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Chapter 1 General introduction

1.1 Introduction

Sex determination is a fundamental biological process that governs the
development of sex characteristic such as development of gonads and most organs,
and also affects the sex-specific differences in behavior, physiology and morphology.
How sex is determined have intrigued scientists for hundreds of years since the time
of Aristotle. Until the sex chromosome was discovered around 1900, the claim that
the heat of the male partner determines sex was popular. Thereafter, numerous
cytological and genetic studies have shown that sex-determining mechanisms are
diverse among organisms that can be broadly divided into two categories according to
their primary causal factor: genetic sex determination (GSD) and environmental sex
determination (ESD) [1]. Recent advances in biotechnology such as genetic
engineering unraveled molecular mechanisms of GSD on various model organisms
including mouse, nematode, and fruit fly. In contrast, little is known about the ESD
because organisms obligating the ESD system are poor genetic models. To understand
how diverse sex determination mechanisms have evolved, investigation on ESD
mechanisms is necessary.

Studies of sex determination mechanisms have been applied to various
scientific fields. In mammals, knowledge on genes and their proteins involved in sex
development contribute to understanding disorder of sex development for medical
solutions [2,3]. Besides that, elucidation of the mechanism in insects is necessary to
develop new synthetic genetics-based tools, such as the sterile insect technique (SIT),
for the control of pest insects [4]. Furthermore, biotechnology solution has been
successful for producing a single sex population of crustaceans [5,6], which produces

higher yield with greater commercial value.



The water flea crustacean Daphnia magna is a newly emerging model for sex
determination studies. First, this species utilizes environmental signals to determine
sex. It normally reproduces females asexually, but male offspring are produced under
stressful conditions as they resort to sexual reproduction. Daphnia is also the only
environmental sex-determining organism to have both its genome sequenced and
genetic engineering tools developed. Therefore, it is a suitable model for
understanding the ESD mechanism. On the other hand, Daphnia belongs to
crustaceans including commercially important species such as shrimp and prawns.
Among crustaceans, the most advanced set of the functional genomics tools is
available in D. magna. Since sex-determining mechanisms are relatively similar
between species in the same clade (explained in following section), this makes D.
magna an important model for investigating crustacean sex-determining mechanisms,
which in turn would contribute to the development of monosex culture in crustaceans.
However, the knowledge about the molecular pathway of D. magna sex determination

1s still limited.

1.2 Diversity of sex-determining pathways among animals

Sex determination is a basic biological mechanism for an embryo to decide
which sex-determining pathway it will adopt. This process will govern the sexual
differentiation that regulates subsequent sexual development of those parts of the
embryo that differ between sexes. From sexual developments, individual can differ
remarkably not only on their gametes and gonads but also in many aspects of its
morphology, physiology and behavior [1]. Gamete, which made in organ called

gonads, is required from each female and male for sexual reproduction to occur.



Sexual reproduction is a very common phenomenon in the animal kingdom for
species propagation and genetic diversity [7].

Cells can determine its sexual fate dependently or independently of their
surroundings. The former phenomenon occurs through cell non-autonomous
mecahnsims, typically in mammals, where sex-specific hormones produced by gonads
orchestrate the development of nearly all sexually dimorphic phenotype [8]. Hormone
intervention can also stimulate a wide range of secondary sexual traits regardless of
its genotype or development stage [9]. In contrast, under cell autonomous mechanism,
sexual determination is dictated by genetic cascades that differ between sexes. Studies
in Drosophila show that embryos with sexually mosaic genotype will develop with a
sexually mosaic phenotype [10]. In this phenomenon, a sex-specific regulatory
cascade controls the sexual fate of cells and among the animals, the sex-determining
cascades are diverse [11].

The primary cues which trigger sexual development vary through genetic
evolution [12,13]; whether it is a strict genetic cue (GSD) or simply from
environmental signal (ESD) [1]. The former is attributed to the genetic segregation of
genes commonly positioned on sex chromosome, while the latter is initiated by
environmental cues such as temperature, nutrition, photoperiod, and population
density to induce molecular cascades for activation of alternate sex-determining
genes. Numerous studies about GSD mechanisms from various model organisms such
as mammals, worms and insects have shown that the pathways are largely different
mainly at the upstream of the cascades [11]. As presented in Figure 1, a distinct initial
cue initiates a specific transduction mechanism, which then finally leads to sex-
specific expression of the major effector of sexual differentiation, the DM-domain

gene [11].



D. melanogaster C. elegans M. musculus
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Figure 1: Sex determination pathways in diverse animals. Although the pathway largely differ in
the mechanism and gene content, especially at the top of genetic cascades, several systems have
homologues key target gene or protein for male sexual differentiation. The key target gene is the DM-
domain genes which was named as Doublesex (Dsx1), male abnormal 3 (mab-3) and doublesex and
male abnormal 3 related transcription factor 1 (Dmrtl) in D. melanogaster, C. elegans and M.

musculus, respectively.

Figure 2 shows arthropod sex-determining pathways. Lucas (2008) and
Gempe and Beye (2010) have reviewed several sex-determining mechanisms in a
number of insect species. In fruit fly, the double dose of X chromosome is responsible
for feminizing activity through activation of Sx/” gene located on the X chromosome.
Sx1" protein is a splicing factor that splices f7a mRNAs in female to produce Tra"
protein. On the other hand, a single X chromosome leads to the absence of SxI protein
resulting to male t#ra mRNA with premature stop codon [14]. Contrarily, medfly

possesses a dominant male determiner M on the Y chromosome, which establishes



masculinizing activity. In the presence of M factor, male Cc-tra mRNAs are produced
whereas in the absence of M factor, maternally derived Tra directs splicing to produce
female Cc-tra mRNAs [15]. However, in honeybee, heterozygosity of the
complementary sex determiner (csd) gene activates feminizing activity. This
heterozygous Csd directs splicing to form Fem” mRNAs that encode for the
Feminizer (Fem) protein. Homozygous Csd genes are non-active genes which lead
Fem mRNAs to be spliced into the male form that contains a premature translation
stop codon [16]. The Fem is apparently an ortholog of the fra genes. All in all, these
studies demonstrated 1) the diversity of regulatory mechanisms of GSD and
importantly 2) conservation of sex-determining genes in the same clade (a group of

related organisms).

Daphnia Honeybee Med. fly Fruit fly
ESD <R GSD e
St e & e & Q &
Initial environmental switch XO/XX Xaxb XX XY X/A=1 X/A=0.5
cue OFF ON
| i | B
: CcSDon CSD off M factor sxIF sxM
1
| | | |
| femF fem™ Cc-tra Cc-tra¥ traf traV
1
Major ¥ 1 l l
effector | DSX1 off DSX1 on Am-dsxF Am-dsx™ Cc-dsxf Cc-dsxM dsxF dsx¥

Figure 2: Simplified view of sex-determining pathways in the branchiopod crustacean
Daphnia and insects. Comparison of GSD pathways in insects model species namely: fruit
fly (Drosphila melanogaster), Mediterranean fruit fly (Med. Fly, Ceratitis capitata) and
honeybee (Apis mellifera) and ESD pathway of Daphnia. The major effector of sexual
differentiation Doublesex genes are conserved among the species while the upstream

regulatory components are diverse [17].



1.3 Environmental sex determination (ESD)

ESD is also widespread, occurring in diverse taxa such as rotifers, nematodes,
crustaceans, insects, fishes, and reptiles. Environmental cues involved in ESD include
temperature, photoperiod, nutrition, and population density [18]. The ESD has arisen
repeatedly during evolution [19], which may imply the adaptive significance of this
system in environments. It has long been suggested that selection forces drive the
transition between GSD and ESD [1,20]. Previous experiments using a temperature-
sensitive mutation created artificially in Dr. melanogaster and C. elegans also
revealed that as a consequence of mutation in a single control gene, GSD could
rapidly evolve into ESD [21,22]. Furthermore, orthologs of some genes involved in
GSD have been examined in ESD animals. In temperature-dependent sex-determining
reptiles, some of those sex-determining genes were expressed in the gonads during the
temperature-sensitive period [23]. Also in water flea crustaceans, studies have shown
that both ESD and GSD have the same origin and share similar genetic components in
their downstream sex-determining cascade (Figure 2), which is the conserved DM-
domain transcription factor Dsx1 as the sexual major effector [17,24]. However, a
detailed hierarchical cascade of any ESD mechanism has not been reported yet.
Therefore, it is important to identify the genes involved in ESD and unravel the
upstream molecular regulation involved in sexually dimorphic pathway in order to

understand the origin of divergence and evolution of sex determination mechanism.

1.4 Monosex culture

Monosex culture or a single sex culture (either all female or all male) strategy
became common practice in fish-based aquaculture [5,25], and subsequently the
strategy was applied to crustacean culture. In crustacean aquaculture field, freshwater

prawn Macrobrachium rosenbergii males grow faster and reach a larger size than
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females of the species. These attributes of gender selection in animal breeding are
economically advantageous because it lead to higher yields, greater average weights
and shorter time to harvest [5]. Because manual segregation of juveniles is extremely
laborious, sexual manipulation at genetic level is being implemented in crustacean
aquaculture in order to obtain an all-male population. However, the mechanism of sex
determination has not been studied extensively in Malacostraca crustacean because of
its complex life cycle and difficulties in establishing heterochromosomic sex in this
group. Understanding the regulation pathway of sex determination will facilitate the
development of biotechnologies for the culture of monosex population of crustacean
species [5].

