and posterior halves of 1hr-
old Sarcophaga embryos. Cutoff; FDR <0.001; fold change >2.
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3. DISCUSSION

3.1. Alternative transcription as a primary mechanism for the evolution of

embryonic axis determinants

Our study shows that anterior determinants of fly embryos repeatedly evolved via AT
from conserved genes (Figure 4.1.1.). Unlike AS, AT primarily modifies the 5’ or 3’ ends of a
transcript. In case of Cal-opa, the use of alternative transcription start sites generates two
transcript isoforms that differ in their 5° ends (ATI). In contrast, cucoid and Aga-pan use
alternative transcription termination sites in conjunction with AS to generate transcript isoforms
that differ in their 3’ends (ATT). Therefore, all these anterior determinants contain either 5’ or 3’
UTR sequence that is not shared with the corresponding zygotic isoforms.

In order to function as an anterior determinant in fly embryos, the transcript must be
transferred to the anterior of the egg or otherwise be restricted in its activity (e.g., via
translational repression of a ubiquitous transcript in the posterior). Signals for subcellular
transcript localization or translational repression are typically found in UTRs (Holt and Bullock
2009). Therefore, it is possible that AT facilitates the evolution of anterior determinants by
providing the substrate for isoform-specific localization of signals that do not interfere with other
gene functions. For example, it has been shown that alternative last exons of transcript isoforms
confer isoform-specific localization in neurons (Taliaferro et al. 2016; Ciolli Mattioli et al.
2018). During the evolution of new anterior determinants, AT could have exposed a preexisting
cryptic localization signal in its unique UTR of the maternal isoforms. Alternatively, localization

signals may have evolved gradually by enhancing spurious transcript localization. Additional
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experiments will be needed to test whether the unique UTR sequences of anterior determinants
are essential for their localization at the anterior egg pole.

In addition to changes in UTR sequences, AT also can result in the truncation or
elongation of the open reading frame. For example, the anterior determinant of Clogmia (Cal-
OpaM®) lacks the N-terminal 20 amino acids (Figure 2.1.2.), and the anterior determinant of
Anopheles (Aga-pan™?) encodes protein that includes additional 7 amino acids at the C-terminal
end (Figure 2.3.2.). However, the truncation in the maternal Opa protein is not conserved in

Mat and Llo-opa®® encode the same protein, and Odd-paired

Lutzomyia, in which Llo-opa
homologs from these and other species can function as anterior determinant in Clogmia (Figure
2.1.12.). Also, the elongation of Aga-Pan™M? protein is not conserved in Nephrotoma, in which
the localized Nsu-pan™® transcript encodes a Pangolin protein with a conserved C-terminal end
(Figure 2.3.2.). Therefore, modifications in the open reading frame of these genes may reflect
secondary changes.

It is unclear whether the C-terminal truncation in the anterior determinant of Culex
(Cucoid®) is functionally relevant. Due to alternative transcription termination, Cucoid® lacks the
last two C2H2 zinc fingers compared to the canonical isoform, which contains five. RACE
experiments in Aedes, which also uses a Cucoid homolog as anterior determinant, revealed a C-
terminal truncated isoform that lacks three C2H2 zinc fingers (Aae-Cucoid®) but whether this
isoform is anteriorly localized remains to be tested. If Aae-Cucoid® is the anterior determinant in
Aedes, it is possible that protein modifications in Aedes and Culex Cucoid are functionally

important. However, if the full-length isoform (Aae-Cucoid®) is the anterior determinant,

modification in Cucoid® may reflect a secondary change. Gain-of-function experiments using
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mRNAs encoding different Cucoid isoforms in Aedes and Culex could help to distinguish

between these possibilities.
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Figure 3.1.1. Anterior determinants in Diptera. The phylogenetic tree of dipteran families is based on published data

(Wiegmann et al. 2011). Mya, million years ago.
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3.2. Ancestral mechanism for primary axis specification in dipteran insects

It has been proposed that Orthodenticle, or some other homeodomain protein with lysine
at position 50 (K50), like Orthodenticle, functioned as ancestral anterior patterning gene in
Diptera. One reason for this hypothesis has been that Bicoid also contains a K50 within the
homeodomain, which confers DNA binding affinity similar to Orthodenticle, whereas its
progenitor gene Zerkniillt and other closely related Hox proteins contain glutamine (Q) at this
position (Wilson et al. 1996; Burglin and Affolter 2016). Based on these observations, several
studies hypothesized that Bicoid replaced the ancestral role of Orthodenticle as an anterior
determinant (Datta et al. 2018; Lynch et al. 2006; Schroder 2003; Wimmer et al. 2000), which I
will discuss in more detail in the next section. Another reason is that Orthodenticle is a highly
conserved gene that functions in head patterning in animals, and that a role of maternal
orthodenticle mRNA in anterior pattering has been reported from several long germ insects. For
example, in the wasp Nasonia vitripennis (Hymenoptera), maternal transcripts of an
orthodenticle ortholog (Nv-otdl) are anteriorly localized in the egg and are required for anterior
repression of caudal and anterior patterning by regulating head and thoracic gap genes (Lynch et
al. 2006), while another anteriorly localized transcript orthologous to giant (Nv-gt) provides a
permissive anterior patterning role (Brent et al. 2007). In the honeybee (Apis mellifera), another
hymenopteran insect, two orthodenticle orthologs are maternally expressed and have been shown
to have an anterior patterning role, while their transcripts are not localized at the anterior egg
pole (Wilson and Dearden 2011). Finally, anteriorly localized orthodenticle mRNA was also
found in lepidopteran insects, such as the silk moth Bombyx mori (Nakao 2012) and a butterfly

Pararge aegeria (Carter, Gibbs, and Breuker 2015).
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However, my findings from lower dipterans, together with previous findings from
Chironomus (Klomp et al. 2015), strongly suggest that a maternal pangolin isoform with
conserved open reading frame functioned as an anterior determinant in ancestral dipterans
(Figure 3.1.1.). The role of pangolin as an anterior determinant could be much older than the
dipteran lineage. Anteriorly localized maternal pangolin transcript has also been observed in the
eggs of a beetle (Tribolium castaneum, Coleoptera), even though its function remains unresolved
(Ansari et al. 2018; Priihs, Beermann, and Schroder 2017; Bolognesi et al. 2008; Bucher et al.
2005). Instead, a homolog of germ cell-less (Tc-gcl) is required for establishing embryo polarity
during oogenesis (Ansari et al. 2018). One of the functions of 7c-gc! is to enable the transport of
maternal axin mRNA from nurse cells to the oocyte, where axin mRNA is localized at the
anterior pole. Axin protein functions as a negative regulator of 3-catenin dependent Wnt
signaling (aka canonical Wnt signaling) and is required for anterior patterning in Tribolium but
does not establish embryo polarity per se (Fu et al. 2012). While current models of primary axis
specification in the Tribolium embryo do not attribute any specific role to anterior-localized
maternal pangolin transcript, it could be an evolutionary relic. Phylogenetic comparisons of
maternal pangolin expression and function across a wide range of beetles and other insects might

be necessary to test this hypothesis.
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3.3. Evolution of unique anterior determinant genes

Unlike the anterior determinants identified in this study, the previously described anterior
determinants of Drosophila and Chironomus are encoded by newly evolved genes, bicoid and
panish. These genes seem to be dispensable outside the context of axis specification (Driever
1993; Klomp et al. 2015), suggesting that they evolved specifically for this function. They could
have acquired their function de novo via protein evolution or via inheritance from the progenitor
gene. Our findings suggest that the role of pangolin in axis specification was already present in
ancestral dipterans (Figure 3.1.1.). Accordingly, panish, which evolved from pangolin via gene
duplication in the Chironominae lineage, should have inherited its function from pangolin.
Another important finding is that, once Panish sequence diverged from Pangolin, it was followed
by neutral evolution of developmental gene regulatory networks (developmental systems drift)
such that Pangolin can longer function in anterior patterning in Chironomus embryo (Figure
2.3.7. and Figure 7.3.2.). Future examinations of pangolin isoforms and their expression in the
eggs of chironomids that lack panish orthologs (species representing basal chironomid lineages)
could reveal intermediate steps in this process, such as a localized truncated pangolin isoform.

Similarly, bicoid could have acquired its function de novo via protein evolution or via
inheritance from its progenitor gene, zerkniillt. As discussed in the section above, several
previous studies have hypothesized that Bicoid replaced Orthodenticle, a conserved
homeodomain protein with similar DNA-binding affinity that functions in animal head
development (Wimmer et al. 2000; Schroder 2003; Lynch et al. 2006; Datta et al. 2018).
Ancestrally reconstructed homeodomains confirmed that a single amino acid change in the
homeodomain of Bicoid (Q50K), which is shared by Bicoid and Orthodenticle, caused a

dramatic shift of Bicoid’s DNA-binding affinity in vitro and target recognition in vivo (Liu et al.
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2018). However, my study does not support the underlying assumption that orthodenticle
functioned as an anterior determinant in ancestral dipterans. Furthermore, we did not find
localized orthodenticle mRNA or mRNA that encodes a K50 homeodomain protein in any of the
lower dipterans or basal-brachyceran flies.

An alternative hypothesis on bicoid evolution is that, in analogy with our findings,
zerkniillt functioned as an anterior determinant in ancestral Cyclorrhaphan flies before bicoid
evolved and that bicoid inherited its function. I found maternal (Cal-zen*“) and zygotic zerkniillt
(Cal-zen??) isoforms with distinct 5’UTRs in preblastoderm and blastoderm Clogmia embryos
(Figure 3.1.2.) but the maternal transcript is distributed ubiquitously in early embryos. Maternal
zerkniillt expression is common in lower Diptera but was probably lost in the stem lineage of
Cyclorrhapha (Stauber, Prell, and Schmidt-Ott 2002). It is possible that zerkniillt evolved a
localization signal in this stem lineage of Cyclorrhapha, which spans a time window of about 20
million years (Grimaldi and Engel 2005). This scenario could explain why, in Megaselia abdita
(Phoridae), a cyclorrhaphan fly with maternal bicoid expression and zygotic zerkniillt expression,
the maternal bicoid transcript is localized at the anterior pole of the embryo while the zygotic
zerkniillt transcript is localized on the apical side of blastoderm cells (Stauber, Jackle, and
Schmidt-Ott 1999), presumably through the same microtubule-dependent machinery (Bullock
and Ish-Horowicz 2001). Furthermore, previous findings suggest that Clogmia hunchback (Cal-
hb), the ortholog of a gap gene that primarily patterns anterior segments, contains a zerkniillt-
dependent enhancer (Lemke et al. 2008) (unpublished data from our laboratory). This
observation suggests that Zerkniillt may control the expression of zygotic hunchback in some
flies. If bicoid inherited its function from zerkniillt, the QS0K mutation in the homeodomain of

Bicoid must have been a secondary, potentially maladaptive change. In this case, it may have
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been fixed in the cyclorrhaphan stem lineage via a compensatory or balancing mechanism and
would have been the cause of substantial developmental systems drift.