Sex differentiation in malacostracans is regulated by hormone secreted from
androgenic gland, in which the absence of AG permits feminization [26]. AG ablation
by microsurgical intervention of juvenile at early developmental stage leads to the
sexually-reverse male, called as neo-female, which is phenotypically a functional
female but has a male genotype [25]. Alternatively, the discoveries of androgenic
gland (AG)-specific insulin-like peptides (IAGs) allow feminization to occur by gene
silencing in crustacean [6]. Mating neo-females with normal males as broodstock
could result in all-male progenies. This process does not involve the use of
chemical/hormones and does not involve genetic modification to target organism,
hence it is possible to apply it in the aquaculture field. However, current problem is
that continuous silencing of the IAG gene is required throughout the lifespan due to
the nature of continuous expression of this gene [27]. Therefore, it is necessary to test
the silencing of other genes involved in sex-determination and sexual differentiation.
Basic research in crustacean sex determination is significant to supplement the

biotechnology application on monosex culture of crustacean species.
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1.5 The model organism Daphnia magna

The Daphnia magna is a branchiopod crustacean, which is a waterflea
commonly living in freshwater ponds in Europe and Asia. The D. magna undergoes
switching of its reproductive strategy between parthenogenetic and sexual cycle
depending on the environmental living condition [28]. As illustrated in Figure 3,
normal healthy Daphnia produces female clones through parthenogenesis or asexual
reproduction that rapidly increases their population. Alternatively, in response to
environmental stimuli such as shortening of photoperiod, lack of food and/or high
population density, it produces clonal males, which allows them to undergo sexual
reproduction [29]. The environment-dependent production of males is a key process
in the life cycle that leads to increased genetic diversity and fitness as a survival

strategy to overcome adverse conditions [7].

sexua%@ mating

sexual egg

hatching
after ;
diapause parthenogenetic
cycle

parthenogenetic haploid
daughter eqq
formation

\ B

parthenogenetlc
son

Figure 3: Life cycle of Daphnia. The diagram illustrates the parthenogenetic (asexual) and

sexual cycle of Daphnia. Under normal conditions, female Daphnia produces diploid eggs
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that develop to be female offspring through parthenogenesis. When Daphnia is stimulated by
environmental stress, such as shortened photoperiod, food shortage and overcrowded
population; the female produces male offspring, and later haploid egg that requires male
fertilization. The fertilized egg, which is called resting egg, is enclosed in protective hard
shell termed as ephippium. The resting eggs can endure unfavorable condition and diapause

over a long time period.

The male offspring produced as environmental response are genetically
identical to their sisters and mothers. The first male-specific trait appears at first instar
by its shortened rostrum (head shape) and elongated first antennules, as shown in
Figure 4, which are clearly distinct from the female’s features. Gonads that are
located at the both side of gut also exhibit morphological sex in the first instar
juveniles [30]. During maturation and development, the male daphniid undergoes
more morphological sex differentiation on various somatic tissues [31,32]. For
examples, the first thoracic leg armed with the copulatory hook becomes larger in
fifth instar, and obtains a modified shape of the breast margin and ventral region [32].
This male continues to mature and masculinize until adulthood, and able to copulate
with female with haploid egg requiring fertilization for sexual reproduction to occur.
As the result of haploid egg fertilization by male, female Daphnia produces sexual

egg or resting egg necessary for its survival against the harsh condition [28].

Figure 4: First instar of female (left) and male (right) Daphnia. Black arrowhead indicates

the first elongated antennae, which is a male-specific phenotype. Scale: 200 pm.
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The D. magna has emerged as a model organism for studying ESD mechanism
because compared to the other ESD animals like turtle and crocodile, its small body
size and fast life cycle make Daphnia easy to handle and suitable as laboratory
experimental animal. In addition, the availability of Daphnia genome full sequence
[33,34] and gene expression profiles [35] give valuable advantages for ESD research.
The advances of genetic manipulation through RNA interference [36], ectopic
expression method [37], developing genome editing methods in D. magna via
TALEN [38—40] and CRISPR/Cas9 systems [41], have allowed us to perform gene
function analyses in this model organism. This growing genomics and genes
manipulation toolbox for Daphnia is providing opportunities to extend laboratory
research to analyze gene function for elucidating the molecular mechanism including

sex determination.

1.6 Molecular mechanism of male production pathway in D. magna

Sex determination is phenotypic in Daphnia [28] and it relies on
environmental cues to switch the developmental pathway from female to male
production [42]. Little is known about the molecular mechanism of male sex
determination in D. magna. The critical period for male inducing cues has been earlier
investigated by Banta and Brown (1929) and Olmstead and LeBlanc (2002) were the
first to show production of male juveniles of D. magna in response to the
sesquiterpenoid hormone methyl farnesoate (MF). Later, other JH analogs (JHAs) in
addition to MF have been demonstrated to induce male production ten to four hours
before eggs ovulation [44], in which it stimulates germ cells at the late stage of

oogenesis leading to development of males from ovulated eggs [45,46]. It is
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suggested that environmental cues for sex determination are converted to JH signals
neuroendocrinically. These studies also suggest that juvenile hormone could play an
important role in understanding male sex-determining pathway of D. magna.

A DM-domain transcription factor Doublesex] (DsxI) gene, originally
identified in Drosophila melanogaster, was also discovered in D. magna. This gene is
expressed in response to the JH signal [17]. Gain- and loss-of-function analyses
demonstrated that Dsx/ gene is a major effector that regulates the male phenotype in
Daphnia. Unlike Drosophila Dsx gene, Daphnia DsxI is sex-specifically expressed;
with different transcript abundance for male and female. Dsx/ is expressed and
maintained to regulate development of male traits during embryogenesis [17],
suggesting that JH-dependent Dsx/ activation is necessary for the environmentally
dependent production of males. However, the molecular mechanism of Dsx/
regulation in male sex-determining pathway is still unknown. Other components

related to the sex-determining cascade are yet to be discovered.

1.7 Objective of this study

In male sex-determining pathway of D. magna, JH and the major effector of
sexual differentiation Dsx/ are currently known to be essential. However, genes that
mediates JH signaling and Dsx/ activation remain unknown (Figure 5). To discover
the missing factor(s) that links between JH and Dsx1 in the cascade, identifying and
characterizing the genes that are related to sex-determining mechanism is necessary;
hence the main objective of this study. To elucidate the ESD mechanism in model
organism D. magna, 1 first investigated the timing of JH-dependent activation of Dsx/
gene during embryogenesis in Chapter 2. Later, I focused on characterizing a

candidate gene of transcription factor Vrille (Vri) and its functional analyses in
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Chapter 3 to discover the activator of male specific Dsx/ expression. Lastly, I
characterized the transcription factor Ftz-F1 in Chapter 4 to identify other candidate

of sex-determining genes.

? J

Initial environmental switch
cue OFF ON
|

\

JH
|

{

Unknown
factors
|
M 4
alor | psx1 off DSX1 on
effector

Figure S: Current progress of molecular mechanism of sex-determining pathway in D.
magna. Juvenile hormone and Doublesexl (Dsx1) are known to be involved in male
production of Daphnia. Identifying other factors is required to understand the molecular

cascade of environmental sex determination.
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Chapter 2 Late response of Dsx! to JH signaling in early embryos

2.1 Introduction

The major effector of sexual differentiation Dsx gene was previously
discovered in D. magna [17]. In the fruit fly Dr. melanogastor, Dsx is spliced in the
coding region by the Tra protein in sex-specific manner at the level of pre-mRNA to
produce sex-specific Dsx proteins [47]. In contrast, Dsx/ of D. magna shows sexual
differences in the transcripts abundances and only encodes for a single coding
sequence. It is alternatively transcribed through two promoters, a and f, that utilize
two different transcriptional start sites to produce mRNA isoforms which are only

different at the 5’ UTR, as shown in Figure 6.

- S - S=as
- ~S - -~
- ~
- ~. .- -~
- ~~ =" il TR

Figure 6: Genomic structure of DsxI gene. The coding exon, Dsx/-a 5' UTR and DsxI-f 5’

UTR are indicated in black, grey and white boxes, respectively.

Alternative promoter usage can influence gene expression in various ways and
that includes initiation of transcript, mRNA isoform turnover, and tissue-specific
expression [48]. This point suggests that in D. magna environmental sex-determining
pathway, JH signal could regulate a specific Dsx/ isoform in different manner, time
and space through alternative promoter usage. Although previous study has measured
the Dsx/ expression during embryogenesis, due to the huge gap between each time
point [17], the data did not reveal the initiation of each transcript and temporal
changes during early embryogenesis. Hence, it was insufficient to understand when

JH signal leads to the Dsx/ activation for male sex determination and differentiation.
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In this chapter, I investigated the Dsx/ expression level during embryogenesis
to discover at which time point JH signal initiates the expression of Dsx/ and which
promoter is first controlled by JH. Examining the temporal changes of the two Dsx/
mRNA transcripts provide information for understanding the nature of JH-dependent

Dsx1 expression in D. magna.

2.2 Materials and methods

2.2.1 Daphnia strain and culture condition

The Daphnia magna (NIES clone) was obtained from the National Institute
for Environmental Studies (NIES; Tsukuba, Japan) and cultured in Aachener
Daphnien Medium (ADaM) [49] in our laboratory. Eighty juvenile daphniids (less
than 24 h age) were cultured in a tank with 5 L of ADaM at 23+1 °C under 16 h light/
8 h dark photoperiod conditions. They were fed with 4.8x10° cells/day of chlorella for
a week and then the feeding amount were increased to 9.6x10° cells/day from the
second week. A previously established transgenic line (HG-1) expresses H2B-GFP
protein under the control of D. magna Elongation Factor 1 o-1 (EFI a-1)
promoter/enhancer [50] to provide a high resolution for visualization of active
chromatin. This feature enables us to visualize and define embryo developmental
stages explained in the section 2.2.3 Developmental staging of embryogenesis. The
transgenic line was cultured under the same laboratory condition as the wild-type

Daphnia.
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2.2.2 Artificial male production by JH analog exposure

To obtain male embryos, female adults (2 to 3 weeks-old) at appropriate
stage were treated with 1 pg/LL of synthetic juvenile hormone analog (JHA),
Fenoxycarb (Wako Pure Chemical; Osaka, Japan) [46]. The next ovulated eggs that
would develop into male embryos were collected and used for subsequent
experiments. The first few and last daphnids that went through ovulation during
sampling for every Fenoxycarb exposure were put aside and cultured to validate male
offspring production. I confirmed that the Fenoxycarb-exposed daphnia produced

100% male offspring for every conducted experiment.

2.2.3 Developmental staging of embryogenesis

I defined six developmental stages during embryogenesis based on specific
developmental landmarks of daphnia embryo (Figure 7). First, a newly ovulated or 0-
h post ovulation (hpo) egg is termed as 1-cell stage. At 3-hpo, the embryos were
observed to undergo blastulation (blastula) and then the embryos proceed to develop a
gastrula. These two stages (blastula and gastrula) are very brief periods, just within
few hours. A ring-like gastrulation zone was clearly visible at early gastrula, 6-hpo.
Around 9-hpo, the cells were observed to have moved spatially and this stage is
termed as late gastrula stage. As the embryo continued to develop, I set the 18-hpo
embryos as late embryo I since all five thoracic segments had appeared on the ventral
view of embryo. Finally after hatching, I defined 36-hpo embryos as late embryo II
stage where the Daphnia undergoes further developments including the eyes and

antennae before it turned into juvenile.
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Figure 7: Developmental staging of D. magna embryogenesis. Embryonic development
was staged at 0-hpo (one-cell), 3-hpo (blastula), 6-hpo (early gastrula), 9-hpo (late gastrula),
18-hpo (late embryo 1), and 36 hpo (late embryo II).

2.2.4 Total RNA isolation

Female and male wild-type embryos (25-50 eggs each) at specific stages
explained above (2.2.3 Developmental staging of embryogenesis) were collected
separately and briefly washed. Homogenization was performed with beads using a
Micro Smash machine MS-100 (TOMY; Tokyo, Japan) in the presence of Sepasol-
RNA 1 reagent (Nacalai Tesque Inc.; Kyoto, Japan). Total RNA was isolated
according to the manufacturer’s protocol and then followed by phenol/chloroform
extraction. The amount of purified total RNA was measured with Nanodrop 2000

(Thermo Fisher Scientific).

2.2.5 First-strand cDNA synthesis

The mRNA from purified total RNA was converted to first-strand cDNA
using SuperScript III Reverse Transcriptase (Invitrogen; California, USA). One nug of
total RNA was added with 250 ng of random primers (Invitrogen), 4 uL of 2.5 mM
dNTPs mix (Takara Bio; Shiga, Japan) and ultrapure distilled water (Invitrogen) that

would bring the total volume of 13 pL in a PCR tube. The mixture was heated at 65
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°C for 5 min and immediately incubated on ice for at least 1 min. Next, 4 pL of 5X
First-Strand Buffer (Invitrogen), 1 pL of 0.1 M DTT (Invitrogen), 1 uL. of RNase
inhibitor RNaseOUT (Invitrogen) and 1 pL. of 200 units/uL. SuperScript III enzyme
were added into the denatured sample. After mixing by pipetting, the reaction sample
was incubated in the following conditions: 25°C for 5 min; 50°C for 60 min; 70°C for
15 min. To confirm the cDNA synthesis and check for genomic DNA contamination,
[-Actin  gene was amplified by PCR using a forward primer (5'-
GGCAAGGAATAGTTCGATAC-3") and a reverse primer (5'-
CACCGACGTACGAATCCTTCTGACC-3") and the PCR products were ran on gel

electrophoresis.

2.2.6 Quantitative real-time PCR

To measure the Dsx/ gene expression during embryogenesis, cDNA samples
of both females and males at each embryonic stage were prepared in three replicates
for quantitative real-time PCR analysis. The reaction mixture was prepared according
to the recommended manufacturer’s protocol by adding SYBR GreenER qPCR
SuperMix Universal reagent (Invitrogen) and each primer set solution to the cDNA
samples. The mRNA transcripts were measured with Mx3005P Real-Time QPCR
System (Agilent Technologies) by absolute quantification method. This quantification
method relates the PCR signal to input copy number using a calibration curve which
was obtained by dilution series of plasmid that has sequences corresponding to each
primer set. The PCR amplifications were performed in triplicate at the following
conditions: 2 in at 50°C and 10 in at 95°C, followed by 40 cycles of 15 sec at 95°C
and 1 min at 60°C. Gel electrophoresis and dissociation curve analysis were

performed to confirm the correct amplicon size and the absence of non-specific bands.
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The primers that specifically amplified a-promoter- and B-promoter-driven
transcripts were designed on the 5" UTR of Dsx/ gene. The primer sets used for qRT-
PCR are listed in Table 1. Normalized expressions were analyzed by quantitating the
reference gene of ribosomal protein L32 expression level using the primer pair of a
forward primer: (5'-GACCAAAGGGTATTGACAACAGA-3') and a reverse primer
(5'-CCAACTTTTGGCATAAGGTACTG-3"), and values obtained were used for the

calculation of normalization.

Table 1: The primer pairs used to quantitate specific amplification of Dsx! gene in qRT-

PCR analysis.

Amplify region of

Dsx] Primer sequence (5'-3")

Forward;: CCATTCATCATTACCAAATCCCTTC
Reverse: AAGTTTGGTGTAGGGGAGGATGAG
Forward: GGGAAAGCTTCGTACCGAAAA

Common region

grisoform Reverse: CAGTAAGGCACCAAAAGGGAAC
B.isoform Forward: CATTGATGCTGGTTTCACCAA
Reverse: GGGGTGCTGTAGATGCTCAAG
2.3 Results

To determine the embryonic stage at which Dsx/ o- and B- promoters are
activated by JH in early embryo, I examined the temporal expression of each isoform.
The total RNA from female and male 0, 3, 6, 9, 18 and 36-hpo embryos were purified,

reversed transcribed into cDNA and then qPCR was conducted.
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2.3.1 cDNA synthesis of early embryos

The /[ -Actin primers were designed to produce 674 bp and 264 bp of genomic

DNA and cDNA fragments respectively. Therefore, if an RNA sample was
contaminated with genomic DNAs during the isolation step, larger size of PCR
products can be observed on the agarose gel after performing RT-PCR reaction with

the 5 -Actin primers. In this study, I confirmed that RT-PCR did not show the larger

products in all of the cDNA samples used for qRT-PCR, suggesting that there are no
genomic DNA contamination that may interfere the expression analysis result. Figure
8 show all results of agarose gel electrophoresis from female and male samples of

each stage in triplicates.

Female samples Male samples
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Figure 8: p-Actin RT-PCR products on agarose gel of electrophoresis. Left side shows
the samples of first-strand cDNA synthesis reaction with SuperScriptIll enzyme and the right
side shows those without the enzyme. The numbers indicate the age of Daphnia sample (1: 0-

hpo, 2: 3-hpo, 3: 6-hpo, 4: 9-hpo, 5: 18-hpo, 6: 36-hpo, L: ladder for DNA marker).



2.3.2 Temporal expression by qRT-PCR analysis

Before measuring Dsx/ transcripts levels, I first quantitated a reference gene,
ribosomal protein L32 expression. As shown in Figure 9A, at each developmental
stage there was no significant difference in L32 expression between the sexes. Then, I
measured Dsx/ expression using the primer set that amplifies the Dsx/ coding region,
the common region of two isoforms to reveal the total transcripts amount. Consistent
to previous study [17], the Dsx/ common region showed sexually dimorphic
expression as significantly expressed in males. The significant difference was first
detected at 9-hpo late gastrula stage (Figure 9B).

To quantify the isoform specific transcripts, the qPCR analyses were
performed using primers that amplify the 5'-UTR of each isoform. The result showed
that Dsx/-a isoform started to be expressed during gastrulation stage at 6-hpo in both
sexes; no expression prior this stage (Figure 10A). Male-specific activation of this
transcript was observed at 9-hpo and afterward the expression was maintained
exclusively in male. However, in female embryos the mRNA transcript gradually
depleted starting from 9-hpo. For the Dsx/-f (Figure 10B), maternal mRNAs of -
isoform were detected in female and male after ovulation (0-hpo), and were degraded
across the blastula to early gastrula (3 to 6-hpo). At 9-hpo, zygotic mRNAs started to
be expressed in both sexes and thereafter the male sex-specific expression appeared

and was maintained.
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Figure 9: qRT-PCR analyses of (A) L32 reference gene and (B) DsxI CDS transcript
expression level. The L32 gene was chosen as a reference gene for q-PCR assay. The Dsx/
coding region transcript indicates the total copy number of all mRNA isoform and used as
positive control. The expression level was measured as copy number of transcripts per egg.
Blue line indicates the result from male samples while red indicates the female samples.