In general, my study provides an example in which regulatory changes in cellular and
subcellular gene expression (maternal expression and anterior localization in my case) drives the
evolution of new gene functions, whereas protein evolution drives subsequent divergence of the
newly established developmental mechanism (developmental systems drift). As the case of
panish suggests, highly diverged genes with a specific and unique function can be younger than
the function they represent. However, developmental systems drift can easily obscure this
history, unless intermediate steps are preserved in some extant species. We may thus

overestimate the role of protein divergence in the evolution of new genes with essential

functions.
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Figure 3.1.2 Maternal and zygotic transcript variants of Clogmia zerkniillt (Cal-zen). Stage-specific RNA-seq read
coverage of Cal-zen genomic locus above schematic diagrams of Cal-zen™® and Cal-zen®¥ transcript variants with
open reading frame (black) and recovered UTR sequences.
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3.4. Why did anterior determinants change frequently in dipteran evolution?

The evolutionary lability of anterior determinants in lower flies raises the question of
why they change frequently during evolution. An observation from classical UV-irradiation
experiments using embryos from chironomid midges (Yajima 1964; Kalthoff and Sander 1968)
and Drosophila (Bownes and Kalthoff 1974) was that double abdomens are frequently induced in
midges but not in Drosophila, which is much more resistant to such treatment. These
observations may reflect differences in the mechanisms of action of the anterior determinants
between these species. Lower dipterans may use a relatively simple genetic mechanism for axis
specification compared to that of cyclorrhaphan flies, where bicoid binds to many target genes
(Chen et al. 2012; Ochoa-Espinosa et al. 2005) and additional maternal transcripts, such as
hunchback and nanos, play an additional role in axis specification. In Chironomus, hunchback
and nanos may not be involved in axis specification and it is likely that Panish has only few
targets, such as caudal and tailless (Klomp et al. 2015). In Clogmia, no posteriorly localized
maternal transcripts were found and double heads were frequently obtained from posterior Cal-
opa mRNA injection, while only few double heads could be induced by posterior bicoid mRNA
injection in the Drosophila embryo (Driever, Siegel, and Nusslein-Volhard 1990). Therefore, in
lower dipterans, anterior determinants could have fewer target genes than in cyclorrhaphan flies
and this may explain why anterior determinants in lower dipterans change more frequently.

Mechanistically, in lower dipterans, it is possible that axis specification is driven by a
similar core mechanism and that only subcomponents are being replaced as anteriorly localized
determinant. For example, moth fly Odd-paired could function as a component of a larger
transcription factor complex, possibly together with Pangolin. It has been shown that in neuronal

precursors of nematodes, orthologs of Pangolin and Odd-paired form a complex that mediates
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atypical transcriptional activation of specific targets (Murgan et al. 2015). In this respect, Cal-
OpaMa/Llo-OpaM®, or Cucoid/Aae-Cucoid might function by forming a complex with the
respective Pangolin orthologs to regulate gene expression, given that Clogmia and Aedes
pangolin transcripts are detected ubiquitously in preblastoderm embryos.

Another possibility is that anterior determinants are co-opted from genes that share a
similar feature, such as controlling the chromatin state of target genes. A recent study utilizing
ATAC-seq and biochemical assays suggests that Bicoid functions by changing the chromatin
state of its targets in a concentration-dependent manner (Hannon, Blythe, and Wieschaus 2017).
Similarly, Drosophila opa seems to regulate its target pair-rule genes by modifying their
chromatin state during segmentation (Shelby Blythe, personal communication). If controlling
chromatin states of early developmental genes is the key-feature of anterior determinants, it is
possible that opa homologs in moth flies have been co-opted for such a function in axis
specification by promoting open chromatin states for anterior-patterning genes in a

concentration-dependent manner.
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4. FUTURE DIRECTIONS

Significance of AT in the evolution of new gene functions

My results suggest that AT may play an important role in evolution than previously
thought. It will be interesting to conduct genome-wide analyses of AT events in species beyond
the model organisms, using high-throughput sequencing methods such as CAGE and 3’-seq.
These analyses will identify species-specific AT events and may allow us to study the
significance of AT in the origin of new gene function. For example, this comparative approach
could reveal a frequent pattern in which AT underlies the origin of new gene functions before
any gene duplication events have taken place in derived species. The results will help us to
reassess the significance of gene duplication and protein evolution in the functional evolution of

the genome.

Molecular and genetic mechanism of newly identified anterior determinants

Investigating the mechanism of action of anterior determinants identified in this study
could inform the question of why they change frequently in dipteran evolution. For example,
protein tagging of anterior determinants using CRISPR/Cas9 will allows us to explore their
target binding sites or co-factors via ChIP-seq or co-immunoprecipitation. These experiments
may reveal similar targets or binding partners shared among different anterior determinants.
Also, it will be interesting to test whether canonical Wnt signaling underlies axis specification in
lower dipterans, given that a Wnt signaling gene (pangolin), its variant (panish), and its potential
co-factor (odd-paired) are functioning as anterior determinant in different species. In
Chironomus, an antagonist of Wnt signaling (Cri-APC) is enriched in the posterior pole of

preblastoderm embryo (Figure 6.3.5A) and knockdown of Wnt signaling genes such as axin
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(Cri-axin) and Cri-APC have produced severe defects including ectopic eyespots, which may

reflect a disrupted axis formation (preliminary data, results not shown).

Axis specification mechanism in Hermetia embryos

My preliminary data in Hermetia will be useful to study how Hermetia embryos establish
head-to-tail polarity and how bicoid evolved. The massive anterior bias of maternal mRNAs in
these embryos suggest that Hermetia embryos might use a different mechanism for axis
specification and maternal mRNA localization than midges and mosquitoes. For example,
anterior localization of many mRNAs could be a byproduct of Hil-shot localization, which may
polarize the microtubule network in the preblastoderm embryo, given that it does so in
Drosophila oocytes (Nashchekin, Fernandes, and St Johnston 2016). In this case, the anterior
determinant of Hermetia may not have to be maternally localized at the anterior pole; it is
possible that its ubiquitous early zygotic transcript is transported to the anterior embryo to exert
its function. Also, since Hermetia is a basal-brachyceran fly that lacks bicoid, it will be
interesting to ask whether Hermetia zerkniillt (Hil-zen) or Hil-otd has a role in axis specification

or regulates the expression of hunchback ortholog (Hil-hb) in early embryo.
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5. MATERIALS AND METHODS

Cloning procedures and mRNA/dsRNA synthesis

Coding sequences from Clogmia, Lutzomyia, Chironomus, Anopheles, Nephrotoma,
Culex, Aedes, Hermetia were amplified from embryonic cDNA with primers constructed from
RNA-seq data. The coding sequence of odd-paired was amplified from cDNA (FI01113) that
was obtained from the BDGP Gold collection of the Drosophila Genomics Resource Center.
Amplified cDNA was cloned into the expression vector pSP35T (Amaya, Musci, and Kirschner
1991), using In-Fusion® HD Cloning Kit (Clontech), and Pstl- or EcoRI-linearized vector was
used for mRNA synthesis using mMESSAGE mMACHINE™ SP6. panish, Cri-pan, and Cri-
pan™" mRNAs were synthesized from PCR template (containing T7 polymerase binding site)
using mMMESSAGE mMACHINE™ T7ultra. Mutations in the open reading frame (Cal-opa®’¢-
Mei2ilev  panish FS, Cri-pan™"€) and in the kosak sequences of Dme-opa and Cri-opa were
generated using QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent). Double-
stranded RNA (dsRNA) was generated from PCR-amplified templates using embryonic cDNA
and primers containing T7 polymerase binding sites as described (Klomp et al. 2015).
Forward and reverse primer sequences for generating templates for mRNA synthesis were:
Cal-opa™®:
5’-TAAGATGAGTCCGAATCACTTACTGGCC
5’-TTAATAGGCCGTCGCTGCACC
Cal-opa??:
5’-CAACATGATGATGAACGCTTTTATGGAA
5’-TTAATAGGCCGTCGCTGCACC

115-655.

Cal-opa
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5’-ATGCTCTTCTCAAATCACTCTTCAGC
5>-TTAATAGGCCGTCGCTGCACC
Cal-opa'8*-553;
5’-ATGAACCCGGGAACCTTGGG
5’-TTAATAGGCCGTCGCTGCACC
Cal-opa'$*#%:
5’-ATGAACCCGGGAACCTTGGG
5’-TTACGCGGGATTCAGCTGACTATG
Cal-opa!-33722;

5’-CAACATGATGATGAACGCTTTTATGGAA
5’-TCACAAAATTTCACTGAATTCCGTCAAAATATCACTAGA
Llo-opa:

5’-AAAGATGATGATGAATGCATTTATGGACACAG
5’-TCAGTACGCCGTGGCGGCG

Dme-opaPme kozak.
5’-GACCATGATGATGAACGCCTTCA
5’-GTCAATACGCCGTCGCTGCGCCGGG
Cri-opaCrikozak.
5’-AAAAATGATGATGAATGGTTTTATGGACACA
5’-TCAATAAGCTGTCGTTGGACCGTGAT
Cri-pan™ne:

5’- AAAAATGTATCCAGATTGGAGCTCGC

5’- TTACGTCACACTAATAGCATTTCCATCATCCC
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Forward and reverse primer sequences for dsSRNA were (gene specific sequence underlined):
Cal-opa™®:

5’-CAGAGATGCATAATACGACTCACTATAGGGAGAAAACAATTGTGAAGTGCGACA

5’-

CAGAGATGCATAATACGACTCACTATAGGGAGACAAATTTCCAAACGATGACAGA

Cal-opa??:

5’- CAGAGATGCATAATACGACTCACTATAGGGAGAACTACCGCCGCGAACACACG

5’-CAGAGATGCATAATACGACTCACTATAGGGAGAGTCCAGTCGATTCCATAAAAGC

Cal-slp:

5’- CAGAGATGCATAATACGACTCACTATAGGGAGATCGATCAGCTCCCTTTTGCC

5’-CAGAGATGCATAATACGACTCACTATAGGGAGATGAGATCGTTCCCGTTGGAC

Cal-mira:

5’- CAGAGATGCATAATACGACTCACTATAGGGAGAACAGCAAAAAGGAAGCGAAA

5’-CAGAGATGCATAATACGACTCACTATAGGGAGAGGGATTCAATTTGCCTTTGA

Aga-pan™*:

5’- CAGAGATGCATAATACGACTCACTATAGGGAGACACACAGGGCACAATAATCG

5’- CAGAGATGCATAATACGACTCACTATAGGGAGAGACTGCATGTCCGTCGTCTA

Aga-pan?:

5’- CAGAGATGCATAATACGACTCACTATAGGGAGAACATCACACACCCCACACAC

5’- CAGAGATGCATAATACGACTCACTATAGGGAGATTGGTCCGTTCGTGATTGTA

cucoid:

5’ - CAGAGATGCATAATACGACTCACTATAGGGAGACGAGGATGTTGCTGGAGAAT

5’- CAGAGATGCATAATACGACTCACTATAGGGAGAACTCCCGAAATCGGAAAACT
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Aae-cucoid:

5’-CAGAGATGCATAATACGACTCACTATAGGGAGACCGGAATCGAATCTGAGCTA

5’-CAGAGATGCATAATACGACTCACTATAGGGAGATGATCTGGATGTTGCCGTAG

Cri-pan:

5’-CAGAGATGCATAATACGACTCACTATAGGGAGAGCGAGAAGGAAGATGAGCAG

5’-CAGAGATGCATAATACGACTCACTATAGGGAGAGCGAGCTCCAATCTGGATAC

Hil-cad:

5’-

CAGAGATGCATAATACGACTCACTATAGGGAGAAAAAGTCTAACCAATATTTTCCTT

TCC

5’- CAGAGATGCATAATACGACTCACTATAGGGAGACATTGTGAGAGCACCGATTG

Hil-dpp:

5’-CAGAGATGCATAATACGACTCACTATAGGGAGACCAAAACGGCCTAAAATTGA

5’-CAGAGATGCATAATACGACTCACTATAGGGAGAAACACACCTTGGGCACTTTC

Microinjection of embryos (See APPENDIX 6.4. for a step-by-step protocol)

Chironomus embryo injection was done as previously described (Klomp et al. 2015).
Clogmia eggs were dissected from ovaries and activated under water. Eggs of Aedes, Culex, and
Anopheles were collected in a dark chamber on a moist filter paper for about 30 minutes (Fisher
Scientific, Cat. No 09-795C). Hermetia eggs were collected in a piece of cardboard. These eggs
were transferred to another filter paper cut into 4cm x 2cm pieces and aligned perpendicularly to
the edge of a cover glass (Fisher Scientific, Cat. No 12-648-5C) with the prospective injection

side pointing towards the glass edge. We noticed that injecting eggs near the anterior or posterior
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pole was critical for survival of the procedure. During the alignment procedure, water was
applied to the filter paper as needed to prevent eggs from desiccation. After aligning the eggs, the
cover glass was removed and excess water on the filter paper was absorbed using filter paper. A
second cover glass with a layer of double-sided tape (Scotch 3M) was slightly pressed against
the aligned eggs to transfer the eggs to the double-sided tape. The embryos were then
immediately covered with halocarbon oil to prevent desiccation. For cuticle preparations, the
embryos were injected under halocarbon oil 27 (Sigma, MKBZ7202V). The oil was washed off
under a gentle stream of water immediately after injection. In the case of Clogmia, Aedes, Culex,
and Hermetia, the cover glass was transferred to a moist chamber (petri dish with wet kimwipe
paper) and kept at 28°C, and water was added every day to prevent desiccation. In the case of
Anopheles, the eggs were allowed to develop under water. Removal of the halocarbon oil was
critical to ensure embryo survival until late developmental stages and hatching. For eggs to be
fixed within a day following injection, we used a 1:1 mixture of halocarbon oil 27 and
halocarbon oil 700 (Sigma, MKCB5817) and left the injected eggs immersed in the oil until
fixation. Embryos were injected with quartz needles using a Narishige IM-300 microinjector.
Quartz capillaries (Sutter Instruments Q100-70-10) were pulled with a Sutter instrument P-2000
laser-based micropipette puller. Our settings for the needle puller were: Heat 645, Fil 4, Vel 40,
Del 125, Pul 130. Needles were back-filled and the tip was broken open at the time of injection

by slightly touching the first egg.
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Embryo fixation (See APPENDIX 6.4.for a step-by-step protocol)

Clogmia and Hermetia embryos were dechorionated using a 10% dilution of commercial
bleach (8.25% sodium hypochlorite) for 3 minutes. For Nephrotoma embryos, a 25% dilution
was used for 3 minutes until the chorion became slightly transparent. Embryos of Aedes, Culex,
and Anopheles were dechorionated as described (Juhn and James 2012). Dechorionated embryos
were fixed in a 50mL falcon tube, using 20mL of boiling salt/detergent-solution (100uL 10%
triton-X, 500uL 28% NaCl, up to 20mL of water). After 10 seconds, water was applied to the
tube to cool down the embryos. If needed, the embryos were devitellinized in a 1:1 mixture of n-
heptane and methanol by gentle shaking. Embryos with vitelline membrane attached were further
devitellinized using sharp tungsten needles in an agar plate covered with methanol. Devitellized

embryos were stored in 100% methanol at -20°C.

RNA in situ hybridization

RNA in situ hybridizations were conducted as described (Klomp et al., 2015), using
digoxigenin (DIG)-labeled probes and Fab fragments from anti-DIG antibodies conjugated with
alkaline phosphatase (AP) (Roche, IN, USA). Probes were prepared from PCR templates, using
sequence-specific forward primers and reverse primers with T7 promoter sequence (see above
for Cal-opa™®, Cal-opa®%, Cal-cad, Cal-slp, Cal-mira, Aga-pan™®, Aga-pan®?, and Aae-cucoid)
(gene specific sequence underlined).
Cal-noslI:
5’-AGCACTTTTCCCCCAAGAGT

5’-CAGAGATGCATAATACGACTCACTATAGGGAGAGGCATTCATATTTCCTCAGCA

Cal-nos2:
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5-AATTATTCTGTTCCAAAGTTGAGATT

5’-CAGAGATGCATAATACGACTCACTATAGGGAGACCCCAGACTGGTGACAAAT

Cal-nos3:

5>-TGAGTTAAATAGAGTGAAAACAGCAAA

5’-CAGAGATGCATAATACGACTCACTATAGGGAGATACCGTCTCGTGCTTAATCG

Cal-nos4:

5’-GGCAAAATTTTCCAAGTGAA

5’-CAGAGATGCATAATACGACTCACTATAGGGAGACGTGTCCTCAAGCGTGTAGAT

Cal-vas:

5’-CTGAGGCGAACTTGTGTGAA

5’-CAGAGATGCATAATACGACTCACTATAGGGAGAATTGGCAATGTCCAGTCCTC

Cal-tud

5’-ATTCTGCAAGTCGTCGAGGT

5’-CAGAGATGCATAATACGACTCACTATAGGGAGACCTGTACCAGCCATTGTCCT

Cal-gcl
5’-GCAGAACCCCTTGGACATTA

5’-CAGAGATGCATAATACGACTCACTATAGGGAGAGTAACGCCCACAATTCGTCT

cucoid?:;
5’-CGAGGATGTTGCTGGAGAAT

5’-CAGAGATGCATAATACGACTCACTATAGGGAGAACTCCCGAAATCGGAAAACT

cucoid®:
5’-ACGATGAGGAGGAGGGTTCT

5’- CAGAGATGCATAATACGACTCACTATAGGGAGACGCACTTCACCGTGTGTAAC
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cucoid®:
5’-GGGGCGACATCTATATCTCACT
5°-

CAGAGATGCATAATACGACTCACTATAGGGAGAACAGTGAGAAAAATTCCCAACTT

TAGT
Cqu-cad.
5’-CACGTGTTCCATCAGTCCAG

5’-CAGAGATGCATAATACGACTCACTATAGGGAGAATGAGGCTTAACGAGGATGG

Cqu-nos:
5’-AAGTGCCGTGAATTTTGTCC

5’-CAGAGATGCATAATACGACTCACTATAGGGAGAGCGAAACCAATTCGACAGTT

Nsu-pan:
5’-TCGCGGCAAGATCATAGTCC

5’-CAGAGATGCATAATACGACTCACTATAGGGAGACCTGCAGGGTTTACACCACT

Aae-nos:

5’- CAAACGTGAAGCGGAAGATT

5’- CAGAGATGCATAATACGACTCACTATAGGGAGAATTACGTCCGGAAGTGTTCG

Hil-nos:

5’-CCAAGCCTTCATTAACCCTCACTAAAGGGAGATCAGGCGTAAGCAGTTCAAA

5’-CAGAGATGCATAATACGACTCACTATAGGGAGATGATGATTGGCTTCTGTGGA

Hil-otd:

5’-CCAAGCCTTCATTAACCCTCACTAAAGGGAGATCGCAATCACATTCAACACA

5’-CAGAGATGCATAATACGACTCACTATAGGGAGATGTGGATATTCGAGGCCATT
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Hil-cad:

5’-

CCAAGCCTTCATTAACCCTCACTAAAGGGAGAAAAAGTCTAACCAATATTTTCCTTT

CcC

5’-CAGAGATGCATAATACGACTCACTATAGGGAGACATTGTGAGAGCACCGATTG

Hil-shot:

5’-CCAAGCCTTCATTAACCCTCACTAAAGGGAGACCTGGTGACCCACAACTCTT

5’-CAGAGATGCATAATACGACTCACTATAGGGAGAAACAAGTTGGACCAGGCATC

Hil-stau:

5’-CCAAGCCTTCATTAACCCTCACTAAAGGGAGATGCTCTTGCCATGAAACTTG

5’-CAGAGATGCATAATACGACTCACTATAGGGAGATTCAGTGCCTGCTGAATTTG

Hil-trfl:

5’-CCAAGCCTTCATTAACCCTCACTAAAGGGAGAAGTCCACCGCAAATACCAAG

5’-CAGAGATGCATAATACGACTCACTATAGGGAGACTGCATCATGGAAGGGATCT

Hil-dad:

5>-TTCATTAACCCTCACTAAAGGGAGAGCGAATGGAGATTGATGGAT

5’-CATAATACGACTCACTATAGGGAGAAGTTAGGCCTCGAAGTGCAA

Hil-CG9432

5’-CCAAGCCTTCATTAACCCTCACTAAAGGGAGATATACCGAAACCGCAGGAAC

5’-CAGAGATGCATAATACGACTCACTATAGGGAGAGGATTTGCAGCTGAACCATT

Cma-pan?®¢:

5’-CCAAGCCTTCATTAACCCTCACTAAAGGGAGAAAAATTCCACTTGGCTGTGC

5’- CAGAGATGCATAATACGACTCACTATAGGGAGATGCTGCACTCATTTCTGGAC
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Cma-pan”®P:

5’-CCAAGCCTTCATTAACCCTCACTAAAGGGAGATGCTCTGAGCGGTCTGTCTA

5’-CAGAGATGCATAATACGACTCACTATAGGGAGACTTTGCAGGTGGCACTATGA

Cma-pan®:

5’-CCAAGCCTTCATTAACCCTCACTAAAGGGAGAGGAGCCGTGTTTAAATGAGC

5’-CAGAGATGCATAATACGACTCACTATAGGGAGAACTTCGCCTTCAGTGTTGCT

Cal-bowl:

5’-CCAAGCCTTCATTAACCCTCACTAAAGGGAGAGCCGGTTTTACCCTCGAGAA

5’-CAGAGATGCATAATACGACTCACTATAGGGAGACGATCCCACCTCCAAAACGA

Cal-pan:

5’-CCAAGCCTTCATTAACCCTCACTAAAGGGAGAACCTCCTCTACACCGGGACT

5’-CAGAGATGCATAATACGACTCACTATAGGGAGAACTTTTTCTTTCGCCTGCAA

Cal-arm:

5’-CCAAGCCTTCATTAACCCTCACTAAAGGGAGAGTCAATGTGGTGACCTGTGC

5’-CAGAGATGCATAATACGACTCACTATAGGGAGAGCTCCATTGACAGCCTCTTC

Cal-slp:

5’-CCAAGCCTTCATTAACCCTCACTAAAGGGAGATCGATCAGCTCCCTTTTGCC

5’-CAGAGATGCATAATACGACTCACTATAGGGAGATGAGATCGTTCCCGTTGGAC

Cal-blch:

5’-CCAAGCCTTCATTAACCCTCACTAAAGGGAGATGCCTCCCTGGGCGGAAAAC

5’-CAGAGATGCATAATACGACTCACTATAGGGAGAACTTCGCCAGCTTCAGTCGCA

Cal-gro:

5’-CCAAGCCTTCATTAACCCTCACTAAAGGGAGATCGACGCCTTCCAACAAGAA
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5’-CAGAGATGCATAATACGACTCACTATAGGGAGATTTCGTTCCATCGGCACTGA

Cal-stau:

5’-CCAAGCCTTCATTAACCCTCACTAAAGGGAGAAACGGGAATGCTGAACAAAC

5’-CAGAGATGCATAATACGACTCACTATAGGGAGACCTACCATCAGCACCACCTT

Cal-unknown (ORF is unknown so two probes were made in both directions):

5’-CCAAGCCTTCATTAACCCTCACTAAAGGGAGAAACCAGATGTGCGCCAAGAA

5’-CAGAGATGCATAATACGACTCACTATAGGGAGACTCGATTTCAGGGCGTGGAT

5’-CAGAGATGCATAATACGACTCACTATAGGGAGAAACCAGATGTGCGCCAAGAA

5’-CCAAGCCTTCATTAACCCTCACTAAAGGGAGACTCGATTTCAGGGCGTGGAT

Cri-puf:

5’-CCAAGCCTTCATTAACCCTCACTAAAGGGAGAATTTGCCACGTCGTAGTTCC

5’-CAGAGATGCATAATACGACTCACTATAGGGAGATGATTCTGGTTTTGCTGCTG

Cri-APC:

5’-#1972

5’-CAGAGATGCATAATACGACTCACTATAGGGAGATGGTGGTCGAATGCTGTCAA

Cri-cic:

5’-#1486

5’-CCAAGCCTTCATTAACCCTCACTAAAGGGAGATGGATATCTGCAGAATTCGCCC

Cri-dor:

5’-CCAAGCCTTCATTAACCCTCACTAAAGGGAGAGCTTTCGGACGTTTTGTTTG

5’-CAGAGATGCATAATACGACTCACTATAGGGAGATCTTGCATCGAGATTGACCA

Cri-opa:

5’-CCAAGCCTTCATTAACCCTCACTAAAGGGAGAAGCACTCACATCTTGCATCG
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5’-CAGAGATGCATAATACGACTCACTATAGGGAGAGCCTATCACAACCCTCGTGT

Cri-otd:

5’-ATTAACCCTCACTAAAGGGAGACAAATAGCTCGAATGCAACG

5’-CAGAGATGCATAATACGACTCACTATAGGGAGACACTCATTGCACCACCAGAG

Aga-CG9125:

5’-CCAAGCCTTCATTAACCCTCACTAAAGGGAGAGTATTCCTTCGCCAACCGTA

5’-CAGAGATGCATAATACGACTCACTATAGGGAGAACCACCACTACCACCACCAT

Aga-cad:

5’-CCAAGCCTTCATTAACCCTCACTAAAGGGAGAGTCGGGTGTTGCTCTTGTT

5’-CAGAGATGCATAATACGACTCACTATAGGGAGACCTTCCCCAATTACACGGCT

Aae-nej:

5’-CCAAGCCTTCATTAACCCTCACTAAAGGGAGAGCTAGTGCAAGCCATCTTCC

5’-CAGAGATGCATAATACGACTCACTATAGGGAGATAGGCTATTCCGCTGCTGTT

Aae-ds:

5’-CCAAGCCTTCATTAACCCTCACTAAAGGGAGATTTCGGATGAAATCCAGGAG

5’-CAGAGATGCATAATACGACTCACTATAGGGAGACAAACATGGGAGTGTTGTCG

Aae-spen:

5’-CCAAGCCTTCATTAACCCTCACTAAAGGGAGAGGTCGAAGAGTTGGGATGAA

5’-CAGAGATGCATAATACGACTCACTATAGGGAGATTTCCGATCCTTCGACATTC

Nsu-cad:

5’-CCAAGCCTTCATTAACCCTCACTAAAGGGAGATCGTGCAGATCAAAAACGAG

5’-CAGAGATGCATAATACGACTCACTATAGGGAGAAGTTCCAAGCGTTGATGGTC

Cfu-pan:
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5’-CCAAGCCTTCATTAACCCTCACTAAAGGGAGAGGGAGGCCATCAAAGGTGTA

5’-CAGAGATGCATAATACGACTCACTATAGGGAGATGCTGCAGGATGTATGGGTG

Rapid Amplification of cDNA Ends (RACE)

Total RNA was phenol/chloroform extracted from Clogmia (1hr-old and 9hr-old
embryos), Anopheles (1-6hr-old embryos), Culex (0-7hr old embryos), and Nephrotoma (1-29hr-
old embryos) fixed in TRIzol™ Reagent (Invitrogen) and precipitated with isopropanol. 5°/3°
RACE was performed using SMARTer® RACE 5'/3' Kit (Clontech) with the custom-made
primers (including at the 5° end 15 nucleotides of pPRACE vector sequence). Gene specific
sequences are underlined.

Cal-opa 5’RACE primer: 5°-

GATTACGCCAAGCTTCTGGGTGACGCCGTGGGCAAGGACGTCA Cal-opa 3’ RACE

primer: 5’-GATTACGCCAAGCTTCGCGTCGATCGTCACGCCCCCAAATTCG

Aga-pan 5’RACE primer: 5’-

GATTACGCCAAGCTTCGAATCTCCGGCCGCGGAATTGAGACTT

Aga-pan 3’RACE primer: 5’-

GATTACGCCAAGCTTAGCTTCACGCGACCAGCAAAACCAACGG

cucoid 5’RACE primer:

5’- GATTACGCCAAGCTTCGTGACGGCTTCGATGGTTGGTTTTTCC

cucoid 3’RACE primer:

5’- GATTACGCCAAGCTTCGCACGTGTTGAACAGTCACATGTTGAC

Nsu-pan 5’RACE primer:
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5’-GATTACGCCAAGCTTICTGGTCGTGCGACGTTCTTCCAAATCG

Nsu-pan 3’RACE primer:

5’-GATTACGCCAAGCTTTICCCGTTGGTGCAAATCCACGAGATGTG

Aae-cucoid 5’RACE primer A:

5’-GATTACGCCAAGCTTGTAGGCCACCCGAAGATCCTCGATGCAC

Aae-cucoid 5’RACE primer B:

5’-GATTACGCCAAGCTTGGTGATGTGACTTGGCGAAGCGTTTGCC

Aae-cucoid 3’RACE primer A:

5’-GATTACGCCAAGCTTGTGCATCGAGGATCTTCGGGTGGCCTAC

Aae-cucoid 3’RACE primer B:

5’- GATTACGCCAAGCTTGGCAAACGCTTCGCCAAGTCACATCACC

Cma-pan 5’RACE primer:

5’- GATTACGCCAAGCTTGGAAGAAAACGGGCACCTGAAGTCTCGT

Cuticle preparations

Cuticles were prepped four to five days after injection. Eggshells were removed with
tungsten needles and the embryos were transferred to a glass block dish with a drop of 1:4
glycerol/acetic acid. Following incubation in 1:4 glycerol/acetic acid overnight at room
temperature, the cuticles were transferred onto a glass slide, oriented, mounted in 1:1 Hoyer’s
medium/lactic acid (Stern and Sucena 2000), covered with a cover glass, and dried overnight at

65°C.
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RNA-seq sample preparation and sequencing

Bisection of anterior and posterior embryo halves, RNA extraction, and sequencing were
conducted as described (Klomp et al. 2015). In the case of Clogmia, anterior or posterior embryo
halves from three 1hr-old embryos were pooled and RNA-seq data were obtained from two
replicates. In the case of Lutzomyia, embryo halves from ten 1-2hr-old embryos were pooled and
four replicates were generated. In the case of Anopheles (G-3 strain), embryo halves from five
lhr-old embryos were pooled and three replicates were generated. In the case of Culex, embryo
halves from seven 1hr-old embryos were pooled and three replicates were generated. In the case
of Aedes (Liverpool "black eye" strain), embryo halves from five 1hr-old embryos were pooled
and four replicates were generated. In the case of Nephrotoma, embryo halves from nine 1hr-old
embryos were pooled and three replicates were generated. In the case of Hermetia, embryo
halves from two lhr-old embryos were pooled three replicates were generated. In the case of
Sarcophaga, embryo halves from four 1hr-old embryos were pooled and two replicates were
generated.

Stage-specific Clogmia transcriptomes were generated from the offspring of a single
mother and total RNA from five embryos was used for each stage. In the case of Lutzomyia,
about 100 staged embryos were pooled for RNA extraction, and two independent RNA
extractions from each time point were combined and submitted for sequencing.

Prior to library construction, RNA integrity, purity, and concentration were assessed
using an Agilent 2100 Bioanalyzer with an RNA 6000 Nano Chip (Agilent Technologies, USA).
Purification of messenger RNA (mRNA) was performed using the oligo-dT beads provided in
the Illumina TruSEQ mRNA RNA-SEQ kit (Illumina, USA). Complementary DNA (cDNA)

libraries for Illumina sequencing were constructed using the Illumina TruSEQ mRNA RNA-SEQ
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kit (Illumina, USA), using the manufacturer-specified protocol. Briefly, the mRNA was
chemically fragmented and primed with random oligos for first strand cDNA synthesis. Second
strand cDNA synthesis was then carried out with dUTPs to preserve strand orientation
information. The double-stranded cDNA was then purified, end repaired, and “a-tailed” for
adaptor ligation. Following ligation, the samples were selected a final library size (adapters
included) of 400-550 bp using sequential AMPure XP bead isolation (Beckman Coulter, USA).
The libraries were sequenced in an Illumina HiSeq 4000 DNA sequencer, utilizing a pair end

sequencing flow cell with a HiSeq Reagent Kit v4 (Illumina, USA).