(Student's t-test; *, p < 0.05; **, p <0.01; *** p <0.001).
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Figure 10: qRT-PCR analyses of (A) a-isoform and (B) B-isoform expression levels. The
expression level was measured as copy number of transcripts per egg. Blue line indicates the
result from male samples while red indicates the female samples. (Student's t-test; *, p < 0.05;

, p<0.01; ***%, p<0.001).

26



2.4 Discussion

To discover the first activation of Dsx/ during embryogenesis, I examined the
temporal changes of two Dsx/ mRNA transcripts, o- and B-isoform. I simplified both
isoforms expression as illustrated in Figure 11. Zygotic transcription of Dsx/-o
mRNA is largely divided into three phases, 1) initiation: non-specific transcription
prior to early gastrula at 6-hpo, 2) up-regulation: male-specific activation during
gastrulation from 6 to 9-hpo, and 3) maintenance: constant transcription during late
embryogenesis. The Dsx/-f male-specific transcription starts three hours later than a-
isoform (around 9-hpo) and thereafter become more abundant in male embryos. This
finding indicates that Dsx/-a promoter might be the first target of JH-signaling genes.
Importantly, the time lag between JH action (4 to 10 prior ovulation) and the onset of
Dsx1-o up-regulation (6 to 9-hpo) suggests that the late response of Dsx/. And that it
is not the primary JH-responsive gene regulated by JH receptor protein, Methorprene-
tolerant (MET) [51], rather there are unknown factor(s) responsible to control the

Dsx1 male-specific expression in gastrula.

Since Dsx/-a promoter was discovered as the first target of JH signaling
between the two promoters, I speculated that there are transcription factor binding
sites in the region upstream of the transcription start site of Dsx/-a transcript, where
the regulator proteins bind to activate male specific Dsx/ expression. Further
investigation on the Dsx/-a promoter sequence analysis might be one of the ways to

search for candidate transcription factors that could be involved in Dsx/ regulation.
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Figure 11: Simplified graph of Dsx/-a and -f expression during embryogenesis.
Schematic representation of the expression patterns of Dsx/-a (solid line) and £ (dash line)
mRNAs at various developmental stages of female (red) and male (blue). Four to ten hours
before ovulation is the critical period when the developing oocyte is sensitive to JH or JHA
for commitment to male trait development. At 0 hpo (hour post oviposition), the embryo is at
a one cell stage and only the maternal mRNA of B-isoform is detected both in female and in
male. Before embryos become gastrula (initiation phase), non-sex specific Dsx/-a
transcription starts and maternal Dsx/-f transcript is degraded. During gastrulation (up-
regulation phase), Dsx/-a mRNA increases only in males, and later Dsx/-f expression also
becomes male-specific. After gastrulation stage (maintenance phase), both isoforms show

male-specific expression.
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Chapter 3 Transcription factor Vrille activates Dsx1 expression

3.1 Introduction

Great improvement of genome editing techniques such as TALENs and
CRISPR/Cas9 system in D. magna made targeted sequence knock out and gene
fragment knock in possible in this species. Recently, a reporter gene, mCherry red
fluorescence protein, was successfully inserted to the downstream of endogenous
DsxI promoter in the Daphnia genome by Transcription Activator-Like Effector
Nuclease (TALEN)-mediate genome editing tool [52]. The red fluorescent expression
in this transgenic Daphnia is consistent with the putative Dsx/ expression (Chapter 2)
[17]. It was generated from HG-1 transgenic line [50] that made the Daphnia also
have GFP expression localized in the nucleus of the cell for cell dynamic
visualization. This established transgenic strain allow us to easily observe Dsx/
temporal change expression and spatial localization in vivo in a real-time manner by
using fluorescence microscopy (Figure 12). With this establishment of Dsx/ reporter
Daphnia, it is advantageous to broaden the understanding in Dsx/ regulation in

environmental sex determination.

&' 20-hpo Q d' 30-hpo Q

GFP filter

mCherry filter
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Figure 12: DsxI reporter transgenic Daphnia. Male (left) and female (right) embryos of
Dsx1 reporter line at 20 and 40-hpo under GFP and mCherry filters of the fluorescence
microscope. Only male daphniids exhibit red mCherry fluorescent Al: first antennae, T1: first

thoracic appendage, Ge: genital.

Many studies reported that new sex-determining genes have been identified in
sex-determining pathways in several animals as consequence of gene co-option. The
co-option occurs when natural selection finds new uses for genes by changes in amino
acid coding sequences, changes in spatiotemporal pattern of gene regulation, or both
[53]. In the D. magna sex determination mechanism, the juvenile hormone (JH) and
Dsx1 were found to be essential. The JH was discovered to drive commitment to male
development in oocyte during oogenesis [46] and led to Dsx/ expression activation,
required for controlling male traits development [17]. Considering the possibility of
new genes involved in this sex-determining pathway, unknown proteins could be
induced by JH signal, which in turn, lead to Dsx/ up-regulation in D. magna. Thus, 1
searched for potential transcription factor binding sites in the region upstream of the
transcription start site of Dsx/-a transcript with the aim to identify the transcription
factor responsible for male specific up-regulation of Dsx/-a mRNA transcription.

Based on the bio-computational analysis, I found a potential enhancer that
contains a consensus of the Dsx binding site and an overlapping element for binding
of an ortholog of the bZIP transcription factors, Drosophila Vrille (Vri) and vertebrate
E4BP4/NFIL3. This gene was identified as one of circadian clock genes in many
animals including Daphnia species [54]. Many studies have reported the involvement
of Vri and E4BP4/NFIL3 orthologs in myriad of general development processes such
as growth [55], metamorphosis [56], apoptosis [57] and human T cell function [58],

both as an activator and a repressor. Furthermore, the Vri gene was previously
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identified as one of the genes regulated by Dsx protein in male Drosophila [59],
nevertheless there was no study that reports sex-related function of Vri in any
organism. Evolutionary studies have demonstrated that many new sex-determining
genes were identified in several animals by gene co-option [60]. These findings
signify that there is also a possibility that a new gene can be co-opted in sex-
determining pathway and thus V7i sex-dimorphic expression is worthy to be studied in
order to broaden our understanding in evolution of sex determination mechanism.

In this chapter, after identifying a potential enhancer sequence that contains
E4BP4/NFIL3 binding site which overlaps with Dsx binding site, I focused on
characterizing the Vri gene in D. magna by cloning the cDNA and determining its
amino acid sequence. | examined V7i expression patterns in D. magna embryogenesis
by qRT-PCR analysis. Then, to study the Vri functions related to sex-determining
cascade, I performed functional analyses: 1) the RNAi-mediated knock down and 2)
overexpression by mRNA delivery. In addition, I conducted experiment for disruption
of Vri binding site on Daphnia genome by Cas9 system to examine the function of the

sequence concerning the Dsx/ activation.

3.2 Materials and methods

3.2.1 Daphnia strain and culture condition

The D. magna (NIES clone) was obtained from the National Institute for
Environmental Studies (NIES; Tsukuba, Japan) and cultured under the same
laboratory condition mentioned in Chapter 2 (see 2.2.1 Daphnia strain and culture
condition). The male dapniids were obtained with the same method described in

Chapter 2 (see 2.2.2 Artificial male production by JH analog exposure).
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3.2.2 Finding potential binding sites by bio-computational

Elements similar to known TF binding sites were searched with TFBIND
program [61] using the transcription factor database TRANSFAC R.3.4 to obtain the
binding site consensus. Next, because Dsx/ up-regulation maintenance phase suggests
positive feedback regulation of this, I also investigated the binding site consensus of
Dr. melanogaster Dsx. Then, the locations of hypothetical TF binding sites were
searched on genome sequence using RSAT matrix-scan quick and simple method
(http://rsat01.biologie.ens.fr/rsa-tools/matrix-scan-quick form.cgi) [62]. Sequence of
Dsx -0 promoter from D. magna was inserted in the blank space in ‘Sequences’ table,
then consensus sequence of TF binding sites in matrix form in ‘Matrix’ table. To
check whether the binding site sequences are conserved or not in Daphnia species, the

same computation identification was performed on Dsx/ gene of D. pulex.