RNA-seq data preprocessing
The TrimGalore (Krueger 2012) wrapper for Cutadapt (Martin 2011) and FastQC
(Andrews 2010) was used to remove adapters and low quality sequences from raw fastq files.

Overlapping reads were combined with Flash (Magoc and Salzberg 2011) prior to assembly.

Transcriptome assembly and annotation

Trinity 2.4.0 (Grabherr et al. 2011) on the Indiana University Karst high-performance
computing cluster was used for assembling contiguous sequences (contigs) from the paired end
(PE) sequence data of Clogmia, Lutzomyia, Anopheles, and Nephrotoma. ABySS 2.0 (Jackman
et al. 2017) was used for assembling contigs from Culex and Aedes data. Only contigs of 200
nucleotides or greater were retained. BLAST+ tools (Camacho et al. 2009) were used to annotate
contigs by conducting best-reciprocal-blast first against the Drosophila melanogaster
transcriptome (BDGP6) peptide sequences (blastx/tblastn) and then the coding sequence (tblastx)

with a maximum threshold evalue of 1e-10. Biomart and AnnotationDbi packages were used for
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gene ids and names. The longest open reading frames (ORFs) of unannotated transcripts were
compared to the RefSeq invertebrate protein database (downloaded 4-1-2017) using blastp (max
evalue le-10) followed by a similar comparison to remove transcripts with ORFs matching
RefSeq plant, protozoan, archaea, bacteria, fungi, plasmid, or viral sequences (downloaded 6-1-

2017). Remaining transcripts were designated by the top BLAST hit in D. melanogaster.

Alignment and differential expression analysis

Cleaned paired-end read data was aligned and analyzed using R base (Ihaka and
Gentleman 1996) and Bioconductor (Gentleman et al. 2004) software packages. Sequence
alignment was conducted with the seed-and-vote aligner, Subread, as implemented in the
Rsubread package (Liao, Smyth, and Shi 2013) with up to 5 multi-mapping locations, 6
mismatches, and 20 subreads/seeds per read. Sequence file manipulation, including sorting and
indexing of “.bam” files, was done using Rsamtools (Morgan et al. 2013).

To avoid potential biases in transcript localization unrelated to anterior-posterior axis
formation, transcripts annotated with mitochondrial, ribosomal, or ambiguous status (e.g.,
predicted, hypothetical, or uncharacterized) were filtered out prior to the differential expression
comparisons. Transcripts with 20 or fewer counts in any of the A-P pairs were also excluded
from the analysis prior to library normalization. Lower scoring, potentially related transcripts
matching a given gene from the D. melanogaster transcriptome were retained for initial
differential expression comparisons but removed for clarity of presentation in subsequent
analyses and volcano plots. Trimmed mean of M-values (TMM) (Robinson and Oshlack 2010)
was used for normalization and EdgeR (Robinson, McCarthy, and Smyth 2010) was used to

perform quasi-likelihood F-tests between A-P samples, corrected for multiple testing using FDR
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(Benjamini-Hochberg). Following filtering based on annotation and detection of >20 counts per
paired samples, we used the following number of transcripts for differential expression
comparisons: 5,602 for Clogmia; 5,392 for Lutzomyia; 8,239 for Culex; 5,802 for Aedes; 9,353

for Anopheles; 5,371 for Nephrotoma; 7,883 for Hermetia

Mapping RNA-seq reads to genomic loci

RNA-seq reads from stage-specific transcriptomes were mapped to genomic scaffolds
containing a gene of interest using TopHat RNA-seq aligner (Trapnell, Pachter, and Salzberg
2009). Publicly available Anopheles stephensi transcriptomes used in this paper were:

SRR515316, SRR515341, SRR514863, and SRR515304.

Data availability
Sequencing data from this project (described under Results, sections 1-3) was deposited
at the National Center for Biotechnology Information under Bioproject ID PRINA454000.

Sequencing data from Hermetia and Sarcophaga are available in the Schmidt-Ott laboratory.
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6. APPENDIX

6.1. Clogmia albipunctata

6.1.1. Establishment of CRISPR/Cas9 genome-editing in Clogmia
To obtain proof-of-concept that CRISPR/Cas9 genome editing is possible in Clogmia, |

Mat

synthesized guide RNA (gRNA) targeting the beginning of Cal-opa™* open reading frame,
which effects both Cal-Opa™® and Cal-Opa®'¢ (see below for gRNA sequence and APPENDIX
6.4. for step-by-step instructions). I injected the gRNA (1ug/ul) together with Cas9 protein
(lug/ul — PNA Bio CP0120) into early syncytial blastoderm Clogmia embryos and prepped
genomic DNA from each hatched larva. Using the genomic DNA and primers below, I
conducted high resolution melting (HRM) analysis to check whether mutations had occurred in
the targeted Cal-opa sequence. Among 64 prepped larvae, 17 revealed a shift in the melt curve
compared to WT (Fig 6.1.1A), and Sanger sequencing using the same primer revealed indel
mutations near the target site (Fig 6.1.1B). Therefore, I conclude that CRISPR/Cas9 genome
editing works in Clogmia embryos.

- Cri-tll gRNA forward primer (gene specific sequence underlined):

o GAAATTAATACGACTCACTATAGGATGAGTCCGAATCACTTACGTTTAAG

AGCTATGCTGGAA
- gRNA reverse primer:
o AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTT
ATTTAAACTTGCTATGCTGTTTCCAGCATAGCTCTTAAAC
- Cal-opa HRM F:
o AACGCTTTTATGGAATCGACTGGAC
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Cal-opa HRM R:

o GTCTGAAAAGTCCCCATCTCTGTCA
A
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cut site
ACTTATGGGATTAAGATGAGTCCGAATCACTTA CTGGCCGAGAATCAGC
ACTTATGGGATTAAGATGAGTCCGAATCACTTT |CTGGCCGAGA
ACTTATGGGATTAAGATGAGTTICGAATCACTTA [TAGGCCG
ACTTATGGGATTAAGATGAGTCCGAATCACTTATICTGGCCGAGAAT
ACTTATGGGATTAAGATGAGTCCGAATCACCITA CTGGCCGAGAATCA

ATGAGTCCTCACTTA CTGGCCGAGAATCAGC

Figure 6.1.1. Mutations induced by CRISPR/Cas9 genome editing in Clogmia. (A) High resolution melting analysis

of Cal-opa target sequence. (B) Sanger sequencing of Cal-opa target site from injected individuals. Red square
indicates mismatches induced by CRISPR/Cas9 genome editing.
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6.1.2. Gene Expression Studies in Clogmia embryos

Figure 6.1.2. Expression of Clogmia engrailed (Cal-en). Early dorsal expression of engrailed has not been reported
in other flies. Anterior is left. (A,B) Cellular blastoderm embryo, lateral view. (A’,A’’,B”) Cellular blastoderm
embryo, dorsal view. (C,D) Early gastrulating embryo, lateral view. (C’,D’) Early gastrulating embryo, dorsal view.
(E) Germband extending embryo, lateral view.
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Figure 6.1.3. Expression of Clogmia brother of odd with entrails limited (Cal-bowl). Anterior is left. (A)
Preblastoderm embryo (B) Cellular blastoderm embryo, lateral view (B”) Cellular blastoderm embryo, dorsal view.
(C) Early gastrulating embryo, lateral view. (C’) Early gastrulating embryo, dorsal view.

Figure 6.1.4. Expression of Clogmia hunchback (Cal-hb). (A) Syncytial blastoderm embryo (B) Cellular blastoderm
embryo, lateral view. (B”) Cellular blastoderm embryo, ventral view. (B’’) Cellular blastoderm embryo, dorsal view
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Figure 6.1.5. Expression of Clogmia sloppy-paired (Cal-slp). (A) Preblastoderm embryo (B) Early cellular
blastoderm embryo. (C) Cellular blastoderm embryo (D) Late cellular blastoderm embryo.

Figure 6.1.6. Expression of Clogmia groucho (Cal-gro). (A-B’) Cellular blastoderm embryo, lateral view. (B*’)
Cellular blastoderm embryo (same embryo with B), dorsal view. Cal-gro is expressed similarly with Cal-opa®* at
this stage, in contrast to Dme-gro which is expressed ubiquitously.

93



Figure 6.1.7. Expression of an orphan Clogmia transcript (Cal-unknown). Differential expression analysis of
Clogmia embryo (Figure 2.1.1) suggested that this transcript is enriched in posterior of preblastoderm embryo, but I
did not find such pattern. No homologs or conserved domains were found from NCBI protein database (A)
Preblastoderm embryo. (B-C) Cellular blastoderm embryo, lateral view. (C”) Cellular blastoderm embryo, ventral
view. (D) Early gastrulating embryo, lateral view. (E) Germband extended embryo, lateral view. Anterior is left.
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6.1.3. Description 1% instar larval cuticle of Clogmia

Figure 6.1.8. 1*' instar Clogmia larval cuticle in dorsal view. 1-3 in red: thoracic dorsal denticles. 1-20 in brown:
abdominal dorsal denticles.

A8+

Figure 6.1.9. Dorsal landmark structures in 1 instar larval cuticle of Clogmia. T1-T3 contains one dorsal denticle
each. Al contains two dorsal denticles. A2-A7 contain three dorsal denticles each. Red circle: thoracic segment
specific dorsal hair (brush tip-like shape). Orange circle: abdominal segment specific dorsal hair (single-point tip
shape). Green circle: dorsolateral hairs in each segment.
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Figure 6.1.10. Ventral landmark structures in 1% instar larval cuticle of Clogmia. Each segment contains two very
long ventral hairs (marked in blue circles).

Figure 6.1.11. Head of 1% instar larval cuticle of Clogmia. Left: dorsal view. Right: ventral view.
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6.2. Chironomus riparius

6.2.1. Preliminary CRISPR/Cas9 experiments in Chironomus

To obtain a proof-of-concept that CRISPR/Cas9 genome editing is possible in
Chironomus, I synthesized gRNA targeting Cri-#/l (see below for gRNA sequence and
APPENDIX 6.4. for step-by-step instructions) and injected the gRNA (lug/ul) together with
Cas9 protein (lug/ul — PNA Bio CP0120) into 175 Chironomus embryos of 4-8 pole cell stage.
The gRNA was designed to cut the Cri-tll gene sequence encoding 45" and 46" residue of Cri-
TIl. Most injected embryos (158) died but all surviving embryos (17) developed as double heads,
suggesting that mutations had disrupted the Cri-t/l open reading frame with high efficiency. As a
control, I injected 166 embryos with Cri-tll gRNA without Cas9 protein. In this batch, 82
embryos were indistinguishable from WT and 84 embryos died early, suggesting that the double

heads were induced by CRISPR/Cas9-mediated genome editing.