3.2.3 Cloning and sequencing

The Vri cDNA sequence was amplified from Daphnia by 5 and 3’ rapid
amplification of cDNA ends (RACE) methods with a GeneRacer Kit (Invitrogen) and
a SMARTer RACE ¢cDNA Amplification Kit (Clontech Laboratories Inc.; Wisconsin,
USA), respectively. The primer sequences used for cDNA fragment amplification
were as  follows: Vri 5" RACE gene  specific  primer (5'-
TGTTGCTGCCGATTGCGCTGACACTG-3'); Vri 5 RACE nested primer (5'-
CTCGGTCGAACGCCGTCCGCTACTG-3"); Vri 3' RACE gene specific primer (5'-
CCGGCCGTGTACTGCCGCTCAAACTA-3"); and Vri 3' RACE gene nested primer
(GGCTGCCGCTGTTCTGCTGACACTCA-3"). The PCR products excised from an
agarose gel after electrophoresis were purified and were cloned into a TOPO vector

(Invitrogen) for sequencing analysis. The sequencing reaction was performed using a
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BigDye Terminator Cycle Sequencing Kit (PE Applied Biosystems, California, USA)

and the DNA sequence were analyzed using the BLAST program

3.2.4 Phylogenic analysis

Amino acid sequences of Vri family genes were retrieved from the NCBI
database (http://www.ncbi.nlm.nih.gov/) as shown in Table 2; and the conserved
sequences, the bZIP domain of each protein, were used to construct the phylogenetic
tree. Multiple sequence alignments of the amino acid sequences were constructed
using the ClustalW [63] in MEGA program [64]. The following settings were used for
the analysis: pairwise alignment parameter: gap opening penalty = 6.00, gap extension
penalty = 0.21, and identity protein weight; matrix multiple alignment parameter: gap
opening penalty = 10.00, gap extension penalty = 10.00, gap extension penalty = 0.24,
delay divergent cut-off = 30%, and gap separation distance = 4. The phylogenetic
reconstruction was performed using the p-distance algorithm and the neighbor-joining

method was implemented in MEGA.

Table 2: Accession numbers of Vrille ortholog genes used in this study.

Gene name

Common name Scientific name (Definition in NCBI) Accession no.
Water flea Daphnia magna Vrille This work
(LC23014)

Fruit fly Drosophila Vrille (isoform A) NP_477191.1
melanogaster

Sand fly Lutzomyia longipalpis ~ Vrille AKN63485.1

Florida Camponotus floridanus ~ NFIL-3 EFN67066.1

carpenter ant

Black garden Lasius niger NFIL-3 KMQ97212.1

ant

Dampwood Zootermopsis NFIL-3 KDR6467.1

termite nevadensis

Body louse Pediculus humanus NFIL3/E4BP4 XP_00245535.1
COTporis
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Red flour Tribolium castaneum Vrille EFA11543.1
beetle

Monarch Danaus plexippus Vrille AAT8641.1

butterfly

Australian Callorhincus milli E4BP4 AFK11403.1

ghostshark

Zebrafish Danio rerio NFIL3 NM_001004120.
2

Mouse Mus musculus NFIL3 NM_017373.3

Human Homo sapiens E4BP4 X64318

3.2.5 Quantitative real-time PCR

The cDNA samples of female and male embryos at 0, 3, 6, 18 and 36-hpo
(prepared in Chapter 2 experiment) were used in this qRT-PCR analysis. qPCR was
conducted with the SYBR GreenER qPCR Supermix Universal (Invitrogen) using the
Mx3005P real time (RT)-PCR system (Agilent Technologies). The Vri expression
was measured using the primer pair as follow: Forward (5°-
CATCCACATCACCAGCATCAC-3") and Reverse (5°-
CGCGACAACGACCAATCTC-3’) and arbitrary copy number of dilution series of
standard samples. The V7i mRNA expression was normalized with the ribosomal
protein L32 expression level.

For Vri and DsxI expression validation in knock down (3.2.5 Gene
knockdown by RNAi) and overexpression experiment (3.2.6 Gene overexpression by
mRNAs delivery), injected embryos were collected after appropriate incubation time
for each experiment. After extracting the total RNA and synthesizing cDNA for each
sample, qPCR was conducted with the SYBR GreenER qPCR Supermix Universal
(Invitrogen) using the Mx3005P (RT)-PCR system (Agilent). Changes of Vri
expression levels were quantitated and were normalized with the ribosomal protein

L32 expression level. For Dsx/ expression levels in the Vri knock down using
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Vri_siRNA 1 and overexpression, the mRNA transcripts were quantitated and were
normalized with geometric mean of four reference genes, namely ribosomal protein
L32 and L& gene, f-actine gene and Cyclophilin gene [65], as described previously for
more accurate analysis [66]. The primer sets used in this experiment are listed in

Table 3 below.

Table 3: The primer pairs used to quantitate specific amplification in qRT-PCR assay.

Gene name Primer sequence (5'-3")

Forward: CATCCACATCACCAGCATCAC

Vri Reverse: CGCGACAACGACCAATCTC
Dsx] Forward: CCATTCATCATTACCAAATCCCTTC
Reverse: CCATTCATCATTACCAAATCCCTTC
132 Forward: GACCAAAGGGTATTGACAACAGA
Reverse: CCAACTTTTGGCATAAGGTACTG
8 Forward: GGTACTATTGTTTGCAATGTTGAGG
Reverse: GTCTTCTTGGTATCGGTATTGTGAC
Bactin Forward: TGTCTCTCTCTGTCCACGCTTTTC
Reverse: TGTTGGGTGTCCTTGTGTGTC
o Forward: GACTTTCCACCAGTGCCATT
Cyclophilin

Reverse: AACTTTCCATCGCATCATCC

3.2.6 Gene knockdown by RNAi

The RNAi method [36] was performed by microinjection of 100 pM siRNAs
for gene silencing, targeting J7i gene sequence of the following: Vri siRNA 1 (5'-
GCAUCCACAUCACCAGCAU-3") and Vri_siRNA 2 (5'-
GGCAGCAACAACGGCAACAU-3'). A random sequence of control siRNA (5'-
GGUUAAGCCGCCUCACAUTT-3") that do not affect Daphnia development [67]
was used as a negative control. The siRNA oligonucleotides were dissolved in
DNase/RNase-free water (Life Technologies Inc).

Microinjection was performed as previously described [36]. Eggs were

obtained from adult Daphnia (DsxI reporter line) at 2—3 weeks of age, directly after
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ovulation and placed in ice-cold M4 medium with 80 mM sucrose. The specific
RNAs for each experiment were mixed with either Alexa Fluor 568 dye (Life
technologies Inc.) or Lucifer Yellow dye (Life technologies Inc.) with final
concentrations of 0.01 pM and 1 pM respectively, as an injection marker.
Microinjection was performed on ice and the injected eggs were incubated in a 96-
well plate at 23 °C for the appropriate time.

Phenotypes of injected eggs at certain developmental stages were carefully
observed under the microscope. The Vri and Dsx/ expressions in siRNAs injected

embryos were validated by qRT-PCR analysis (see 3.2.4 Quantitative real-time PCR).

3.2.7 Gene overexpression by mRNAs delivery

Chimeric Vri cDNA harboring the 5" UTR and 3’ of Xenopus laevis [-globin
gene was designed and subcloned downstream the T3 promoter on the pRN3 vector
[68] as a template for mRNA synthesis. The V7 CDS of this plasmid was replaced
with GFP CDS fused with Minos transposase for the template of control mRNA, to
investigate the effects of f-globin UTRs on mRNA stability and/or translation
efficiency. These plasmids were linearized by BsaAl restriction enzyme, purified
through phenol/chloroform extraction. /n vitro transcription by T3 RNA polymerase
and poly-A tail addition were performed according to the manufacturers’ protocols of
the commercial kits mMessage mMachine T3 kit (Life Technologies Inc.) and
Poly(A) Tailing kit (Life Technologies Inc.), respectively. The synthesized mRNAs,
as illustrated in Figure 14, were column purified using RNeasy Mini Kit (Qiagen),
followed by phenol/chloroform extraction, ethanol precipitation, and dissolution in

DNse/RNase-free water. The synthesized mRNAs were then prepared in several
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concentrations and mixed with dye for injection marker mentioned in above section
(3.2.5 Gene knockdown by RNAI).

Microinjection was performed into female eggs both in wild-type and Dsx/
reporter strain. Phenotypes of injected eggs at certain developmental stages were
carefully observed under the microscope. The Vri and Dsx/ expressions in mRNAs-
injected embryos were validated by qRT-PCR analysis (see 3.2.4 Quantitative real-

time PCR).

AAAAAA
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Figure 13: Capped, polyadenylated mRNAs structure constructed for overexpression
expression.

3.2.8 Selection of gRNA target sequences by ZiFiT software

The target sequences of gRNA were determined using ZiFiT software from
the website (http://zifit.partners.org/ZiFiT/ChoiceMenu.aspx) [69]. After choosing the
CRISPR/Cas Nucleases option, the sequence of Dsx/-a was inserted in blank space,
the length of target site was set to 20 nt, and the T7 promoter was selected. The result

listed several identified target sites for the subsequent Cas9 system experiment.

3.2.9 Cloning-free method for gRNA in vitro synthesis

For the syntheses of gRNAs, the templates were prepared by cloning free
method [70]. The sense synthetic oligo contains three main parts: a T7 promoter
(shown in bold), a variable targeting sequence (Nig) and the first 20 nt of the Cas9

binding scaffold sequence. The full sequence is as follows: (5'-
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GAAATTAATACGACTCACTATAGGNNNNNNNNNNNNNNNNNNGTTTTA

GAGCTAGAAATAGC-3"). While the anti-sense synthetic oligo contains 80 nt full

sequence of the Cas9 protein binding scaffold where the underlined nucleotides
denote the complementary sequence between two oligo sequences: (5-AAAA

GCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATTTT

AACTTGCTATTTCTAGCTCTAAAAC-3"). The PCR reaction (Table 4) was
performed with PrimeSTAR polymerase (Takara Bio; Shiga, Japan) with the cycle

condition shown in Table 5.

Table 4: Reaction mixture for PCR using PrimeSTAR polymerase.

Reagent Volume
5X PrimeSTAR Buffer 10 uL
2.5 mM dNTP mix 4 uL
Sense, antisense oligos mix (100 uM each) 1 pL
PrimSTAR polymerase 1 uL
MilliQ water 34 uL

Total 50 uL

Table 5: The PCR cycle condition.

Temperature Duration Cycle no.
98°C 5 min 1
98°C 10 sec
55°C 30 sec 30
68°C 15 sec
78°C 7 min 1

After purification by phenol/chloroform extraction, the DNA fragments were
used as templates for in vitro transcription using MEGAscript T7 kit (Life
Technologies Inc.), followed by column purification with mini Quick Spin RNA gel

columns (Roche diagnostics GmbH; Mannheim, Germany), phenol/chloroform
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extraction, ethanol precipitation, and dissolution in DNase/RNase-free water. The

amount of purified RNA was measured with Nanodrop 2000.

3.2.10 Cas9 protein synthesis in E. coli cells

A modified pCold-based vector with Ampicillin resistance and containing
sequence encoding for Cas9 protein with N-terminal 10x His-tag and C-terminal
Nuclear Localization Signal (NLS) was a gift from Dr. Asako Sugimoto, previously
generated in Cas9 research of C. elegans [71]. The plasmid construct, which also
contained a cold-inducible promoter (Takara Bio), was transformed into the E. coli
strain BL21(DE3) for Cas9 protein expression. Successful transformation colonies
were screened by colony PCR using the following primer sequence: Cas9 forward (5'-
ACAAATAGCGTCGGATGG-3') and reverse (5'-CGCTTTAGCATCTACTCCAC-
3".

A single colony was inoculated into 2 mL of LB broth with ampicillin (100
mg/mL final concentration) and were incubated at 37°C as the first pre-culture. After
8 h incubation (ODsgo= 1.5), 200 pL of the first pre-culture was diluted into 50 mL of
LB containing ampicillin medium as the second pre-culture and divided into 8§ tubes
of 5 mL culture medium in each tube. The second pre-cultures were incubated
overnight at 37°C (ODsgp = 1.6-1.7). Next, each of the second pre-cultures was diluted
into 500 mL of 2x YT medium containing ampicillin (100 mg/mL final concentration)
in 1 L flask (total culture = 4 L). The cells were cultured until the ODsq reached
around 0.5 by incubating at 37°C for 2.5 h. Then, the Cas9 protein expression was
induced by shifting the temperature to 16°C followed by the addition of 250 pL of 1
M IPTG (0.5 mM final concentration). After 24 h incubation at 16°C and 90 rpm

rotation, cells were collected from 1 L culture each by centrifugation at 4000 rpm for
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10 min (GRX-200 High Speed Refrigerated Centrifuge, TOMY). The pellets were
washed with H buffer (20 mM HEPES pH 7.5, 500 mM NaCl, 1 mM TCEP) two

times before freezing with liquid nitrogen. The cell pellets were stored at -80°C.

3.2.11 Cas9 extraction and purification

The thawed cell pellet from 1 L culture was suspended in 20 mL H buffer (20
mM HEPES pH 7.5, 500 mM NaCl, 1| mM TCEP 10% glycerol) and two tablets of
protein inhibitor cocktail (Roche diagnostics GmbH) were added into the suspended
cells. Glycerol was added to the buffer solution to increase protein solubility and
stability during protein extraction and then purification was performed. The cells were
divided into 10 mL each in 50 mL tubes and placed on ice before sonication. The cells
were disrupted through sonication using the following parameters: 50% duty cycle,
output 4, 30 sec. Sonication was repeated for 15 min or until the liquid become
translucent, as shown in Figure 14. Lysed cells were centrifuged at 4°C, 150,000 rpm
for 30 min and then supernatant was collected and filtered with Millipore (size 0.45

um) before performing column chromatography.

Figure 14: Suspended cell pellet before sonication (Before) and after the sonication

completed (After).
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The column was set up on a suitable rack and 500 pL of Ni-NTA Superflow
resin (Qiagen) was added into the column. After the resin settled down, the resin was
equilibrated with Equilibrium buffer (Table 6) and the filtered supernatant sample
added with 10 mM imidazole was loaded and flow through was collected. The resin
was washed with 5 mL of Wash buffers #1 and #2. Each wash was repeated four
times. The bound protein was eluted by stepwise elution (50 to 350 mM imidazole)
using Elution buffers #1, #2, #3, and #4. Each elution was repeated four times as

fractions were collected and ran for SDS-PAGE.

Table 6: The following reagents were used for nickel column chromatography

experiment. H buffer (20 mM HEPES pH 7.5, 500 mM NaCl, 1 mM TCEP, 10% glycerol).

Reagent Concentration (final) Volume
H-Buffer Imidazole
Equilibrium 10 mM SmL
Wash 1 20 mM 20 mL
Wash 2 25 mM 20 mL
Elution 1 1X 50 mM 4 mL
Elution 2 150mM  4mL
Elution 3 250 mM 4 mL
Elution 4 350mM  4mL

The eluted samples were concentrated by centrifugal ultrafiltration according
to the manufacturer’s protocol (Amicon Ultra-0.5 Centrifugal Filter, Merck
Millipore). The buffer was then changed to 1 M NaCl concentration for second
column chromatography purification to remove DNA contamination. The second
column chromatography was performed under the same conditions described above
except for the NaCl concentration (1 M). Elution was performed using 0.5 mL of 50

and 150 mM imidazole solution. Each elution was repeated six times (Table 7). The
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eluted protein was analyzed by SDS-PAGE to confirm its purity and was dialyzed
against the storage buffer (20 M HEPES pH 7.5, 150 mM KCI, 1 mM TCEP, 10%
glycerol). Finally, the sample was concentrated by centrifugal ultrafiltration to have a

final volume of 200 pL, was frozen with liquid nitrogen and was stored at -80°C.

Table 7: The following reagents were prepared for second nickel column

chromatography experiment. H buffer (20 mM HEPES pH 7.5, 1 M NaCl, 1 mM TCEP,

10% glycerol).
Reagent Concentration (final) Volume
H-Buffer Imidazole

Equilibrium 10 mM SmL
Wash 1 20 mM 20 mL
Wash 2 1X 25 mM 20 mL
Elution 1 50 mM 3 mL
Elution 2 I50mM  3mL

3.2.12 Cas9 protein in vitro cleavage assay

To examine the ability of designed gRNAs and Cas9 protein in executing
double strand breaks, 300 ng of the plasmid harboring the target sequence was
incubated with 1 pM Cas9 protein and 2 uM gRNA at 37°C for 1 hour in reaction
buffer that contains 20 mM HEPES (pH 7.5) 150 mM KCIl, 0.5 mM DTT, 0.1 mM
TCEP and 10 mM MgCl,. To stop the reaction, 0.5 M EDTA was added to the
reaction mixture and the cleavage of the plasmid by Cas9 and gRNA was observed by

running the gel electrophoresis.

3.2.13 Targeted mutagenesis by CRISPR/Cas9 system and genotyping
The in vitro synthesized RNA with Cas9 protein was mixed and were

incubated for 5 min at 37°C to make gRNA-Cas9 complexes [71]. To prepare the
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injection solutions, the gRNA-Cas9 complexes were mixed with either Alexa Fluor
568 dye (Life technologies Inc.) or Lucifer Yellow dye (Life technologies Inc.) with
final concentrations of 0.01 uM and 1 puM respectively, to serve as injection marker.
The microinjection was performed on ice using wild-type and transgenic D. magna
eggs, as described previously [36]. The eggs collected immediately after ovulation
were placed in ice-cold M4 medium containing 80 mM sucrose to prevent the egg
membrane from hardening before injection and the injected eggs were incubated in a
96-well plate at 23°C for the appropriate time. Phenotypes of injected eggs at certain
developmental stages were carefully observed under the fluorescence microscope.

To characterize the somatic mutation on the Vri binding site generated by
Cas9 protein, target loci were amplified by PCR from genomic DNA isolated from
each injected egg. To extract the genomic DNA, injected embryos were homogenized
individually in 90 pL of 50 mM NaOH with zirconia beads. The sample was heated at
95°C for 10 min, followed by a neutralization step through the addition of 10 pL of 1
M Tris-HCI (pH 7.5). The sample was centrifuged at 13,000 g for 5 min and the
supernatant was used as PCR template. PCR was performed with HS Ex Taq
polymerase (Takara Bio) using a primer pair designed as follows: Vri-bs forward (5'-
GATGTCACGAAATCTGAGGTC-3") and Vri-bs reverse (5'-
GATCTAAACACCTTGGCGTAAC-3'), which amplified 214 bp including the
enhancer region. The PCR products were analyzed using native PAGE gel
electrophoresis. To characterize the heritable mutagenesis, injected Daphnia were
cultured separately until they produced offspring. The offspring were pooled (around
8-10 daphniids) and genomic DNA extraction and genomic PCR were performed as

mentioned above.
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3.3 Results

3.2.1 E4BP4 binding site candidate on the DsxI promoter

To find candidate transcription factors (TFs) that activate Dsx/ male-specific
expression from 6-hpo, 1 analyzed a sequence with 7,899 bp upstream the
transcription start site of Dsx/-o mRNA. Of the thousands of potential TF binding
sites found in this study, I found an element similar to the fat body enhancer of the
Drosophila yolk protein gene 1 that contains a Dsx binding site and overlapping bZIP
protein binding site, which regulated tissue- and sex-specific expression [72].
Thereafter, I searched for the consensus sequence of bZIP protein E4BP4 binding site
from the transcription factor database TRANSFAC R.3.4 and consensus sequence for
binding sites of Dr. melanogaster Dsx with TFBIND program. Interestingly, an
element similar to the Drosophila fat body enhancer was found on the D. magna Dsx1
promoter sequence, illustrated in Figure 15A. In Daphnia species, the binding site for
bZIP protein matched the binding site consensus of mammalian E4BP4/NFIL3. To
investigate the conservation of the position and sequence of this element, I performed
analysis on the Dsx/ promoter of D. pulex. The same element was also found in D.
pulex (Figure 15B), and thus, I annotated this element as a candidate enhancer

sequence of Dsx1.
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enhancer
5 kbp
B E4BP4/NFIL-3
-5387 1 -5356

Mag GAAATICGTTATATAACTACATTGTTATAACGT

R b b b A b b g S b g b b d b b S b b g b b g b g b b 4

Pul GAAATCGTTATATAACTACATTGTTATAACGT
-6073 -6042

Figure 15: Candidate Vri binding site of the enhancer element on Dsx1 promoter. (A)
Position of the enhancer sequence on D. magna Dsx1 locus. (B) Sequence of the enhancer
that contains a bZIP protein binding site (green box) overlapped with a Dsx binding site

(orange box). This sequence is conserved between D. magna (Mag) and D. pulex (Pul).