-Cri-tll gRNA forward primer (gene specific sequence underlined):

GAAATTAATACGACTCACTATAGGTATGCCGTGATCATAGCTCGTTTAAGAGCTATG

CTGGAA
-gRNA reverse primer:
AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATTTAAA

CTTGCTATGCTGTTTCCAGCATAGCTCTTAAAC
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6.2.2. Troubleshooting RNAI effect induced by overexpression of panish mRNAs in

Chironomus

While testing the effect of ectopic posterior panish mRNA expression, I found that over-
expression of panish mRNA can induce double abdomens with high efficiency. This counter-
intuitive phenomenon occurred only when capped panish mRNA had been synthesized with an
SP6 protomer from the linearized psp35T plasmid containing the panish open reading frame
(Clone #1026). panish mRNA generated in this way induced double abdomens depending on the
concentration of the injected mRNA and depending on the developmental stage at which the
mRNA was injected. Specifically, I found that when the concentration of panish mRNA exceeds
~4ug/ul, most injected embryos develop as double abdomens (Figure 6.2.1A). Furthermore, the
sensitive phase for efficient double abdomen formation in response to panish overexpression
ended with the beginning of the two-pole-cell stage (Figure 6.2.1B), suggesting that this
phenomenon is restricted to very early stages of embryogenesis (before ~2hr). I also found that
the site of mRNA injection along the AP axis affected the double abdomen rate. While almost all
posteriorly injected embryos produced double abdomens (48/49), only about half of the
anteriorly injected embryos developed as double abdomen (24/47). This observation suggests
that anteriorly injected mRNA can partly rescue wild-type polarity.

Also, since injected panish mRNA has different UTR sequences compared to the
endogenous mRNA, it is possible that this phenomenon is mediated by UTR of panish
transcript. To further test this idea, I performed RNA in situ hybridization with panish mRNA
(6.3ug/pl) posteriorly injected embryos that had been fixed 3 hours after the injection. For this

experiment, [ used a probe that recognizes both endogenous panish mRNA and the injected
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panish mRNA. In posteriorly injected embryos, I detected panish mRNA only in the posterior
half, and endogenous anterior panish expression was absent (Figure 6.2.1C). This result
suggests that endogenous panish mRNA was specifically degraded, most likely via its UTR
sequences.

The above findings suggest that panish might initiate an auto-regulatory negative
feedback loop which is concentration and developmental stage dependent. Another hypothesis is
that this phenomenon occurs due to the generation of small amount of dSRNA during mRNA
synthesis, leading to an RNAIi effect when the reagent is injected above a certain concentration
threshold. For example, dsSRNA could be generated with low efficiency if the panish open
reading frame contain a sequence similar to SP6 promoter in 3°->5" direction. Alternatively,
dsRNA might be generated from non-linearized circular plasmids. To avoid these issues, I
generated panish mRNA using a PCR-amplified template containing T7 promoter sequences.
panish mRNA synthesized this way did not induce double abdomen when injected itself and
effectively rescued panish RNAi embryos (see Figure 2.2.7B), suggesting that the double
abdomen phenomenon was a technical artifact rather than a biological effect. Specific
degradation of endogenous panish mRNA observed by RNA in situ hybridization might also be a
technical artifact, because injected mRNA is so much higher in concentration and therefore could
not be fully degraded or takes much longer time to get degraded (Figure 2.2.1C). It is still
uncertain whether the dSRNA was generated from putative SP6 promoter in the panish open
reading frame, or from the circular plasmid. Therefore, caution should be taken when planning

panish mRNA overexpression experiments, as unintended RNA1 effects can occur.
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Figure 6.2.1. Overexpression of panish mRNA induces double abdomen (when the mRNA is synthesized from a
SP6 promoter in a linearized plasmid containing panish open reading frame) (A) Occurrence of double abdomens
depending on the concentration of injected panish mRNA. Each dot represents individual experiments. The
concentration threshold for the induction of double abdomens is indicated by a dotted line. All embryos were
injected at lhr after egg activation (AEA). (B) Occurrence of double abdomens depending on the developmental
stage. panish mRNA was injected at a concentration of 6pg/ul. (C) RNA in situ hybridization of panish in a wild-
type embryo (left) and a representative example (22/29) of an embryo that had been injected with panish mRNA at a
concentration of 6ug/ul at 1hr AEA. Anterior is left. Red arrow: injected position. Note the absence of endogenous
panish expression (black dotted arrow).
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6.2.3. Cri-opa mRNA cannot induce an ectopic head in Chironomus

I tested whether Cri-opa mRNA can induce head development when injected into the
posterior pole of 2-pole-cell stage Chironomus embryos. Injection of full-length Cri-opa mRNA
resulted in failed germband retraction (25/79) or did not perturb development (54/79). Double
heads were not observed. The N-terminal region of Cri-Opa contains three copies of a short
sequence motif with partial homology to the N-terminal region of Cal-Opa™® (Figure 6.2.2.). I
synthesized three Cri-opa mRNA variants that encode N-terminal truncated Cri-Opa proteins,
resembling Cal-OpaM® (Cri-opa N-del 1 mRNA, Cri-opa N-del 2 mRNA, Cri-opa N-del 3
mRNA). Posterior injection of these mRNAs resulted in WT larvae (n= 70, 79, 80, respectively).
Taken together, my results suggest that Cri-opa mRNA cannot induce head development in

Chironomus when expressed posteriorly in 2-pole-cell stage embryos.

MMMNGFMDTSSPYTHLASFGLKMSPNHDASSSLSQQHSHLASFGLKMSPNHDSAVQQHSHLASFGLKMSPNQNETRSNSLA
1] 10] ! 20] \ 30] ! 40 ‘ \so : 60 ! YJ 80|
N-del 1 N-del 2 N-del 3

Figure 6.2.2. N-terminal sequence of Cri-Opa. Blue sequences are homologous to N-terminal sequences of Cal-
OpaM#, Arrows indicate the start codons encoded by Cri-opa N-del 1 mRNA, Cri-opa N-del 2 mRNA, Cri-opa N-
del 3 mRNA, respectively. See Figure 2.1.2. for full protein sequence.
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6.2.4. Expression of Cri-otd in Cri-tll RNAi embryos

Cri-otd
Cri-otd

Figure 6.2.3. RNA in situ hybridization of Cri-otd in Cri-t/l RNAi embryos. Anterior is left. Dorsal view. Note that
the ectopic posterior expression domain of Cri-otd in the Cri-t/l RNAi embryo is smaller than the endogenous Cri-
otd domain. This suggests that posteriorly expressed genes, such as Chironomus caudal (Cri-cad), might be
repressing ectopic Cri-otd expression.
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6.2.5. Gene Expression Studies in Chironomus embryos

Figure 6.2.4. RNA in situ hybridization of Chironomus puffyeye (Cri-puf). Differential expression analysis from
(Klomp et al. 2015) suggested that Cri-puf'is posteriorly enriched, but I did not find such pattern in preblastoderm
embryo. (A) preblastoderm embryo at two-pole cell stage. (B) Syncytial blastoderm embryo. Anterior is left.

Figure 6.2.5. RNA in situ hybridization of Chironomus adenomatous polyposis coli (Cri-APC). Differential
expression analysis from (Klomp et al. 2015) suggested that Cri-4PC is posteriorly enriched, and I found that Cri-
APC transcript is localized at the posterior pole of preblastoderm embryo. (A) Preblastoderm embryo. (B) Cellular
blastoderm embryo. (C) Gastrulating embryo. Anterior is left.
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Figure 6.2.6. RNA in situ hybridization of Chironomus wingless (Cri-wg). (A) Syncytial blastoderm embryo.
Lateral view. (B) Cellular blastoderm embryo. Lateral view. (B’) Cellular blastoderm embryo. Dorsal view. (C)
Germband extended embryo. Lateral view. Anterior is left.

Figure 6.2.7. RNA in situ hybridization of Chironomus capicua (Cri-cic). Note that Cri-cic appears to be slightly
enriched in anterior region of blastoderm embryos. (A) Syncytial blastoderm embryo. Lateral view. (B-B”) Cellular
blastoderm embryo. Lateral views. Anterior is left.
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Figure 6.2.8. RNA in situ hybridization of Chironomus dorsocross (Cri-dor). (A) Preblastoderm embryo. (B)
Cellular blastoderm embryo, lateral view. (B’) Cellular blastoderm embryo. Dorsal view. (C) Germband extended
embryo, lateral view. (C”) Germband extended embryo, dorsal view. Anterior is left.

Figure 6.2.9. RNA in situ hybridization of Chironomus odd-paired (Cri-opa). (A) Preblastoderm embryo. (B)
Syncytial blastoderm embryo, lateral view. (C) Cellular blastoderm embryo. Lateral view. (D) Germband extended
embryo, ventrolateral view. Anterior is left.
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6.2.6. Description of cuticular head structures of the 1% instar Chironomus larva

setae}l premandible

mentum

frontallapotome|(dorsal)

Figure 6.2.10. Description of head structures of Chironomus 1% instar larva. Ventral view. Black circle indicates
frontal apotome at dorsal side.
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6.3. Mosquitoes and crane flies

6.3.1. Gene expression studies in mosquito embryos

Figure 6.3.1. RNA in situ hybridization of Anopheles gambiae cucoid (Aga-cucoid).

Figure 6.3.2. RNA in situ hybridization of Anopheles gambiae caudal (Aga-cad) in extended germband embryos.
(left) Lateral view; (right) dorsal view. Anterior is left.
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6.3.2. Expression of Cqu-nos in Culex embryo

Figure 6.3.3. RNA in situ hybridization of Culex nanos (Cqu-nos). (A) Preblastoderm embryo. (B) Germband
extended embryo. Lateral view. (B’) Extended germband embryo. Dorsal view. Anterior is left

6.3.3. Expression of Nsu-cad in Nephrotoma embryo
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Figure 6.3.4. RNA in situ hybridization of Nephrotoma caudal (Nsu-cad) in a gastrulating embryo in lateral (left)
and dorsal view (right). Anterior is left.
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6.4. Detailed protocols

6.4.1. Microinjection of Chironomus riparius embryos®

A. Needle pulling

Use borosilicate glass capillary (World Precision Instrument: #1B100F-4) and Sutter
Instrument Inc. Model P-87 Flaming/Browning Micropipette puller (located in CLSC 9t
floor). First time users should be trained by lab members before use.

Note that P-87 is a filament-based puller; lifespan of the filament is limited, and it can
break (twice during my Ph.D). This will affect the shape of the needle and you should
reprogram the parameters accordingly. For this, it is crucial to keep good needles
somewhere safe so that you can refer to their shape when reprogramming. For
reprogramming, refer to P-87 puller manual and instruction notes from IGTRCN (see

labserver -> Yoseop Yoon -> Methods).

. Use Brososilicate glass capillary tubes with a filament inside (World Precision

Instrument: #1B100F-4)

Pull needles with program 9 (Heat: 615; Pull: 87; Velocity: 50; Time: 120)

Needle beveling
For Chironomus, preparing perfectly beveled needles is one of the most important steps

for microinjection. Unless the tip is laser-sharp, most injected embryos will die, and you

5 This protocol is adapted and modified from the previous protocols written by Derek Athy, Ab. Matteen Rafiqi and
Natasha Bloch.
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will waste a lot of time. Also, be sure to prepare more-than-enough beveled needles, prior
to injection, since needles can break or clog during injections.

Beveling can be divided into two steps. First, use Narishige EG-44 capillary grinder in
our lab to grind the tip of the needle. Second, immediately pushout water inside the
needle under oil using Narishige IM-300 microinjector. This will prevent dissolved water

substances from clogging the tip of the needle during evaporation.

. Use the following settings in Narishige EG-44 capillary grinder:

- Speed: 8.0 / Degree of grinding: 25

. Fill the syringe with Millipore water and set it up in a way that it will drop water on the
diamond stone with a constant rate.

. Before turning the grinder on, it is important to focus the scope on the stone first.

. Put a needle on the holder and make sure the stone is very wet before starting to lower it.
Start lowering the needle and as soon as it touches the stone, give 1/8 of a turn to the
small wheel. You will see a steady flow of water into the needle. If the water flow into
the needle is too fast, it means that the tip opening is too large. In this case, discard the
needle.

. After 5-10 seconds, immediately place the needle into a needle holder connected to
Narishige IM-300 microinjector. Place the tip of the needle under a drop of halocarbon
27-0il (Sigma H8773) in the microscope glass slide. If the tip looks dull, discard the
needle. Next, quickly press Clear (CLR) button several times to push out water in the
needle. If successful, you will see bubbles constantly coming out from the needle tip. If

not, discard the needle.
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7. While CLR function is still on (important), raise the level of the needle so that tip escapes
the drop of oil. If you stop CLR before raising the needle, oil will flow into the needle.

Store the needle for future use.

C. Alignment of embryos

1. Collect the egg packages in a glass vial (that has not been in contact with any chemicals
other than bleach) with water. Select them under the scope according to the desired stage
for injection. For knocking down maternal transcripts, you should inject embryos before
two-pole-cell stage (roughly between 1hr 30min — 2hrs after egg laying).

2. Under the dissecting microscope, remove as much water from the dish as possible using a
plastic pipette, and then add 1ml of 3% bleach (concentrated CLOROX - Sodium
Hypochlorite 8.25%).

3. Shake gently until the jelly around egg packages begins to dissolve and some embryos
have come loose from the egg package. You should constantly watch embryos through
stereomicroscope during this process. Once 10-20 embryos start to break free from the
egg package, add water to fill the dish about % full to further dilute the bleach. When
adding water, use a squirt bottle to generate pressure, which will further dissemble the
egg package. Do not wait until embryos are completely dissembled — it’s too late.

4. Wash 6x with water (I spin the embryos in a clockwise fashion so that the embryos
congregate at the bottom of the dish making it easier to remove H20 during each wash.
Using a plastic transfer pipette (is easier and faster for removing water from dish).

5. Remove most of the water in the dish, leaving enough water to keep the embryos wet to

prevent drying out while aligning the embryos.

111



6. Clean a glass slide with 70% EtOH and put it under the scope (use a dissecting
microscope with a substage mirror. Place a 0.25mm & capillary (Hilgenberg) in the

middle of the slide, parallel to the long side of the slide as shown below.

Align embryos on this side of
capillary

7. Apply a drop of water using a brush to the left side of the capillary to attach the capillary
to the slide. You should be able to see H20 flowing through the capillary to the right end.
It is better to add water in smaller increments if necessary than adding too much water to
the slide. You can also take a moist brush and glide it along the capillary.

8. With a clean brush take embryos from the glass vial and drop them close to the capillary.
Dry the excess water in the brush against a Kimwipe and align the embryos against the
capillary. Repeat this step until the entire capillary is covered®. There should be enough
water on the slide so that the embryos are wet. However, too much water will make
embryos move along the capillary. You want to be able to guide the embryos along the

capillary using the water tension; avoid touching the embryos with a dry brush.
DO

9. Once the embryos are aligned, allow the embryos to dry for ~1 minute. Time for this step
is not always the same as it depends on how much water was transferred with the

embryos.

¢ This step has to be done fast enough so that the first embryos to be aligned do not dry too much.
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10. Cover the line of embryos with ~20-35 pl of 1:1 halocarbon oil (one part 27-oil, Sigma
H8773; 1 part 700-0il Sigma H8898). Volume varies due to viscosity and ability to
pipette oil out smoothly; just need to make sure all embryos are covered completely by
oil. You should avoid excess oil for covering embryos to be used for fixation and/or

cuticle preparations.

D. Embryo injection

1. Turn on the Narishige IM-300 microinjector and open the valve of the nitrogen tank. You
can check the pressure at the digital display of the microinjector. The pressure should be
around 60-90 psi.

2. Backfill an injection needle with 1.6ul of reagent using Eppendorf microloader tips
(E5242956003). Spin down the reagent at >12,000 rpm at 4C for at least 10 minutes prior
to backfilling, as highly concentrated reagent such as dsSRNA may clog injection needle.
Always keep reagents on ice.

3. Locate the needle tip near embryos under the microscope. You should focus on embryos
first, and then move around the needle to bring the tip to the right location.

4. Press the foot pedal to remove air from the tip of the needle. The default mode is a
constant pressure mode (“—” on the display). Press the pedal several times until the air
bubble comes out constantly from the needle. If it does not work, raise the level of the
needle tip to move it outside the oil and then move it back into the oil, and repeat pressing

the pedal. If you still can’t get the reagent out, discard the needle and load a new needle.
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. Wait until all the air bubbles are gone. When the reagents eventually come out, you will
see a constant increase in the size of a single bubble. This is your reagents. Do not inject
embryo before you remove all the air bubbles.

Switch the injection mode to Vent ( “V” on the display). In this mode, pressing the foot
pedal will generate in a single burst of pressure. Adjust the settings of the
micromanipulator to produce an appropriately sized bubble upon injection action. The best
way for setting the injection volume is to adjust the injection time. Start with 0.05 sec and
gradually increase the time if the injection bubble is too small.

Inject embryos. Do not use the joystick to move the needle. Instead move the stage to
inject. When the embryo approaches the needle by slowly moving the stage, you will see
the membrane invaginate and snap back slightly once the needle has penetrated into the
embryo. Upon pressing the foot pedal, you should see a small pulse/burst into the embryo.
If you feel too much tension when penetrating the membrane, discard the needle and use a
sharper needle. Again, do not move on with a bad needle. You will waste a lot of time.

. After you are done injecting the entire slide, place it on top of a wet KimWipe in a Petri
dish. Make sure the KimWipe is wet throughout the embryo development.

. Allow the embryos to develop in the 28C incubator until they have reached desired stage.
Add more water to the dish over time if necessary, making sure that the water level does

not cover the slide.
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. Post injection processing (cuticle preparation)

. Wait for 3-4 days until embryos produce cuticle. Many injected embryos will not hatch
on their own so the vitelline membrane may have to be removed manually. This can be
done using a sharp tungsten needle, taking caution not to sever/damage the cuticle.

. Using a tungsten needle, transfer the cuticles from the slide into a dish containing 1:4
glycerol:acetic acid (100% acetic acid works also). Separate the cuticles from any oil
globules as best as possible

Transfer all cuticles into glass dishes with 1:4 glycerol:acetic acid and incubate at room
temperature (RT) for overnight.

Clean slides with 70% EtOH and a KimWipe to remove dust/debris. Slides need to be as
clean as possible for best cuticle preparations.

Transfer the cuticles onto a clean slide using a clean 1-2 hair brush. I place a ~2-4pul drop
of 1:1 Hoyers Medium/Lactic Acid onto the slide to prevent the cuticles from sticking to
the slide and drying out. (I normally place ~10-15 cuticles on one slide but this is
personal preference. Also, make sure you transferred all the cuticles from the glass dish;
sometimes it is very difficult to locate the cuticles.

Carefully spread cuticles evenly and in desired orientation using the brush.

. Put an additional 8-10ul drop of 1:1 Hoyer’s Medium/Lactic Acid onto slide and put a
clean coverslip very slowly over the cuticles to minimize bubbles being trapped by
coverslip.

. Place slides in a 65°C oven overnight.
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6.4.2 Microinjection of Clogmia albipunctata embryos’
A. Needle pulling
- Use quartz glass capillary tubes without filament inside (Sutter instrument: Q1007010)
and Sutter Instrument Inc. Model P-2000 Laser Micropipette puller (located in the
Bezanilla lab at GCIS). First time users should be trained by the Bezanilla lab members
before use.
- While P-2000 puller produces more stable result than P-87 puller over long periods of
time, be sure to keep good needles somewhere safe so that you can refer to their shape
when you need reprogramming (accidents can happen). For reprogramming, refer to P-
2000 puller manual and instruction notes from IGTRCN (see labserver -> Yoseop Yoon -

> Methods).

1. Use quartz glass capillary tubes without filament inside (Sutter instrument: Q1007010).
Using model P-2000 Laser Micropipette puller, pull needles with program 14 (Heat: 645;
Fil: 4; Vel: 40; Del: 125; Pul: 130).

2. Below image shows an example of expected needle tip shape.

Figure 6.4.1. An expected quartz needle tip shape for Clogmia microinjection.

7 This protocol can be used to inject embryos of mosquitoes (Aedes, Culex, and Anopheles) and Hermetia.
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B. Embryo alignment
1. Prepare filter papers (Fisher Scientific, Cat. No 09-795C), one in 4cm x 2cm pieces, and
another in smaller pieces. Put a cover slide (Fisher Scientific, Cat. No 12-648-5C) above

these papers, as shown below. Apply a small amount of water to the filter paper.

cover slide

Figure 6.4.2. Preparing filter papers and a cover slide for aligning Clogmia embryos.

2. Prepare another cover slide, which will be used later for embryo transfer after the
alignment. Attach a piece of double-sided tape to the cover slide, and then attach a piece
of Tegaderm tape (MOORE MEDICAL LLC: 90323) on the double-sided tape, as shown
below. Tegaderm tape has a better adhesiveness under water and oil than a double-sided

tape alone.
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cover slide

b
§ouble sided tape

— Vi

Figure 6.4.3. Preparing an injection slide for Clogmia embryos.

3. Transfer eggs to a wet filter paper (the 4cm x 2cm piece), and using brush, align them
perpendicularly with the prospective injection side pointing towards the cover slide edge,
as shown below. Injecting eggs near the anterior or posterior pole is critical for survival of
the procedure. During the alignment procedure, water should be frequently applied to the
filter paper as needed to protect eggs from desiccation. However, too much water can

make embryos float and will disrupt the alignment process.

edge of a cover slide

Figure 6.4.4. Alignment of Clogmia embryos.
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4. After aligning the eggs, carefully remove the cover slide and excess water on the filter

paper, using another piece of filter paper. Slightly press the second cover slide with
Tegaderm tape against the aligned eggs to transfer the eggs to the Tegaderm tape.
Immediately cover the embryo with halocarbon oil to prevent desiccation. You should use
different type of oils depending on the post-injection processing method. For cuticle
preparations, use halocarbon oil 27 (Sigma, MKBZ7202V). This type of oil is easier to
wash off after injection. For eggs to be fixed within a day following injection, use 1:1
mixture of halocarbon oil 27 and halocarbon oil 700 (Sigma, MKCB5817) and leave the
injected eggs immersed in the oil until fixation. While embryos do not hatch under oil, the
survival rate under oil is higher than without oil, up to one day post-injection. 1:1 mixture
of halocarbon oil 27 and halocarbon oil 700 oil does not spread over time and can help to

protect embryos from desiccation.