3.2.2 Characterization of V7i gene in D. magna

To investigate the existence of an E4BP4/NFIL3 ortholog in D. magna, 1
performed a BLAST search using an amino acid sequence of the human
E4BP4/NFIL3 against the D. magna genome database, and found one ortholog that
shows high homology in the bZIP domain to E4ABP4/NFIL3 protein. To determine the
full-length of Vri cDNA in D. magna, 1 performed 5’ and 3" RACE reactions and
obtained a single 2,394 bp nucleotide sequence that encodes for 797 amino acids
(Figure 16). No sex-specific transcript was found from the RACE experiments. The
deduced amino acid sequence obtained from the cDNA sequence was compared to
the protein sequence of Vri ortholog of other animals. The multiple alignments
revealed that D. magna Vri protein contains the conserved basic leucine zipper (bZIP)

domain (Figure 17A). The domain consists a basic region that mediates sequence
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specific DNA binding properties and the leucine zipper that is required to dimerize

two DNA binding region.
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2341 GCGTCGACCATTCGGAACTGTAAAAGCAGCAGTACCAACTTTCGGCTTCATTGA 2394
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Figure 16: Nucleotide and deduced amino acid sequences of Vri from D. magna. Black
shaded amino acids indicate the putative bZIP domain and grey shaded nucleotide is the
sequence that was removed for Vri overexpression experiment. The underlined sequences are

the target sites for Vri_siRNA 1 and Vri_siRNA 2 accordingly.

A 161 216 797
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Basic region Leucine zipper

B bZIP domain
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GEENJAS
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Figure 17: (A) The protein structure of Vri from D. magna and (B) the alignment of its
bZIP domain with other Vri and E4BP4/NFIL3 proteins. The numbers indicate the
location of amino acid. Dmag is D. magna, Tc is T. castaneum (red beetle), Dp is D.
plexippus (monarch betterfly), Dm is Dr. melanogaster (fruit fly), Dr is Da. rerio (zebrafish),
Mm is M. musculus (mouse) and Hs is H. sapiens (human). Black shaded indicates the same

amino acids while red indicates the same type of amino acid in one position.

To analyze the evolutionary relationship of D. magna Vri, a phylogenetic tree
with 13 other related proteins was constructed by neighbor-joining method, using the
bZIP domain amino acid sequence (Figure 18B). The phylogenetic tree revealed that
Daphnia Vri ortholog is most closely related to the insects’ E4BP4/NFIL3 ortholog
Vrille (Figure 18). This result was in good agreement with the taxonomic relationship
between crustacean and insects, consistent with the previous hypothesis that insect

originated from branchiopod crustaceans [73].
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Figure 18: Phylogenetic tree using the amino acid sequences of the bZIP domain of Vri
and E4BP/NFIL3 transcription factors. The percentages of replicated tree in which the
associated taxa clustered together in the bootstrap test (1,000 replicates) are shown next to the
branches. The bar indicates branch length and corresponds to the mean number of the
differences (P<0.05) per residue along the each branch. Evolutionary distances were

computed using the p-distance method.

3.2.3 Vri expression levels during embryogenesis

I analyzed the temporal expression pattern of Vri by qRT-PCR during D.
magna embryogenesis, and the result is presented in Figure 19. At early stages of
embryogenesis, Vri expression in males was significantly higher than that in females
at 0, 3, and 6-hpo. At 6-hpo, Vri transcript became more abundant but retained the
sexually dimorphic expression pattern (Figure 19A). At the later embryonic stages (18
and 36-hpo), V7i expression increased both in males and females and lost its sexual

dimorphism (Figure 19B).
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Figure 19: Vri expression during embryogenesis of D. magna. (A) Sexual dimorphism of
Vri expression at early embryogenesis stages (0, 3, 6, and 9-hpo). (B) Non-sex specific Vri
expression in the late embryos (18 and 36-hpo). The Vri expression levels were normalized to
the reference gene expression levels (ribosomal protein L.32). The normalized expression in
female embryos at 0-hpo was set to one. (Student’s t-test: *, P<0.05; ** P<0.01; ***,

P<0.001; NS = No significant different)

3.3.4 Vri knockdown in male reduced Dsx/ expression

To examine the roles of the D. magna Vri gene especially for sex
determination, V7i expression was knocked down using RNAi method [36] in male
and female embryos. To confirm specificity of phenotype induced by Vi RNAI, two
siRNAs were designed. Vri siRNA 1 and Vri siRNA 2 both target the V7i coding
sequence but their target sequences are different (Figure 16). The phenotypes of the

cell and tissue influenced by Vi RNAi during embryogenesis were observed using
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H2B-GFP expressing Daphnia that allows visualization of individual cells in an
embryo [50].

Based on the GFP expression pattern as presented in Figure 20A, development
of male embryos injected with Vri_siRNA 1 and Vri_siRNA 2 seemed to be normal
at around 10 to 11-hpo. At 20-hpo, Vri-siRNA I-injected embryos developed
cephalic appendages such as second antennae but did not start thoracic segmentation
in contrast to control embryos. Vri siRNA 2-injected embryos died due to more
severe phenotype in which the segmental structures were not formed. At 30-hpo,
Vri_siRNA 1l-injected embryos showed abnormal segmentation of thoracic
appendages, and undeveloped posterior and anterior region of the embryos, which
prevented us from investigating sex-reversal in sexually dimorphic structure such as
the first antennae. These RNAi-dependent deformities were also observed in female
embryos (Figure 20B), but for Vri_siRNA l-injected female embryos they were able
to hatch before the abnormal developments led to embryo lethality. The data of Vri

RNAI microinjection for phenotypes observation are summarized in Table 8 below.

Table 8: Summary of the Vri siRNA microinjection experiment for phenotype
observation.

siRNA Sex of egg Injected Hatched SYV1mm.1ng
egg juvenile

Vri_1 Female 17 11 0
Male 20 0 0
. Female 11 0 0
L Male 9 0 0
. Female 10 10 10
Cntrl_siRNA Male ] ] ]
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A Male

Non- Control  Vri_siRNA Vri_siRNA
injected 1 2

20-hpo 10 -hpo

30-hpo

B Female
Vri_siRNA Vri_siRNA
Control 1 2

10 -hpo

20-hpo

30-hpo

No data

Figure 20: Effects of V'ri RNAi on embryonic development. The phenotypes of (A) male
and (B) female V7i RNAi embryos at 10, 20 and 30-hpo. Two V7i siRNAs were injected into
the transgenic line and control siRNA was used as negative control. The injected embryos
were brighter compared to non-injected ones because of the fluorescence from Lucifer yellow

dye co-injected with siRNAs. Scale bar: 200um.
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To exclude the possibility that the developmental defect affects Dsx/
expression, I analyzed Dsx/ expression levels in RNAi embryos at 11-hpo by qRT-
PCR, and I validated that the Vri expression level was negligible in both of the RNAi
embryos (Figure 21). The qRT-PCR analysis also revealed that Dsx/ expression was
reduced in both Vri_siRNA 1 and Vri_siRNA 2 siRNAs-injected wild-type males as

shown in Figure 22.

Vri expression

1.4 A * %

1.2 - x

0.8 -

0.6 7

0.4

Normalized Vri expression

Control Vri_siRNA 1 Vri_siRNA 2

Figure 21: Vri expression levels in siRNA-injected embryos at 11-hpo. The Vri expression
levels were normalized to the reference gene expression levels (ribosomal protein L32). The
normalized expression in control-siRNA-injected embryos set to one. (Student’s t-test: **,

P<0.01).
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Figure 22: DsxI expression level in siRNA-injected male embryos at 11-hpo measured
by qRT-PCR. Control siRNA, Vri siRNA 1 and Vri siRNA 2 indicate control-,
Vri_siRNA 1- and Vri siRNA 2-injected males, respectively. Each experiment was
performed in biological triplicate. For each replicate, nine or ten embryos were pooled in one
tube, subjected to total RNA extraction and used for quantitation. (Student’s t-test; *, P<0.05;
** P<0.01).