C. Embryo injection

1.

Turn on the Narishige IM-300 microinjector and open the valve of nitrogen tank. You can
check the pressure on the digital display of the microinjector. The pressure should be
around 60-90 psi.

Backfill an injection needle (quartz needle) with 1.6ul of reagent (spin down the reagent
with >12,000 rpm at 4C for at least 10 minutes prior to backfilling, as highly concentrated

reagent such as dSRNA may clog injection needle. Always keep reagents on ice).

. Locate the needle tip near eggs under the microscope (you should focus on embryos first,

and then move around needle to bring the tip to the right location).
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4. Press the foot pedal under the default, constant pressure mode (indicated on the digital
display as “—”).

5. Very slightly touch the first embryo with the needle to break open the tip of the needle.
Each time you touch the embryo, press the food pedal. Repeat until you see bubbles
coming out.

6. Inject eggs using the constant pressure mode. You cannot inject Clogmia or mosquito eggs
using the Vent mode, as there will be a backflow from egg cytoplasm, clogging the
needle. When injecting, you should quickly remove the needle after the penetration. The
needle should penetrate the chorion smoothly. However, the tip will gradually break and
become dull. This makes it necessary to change needle every 10-20 injections, or even
more frequently. Also, you will have to change the needle occasionally due to clogging.
When changing the needle, you should switch the injection mode to Vent (as indicated as
“V” on display) first, to avoid any injuries from a needle shoot-out.

7. After you are done injecting all embryos on the slide, place the slide on top of a wet
KimWipe in a Petri dish. Make sure the KimWipe is wet throughout the embryo
development.

8. Allow the embryos to develop in the 28C incubator until they have reached desired stage.
Add more water to the dish over time if necessary, making sure that the water level does

not cover the slide.

D. Post injection processing

For cuticle preparation, see APPENDIX 6.4.1.E
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6.4.3. Fixation of dipteran embryos using heat®
A. Dechorionation

1. Collect egg packages in a glass dish in a water.
2. Dechorionate embryos in diluted commercial bleach (concentrated CLOROX - Sodium
Hypochlorite 8.25%):
a. Chironomus: follow steps in APPENDIX 6.4.1.C
b. Clogmia: in 10% bleach (commercial bleach) 10% for 90 sec
c. Anopheles and Culex: in 25% bleach for 75 sec
d. Aedes: in 25% bleach for 35 sec
e. Hermetia: in 10% bleach for 180 sec
f. Nephrotoma: in 25% bleach for 180 sec (until the egg shell becomes slightly
transparent)
3. Wash thoroughly with water (~ 6 times) and transfer embryos to a 50 ml falcon tube
using pipette.

4. Remove the water

B. Fixation (Heat)
5. Freshly prepare 20 ml of Fixing solution I with the following composition in another
50ml falcon tube:

19.3ml of MilliQ water

8 Modified from Chun Wai Kwan and Matteen Rafiqi’s protocol, which was based on WIESCHAUS, E. and C.
NUSSLEIN-VOLHARD. 1986. Looking at embryos. In Drosophila, a practical approach (ed. D.B. Roberts), pp.
199-226. IRL Press, Oxford.}
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500u1 of NaCl (28% w/v, 28g in 100mL)
200u1 of Triton X 100 (5%)

6. Briefly heat the solution in a microwave (28 sec) to boil (it turns turbid and has bubbles
on surface). Do not fully tighten the lid to prevent the tube from exploding in the
microwave.

7. Immediately pour the heated Fixing solution I into the falcon tube with embryos. Flip
the tube up and down and rotate (with lid closed) 4~5 times so that all embryos get heat-
fixed.

8. After flipping, add 30 ml of Mili Q water to the tube too cool it down. Let floating
embryos settle to the bottom of the tube.

9. Transfer heat-fixed embryos to a fresh 1.5ml tube and remove solution.

10. Add 1ml of Mili Q water and quickly remove water. (Embryos can explode if they stay
too long in hypotonic solution) This step is critical for devitellinization rate.

11. Add 600ul of Heptane and then add 600l of MeOH and immediately shake intensely
(as powerful and fast as possbile) for 20 ~ 40 seconds. (You need to be very fast at this
step for effective devitellinization.)

12. Let embryos settle and remove heptane and wash embryos 3 times with methanol.
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D. Formaldehyde fixation [This is a postfix and improves quality of storage and in situs]
13. Add Fixing solution II (865ul of 3:1 PBS:MeOH + 135ul of 37% formaldehyde) and
incubate in rotator for 25 minutes.
14. Remove fixative.
15. Wash embryos 3 times with methanol

16. Store embryos in MeOH at -20°C.

E. Manual devitellinization
In many cases, fixed embryos will still have their vitelline membrane attached. These
embryos can be devitellized manually using tungaten needles, under methaol in a 3% agar

plate.
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6.4.4. sgRNA synthesis for CRISPR/Cas9 genome editing’

Reagents:
CloneAmp HiFi PCR premix (Takara 639298)
HiScribe™ T7 High Yield RNA Synthesis Kit (NEB E2040S)

mini Quick Spin RNA Columns (Roche, 11814427001)

Primers:

>sgRNA F
GAAATTAATACGACTCACTATAGNNNNNNNNNNNNNNNNNNNNGTTTAAGAGCTAT
GCTGGAA

>sgRNA R
AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATTTAAA

CTTGCTATGCTGTTTCCAGCATAGCTCTTAAAC

Oligo design:
1. Design primers to sequence the region you plan to target with your gRNA(s). Often there
are SNPs in the region relative to the reference genome. PCR and sequence the region.
2. Use your new sequence to identify potential gRNA target sites (i.e. 20-mers followed by
a PAM [NGG])).
a. You can do this by eye, or run your sequence through the FlyCRISPR Optimal

Target Finder tool at http://flycrispr.molbio.wisc.edu/tools (Your oligo should

“Modified from Darli Massardo’s protocol, which was based on (Bassett and Liu 2014).
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start with >= 1 G in order to get good transcription with T7. If you cannot find
any good oligos with a G, simply replace the first base in your oligo with a G.
This should not interfere with efficient cutting because Cas9 can tolerate
mismatches in the 5° end of the gRNA sequence.)

BLAST each potential oligo to the appropriate reference genome to check
specificity. Use low stringency to ensure you pick up all potential off-targets. Pick
2 — 3 oligos with no off-targets. Remember that the PAM is absolutely required

for Cas9 activity.

3. Plug your oligo sequence (MINUS THE PAM) into sgRNA_F in place of the string of

Ns. Order this as a normal oligo from IDT. sgRNA R only needs to be ordered once, as it

will always work with any sgRNA_F primer you construct.

PCR amplification:

1. Dilute primers stocks from IDT to 100 uM. Make 10 uM working aliquots.

2. Setup PCRs on ice:

1.

2.

3.

4.

5.

25 pL CloneAmp HF 2X Master Mix
2.5 uL sgRNA _F (for gene of interest)
2.5 uL sgRNA R (universal)

20 uL H20

Vortex to mix thoroughly.

3. Run on thermocycler:

1.

2.

98°C 30 sec

98°C 10 sec
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3. 60°C 30 sec
4. 72°C 15 sec
5. GOTO 2, rep 34
6. 72°C 1 min
7. HOLD 12°C
4. Check 5uL on 2% gel, 100V for ~25min, using 100bp ladder. There should be a fat band at

~120 bp.

PCR purification:

1. Add4.5ul 3M NaOAc (1/10volume) (pH5.0) to each gRNA
2. Vortex, spin door

3. Add 50l 1:1 phenol:chloroform

4. Shake, vortex for 30sec

5. Spin 10.000xg for Smin

6. Move supernatant to a new tube

7. Add 100ul of 100% ethanol, mix thoroughly
8. Chill -80C for 30min

9. Spin max speed at 4C for 20min

10. Remove supernatant

11. Add 300ul 70% ethanol

12. Spin max speed for 10min at 4C

13. Remove supernatant

14. Dry on bench
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15. Resuspend in 30pul H20 or Tris

Transcription and amplification:

HiScribe™ T7 High Yield RNA Synthesis Kit (NEB E2040S)

1.

Set up reaction on ice:
° 2ul Template (0.1-0.5pg of PCR template)
° 10ul NTP buffer mix
° 2ul T7 enzyme mix
° up to 20ul H20

° Total volume 20ul

Incubate at 37C over night (~10~16 hours, since the template is short)

Expand the synthesis to 50ul by adding 30ul of H20

Add 2pl turbo DNase, mix and incubate for 15min at 37C

Phenol-chloroform extraction and ethanol precipitation:

1.

Adjust the reaction volume to 180 pl by adding nuclease-free water. Add 20 pl of 3 M
sodium acetate, pH 5.2 or 20ul of 5 M ammonium acetate and mix thoroughly.

Extract with an equal volume of 1:1 phenol:chloroform mixture, followed by two extractions
with chloroform. Collect the aqueous phase and transfer to a new tube.

Precipitate the RNA by adding 2 volumes of ethanol. Incubate at —20°C for at least 30
minutes and collect the pellet by centrifugation.

Remove the supernatant and rinse the pellet with 500pl of ice cold 70% ethanol.

Resuspend the RNA in 30ul 0.1 mM EDTA. Store the RNA at —20°C or below.
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Removal of free nucleotides:
Using mini Quick Spin RNA Columns (Roche, 11814427001)
A. Prepare column
1.Resuspend the sephadex matrix in the column buffer by vigorously inverting the column
several times.
2.Remove the cap: First, the top cap. and then the bottom tip.
3.Remove excess buffer and place column in 1.5ML centrifuge tube.
4.Centrifuge at 1,000g (not RPM) for 1 min at RT.
5.Discard the collection tube with the eluted buffer and use the column immediately.
B. Purify the sample
6. Place the prepared column in a new 1.5mL tube.
7. Very slowly and carefully apply the sample (25ul-75ul) to the center of the column bed.
8. Centrifuge the tube at 1,000g for 4min at RT
9. The eluate contains purified sample
C. Measure the concentration on a nanodrop and dilute to 1pg/pl. You can send to RNA
Bioanalyzer to get the real concentration.
D. Add 1pg/ul Cas9 protein to the 1pg/ul gRNAs and incubate for 15min at 37C before

injection.
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