To further analyze where Vri RNAi reduced the expression, I utilized a
transgenic Daphnia, which was a Dsx/ reporter strain that expresses a red
fluorescence protein mCherry under the endogenous Dsx/ promoter/enhancer [52]. At
20-hpo, in control male and female Daphnia, the mCherry fluorescence appeared
exclusively in male embryos and is localized in the first antennae, which are the first
organs to appear as a male-specific trait in Daphnia. In addition, mCherry-expressing
cells could be seen in thoracic appendages, and remarkably in posterior growth zone

(Figure 23). In Vri_siRNA l-injected male embryos, mCherry signal could be seen
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only in the posterior growth zone but with weaker intensity. Vri_siRNA 2-injected

embryos did not show any red fluorescence (Figure 23). However, due to severe

effect of Vri silencing during embryonic processes, we could not exclude the

possibility that some of the structures that normally express the mCherry reporter

were not properly formed when Vri was silenced. I summarized the injection

experiment in Table 9.
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Figure 23: Spatial expression pattern of mCherry as a reporter of DsxI gene expression

at 20-hpo. Anl is first antennae, T1 is thoracic appendage 1, T2 is thoracic appendage 2, T3

is thoracic 3, arrowheads indicate posterior growth zone. Scale bar: 200 pum.

Table 9: Summary of Vri RNAi experiments using the Dsx/ reporter strain.

siRNA Sex Injected Hatched Juvenile Declined of mCherry
fluorescence
Vri_siRNA 1 Male 20 0 0 90% (18/20)
Vri_siRNA 2 Male 9 0 0 88.9% (8/9)
Control siRNA  Male 8 8 8 0% (0/8)
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3.3.5 Vri overexpression in female increased DsxI expression

To test whether transient expression of V7i in early embryos is sufficient to
activate Dsx/ and trigger male development, I induced transient ectopic expression of
Vri in female by delivering capped, polyadenylated mRNAs into ovulated eggs via
microinjection. [ first attempted to establish a system to mimic the transient
expression of V7i in early male embryos. We constructed GFP mRNA harboring the
5" UTR and 3" UTR sequences obtained from X. leavis f-globin gene and injected this
chimeric GFP mRNA into female eggs. As exhibited in Figure 24, the UTRs led to
expression at early embryogenesis (3 to 10-hpo) but not in later stages. Hence, to
study the Vri function in sex-determining pathway, I linked the X. laevis p-globin
UTRs to the Vri CDS and injected the mRNA into wild-type eggs that would develop

into females.

Oh 3h 6h 10 h 24 h

Non-injected
control

B-globin
GFP

Figure 24: Temporal change of fluorescence in embryos injected with GFP mRNA
harboring X. laevis f-globin UTRs. GFP was fused with Minos transposase, which resulted

in nuclear localization of GFP as previously reported [68]. Scale bar: 200 pm.

Although injecting the chimeric V7i mRNA induced high embryonic lethality,
the juveniles that survived showed a partial elongation of the male-specific trait first

antennae (Figure 25), in an mRNA concentration-dependent manner, as summarized
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in Table 10. Consistent with this masculinized phenotype, I confirmed the up-
regulation of Dsx/ expression levels in Vi mRNA-injected daphniids by qRT-PCR at
48 to 50-hpo. The qRT-PCR result is shown in Figure 26A. However, low viability
and lethality prevented the observation of further masculinization phenotypes in the

injected female animals.

Vri
Female Female

Figure 25: Phenotype of Vri mRNA injected female juveniles at 72-hpo. Black
arrowheads indicate the first antennae, the male-specific trait that can be observed at this

stage. Scale bar: 200 um.

Table 10: Masculinization of 1* antennae by Vri overexpression in females.

. . . st
mRNA Conc. Injected S.w1mn.11ng Viability Elongated 1
(ng/pL) eggs juveniles antennae
1000 64 8 13% 75% (6/8)
Vrille 250 34 6 18% 67% (4/6)
62.5 16 5 31% 0% (0/5)
GFP 800 29 24 83 % 0% (0/24)

In addition, by using the Dsx/ reproter strain, I tested the effects of the same
chimeric ¥7i mRNA on Dsx/ activation in females. From the mRNA injection, I
detected high and widespread mCherry epxression mainly in the thoracic appendages
at 50-hpo (Figure 26B). To confirm whether Vri’s DNA binding activity was

neccessary for Dsx/ activation, I modified the V'7i mRNA by removing the amino acid
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sequence of bZIP domain. This mutated Vri could still increase Dsx/ epxression level
in injected female embryos but showed a lower transactivation activity (Figure 26B).

Table 11 summarized the microinjection and red fluorescence observation.

Table 11: Activation of mCherry by Vri overexpression in female embryos from the Dsx1

reporter strain at 20-hpo.

mRNA Concentration Red fluorescence
, 1 pg/ul 100% (5/5)
( fulll/ﬁlrlf ) 250 ng/pl 100% (12/12)
£ 62.5 ng/ul 100% (13/13)
Vrille (w/o bZIP) 1 pg/pl 80% (8/10)
GFP 1 ng/ul 0% (0/9)
A B GFP Vri Vri w/o bZIP

Dsx1 expression

Male Female Female Female

2.5

1.5

Normalized expression

0.5

GFP mRNA  Vri mRNA

Figure 26: Effects of Vri over-expression on DsxI expression. (A) Dsx/ expression level in
Vri mRNA-injected embryos at 50-hpo measured by qRT-PCR. GFP mRNA was used as a
negative control. This experiment was performed with four biological replicates. For each
replicate, one daphniid was subjected to total RNA extraction and the cDNA was used for
quantification. (Student’s t-test; *, P<0.05) (B) Spatial expression pattern of mCherry as a
reporter of Dsx/ gene expression at 50-hpo. Non-injected male displays mCherry expression
in the 1% antennae (An1), first thoracic leg (T1), and genital (Ge). GFP-, Vri-, and Vri without
bZIP indicate negative control female injected with GFP mRNA, females injected with Vri
harboring its full-length CDS, and females injected with mRNA encoding bZIP domain
lacking Vri, respectively. Scale bar: 200 um.
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3.3.6 Disruption of the enhancer reduced DsxI expression

To test whether the enhancer element, which contains bZIP binding site
overlapped with Dsx binding site, is required for Dsx/ activation and male trait
development, I tried to disrupt the sequence on the genome by CRISPR/Cas9 system.
Due to the low GC content (23%) of the enhancer, I could not obtain a suitable
sequence that can be directly targeted by TALENs and gRNAs to make a double
strand break. More than 50% of GC content is preferred to get a good binding
stability in DNA genome. Alternatively, I designed separate gRNAs (gRNA-1 and
gRNA-2) near to the enhancer as illustrated in Figure 27A. For the Cas9, Cas9 mRNA
was initally co-injected with gRNAs for targeted mutagenesis in D. magna [41]. To
improve the knock out efficiency, I expressed the Cas9 protein in E. coli cells,
purified and used the Cas9 protein for microinjection (Figure 27B). The Cas9 protein
was tested to mutate the Eyeless [41] and Scarlet gene (Ismail et al., unpublished),
and based on the mutant phenotype, knock out efficiency was increased up to 36.4%
and 38.5%, compared to 8.3% 3.4% efficiency made by Cas9 mRNA injection,
respectively. I then tested the functionality of newly designed gRNAs (gRNA-1 and
gRNA-2) and Cas9 protein by Cas9/gRNA complex in-vitro cleavage assay. As
shown in Figure 27C, the Cas9-gRNA complexes successfully cut the plasmid
(linearized band) that contained target sequences, indicating that the gRNAs and Cas9

protein could introduce targeted double strand break.
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A 5’ ~-GAAGAAAAAAGGCGCGGCAGGGGAGAAATCGTTATA ! AACG

gRNA-1 enhancer
TTAATAACGCTGAGTGCGTCTTTTGTTGTTATTGGCGCCTCGTAACGCAATCCCAGG-3"
gRNA-2
gRNA-1
Cas9
. plasmid - + + + + +
— Cas9 + - + - + +(2X)
gRNA + - - + + + (2X)
.-
BSA gRNA-2
- -
- _
plasmid - + + + + +
Cas9 + - + - + +(2X)
- gRNA + - - + + +(2X)

Figure 27: The design of gRNAs and Cas9/gRNA functionality tests. (A) The sequence of
gRNA target sites (bold) located near the enhancer region. The underlines show the PAM
sequences. (B) SDS-PAGE gel indicates that the Cas9 protein was successfully purified from
the E. coli cells. (C) Gel electrophoresis after the Cas-9 protein in-vitro cleavage assays. The
positive result can be interpreted by detecting the linear band of the plasmid on the gels. 2X

means double amount of each Cas9 protein and gRNA.

Next, I injected the two gRNAs with Cas9 protein into the Dsx/ reporter strain
eggs to show the development into male and evaluated effects of enhancer disruption
on Dsxl expression and the morphological phenotypes. At 36-h after injection, I
found four different phenotypes from 12 injected embryos, the phenotypes are
presented in Figure 28A. Four injected-embryos (#1, #2, #3, and #4) exhibited
Phenotype-1 in which embryonic development was delayed and showed weaker
mCherry fluorescence than control but at the later stages, they could have normal

male traits development. Two embryos (#5 and #6) showed Phenotype-2 wherein

59



eggs development was disturbed and mCherry signal was weak with abnormal
localization. Phenotype-3 was observed in three injected-embryos (#7, #8, and #9),
showing the most severe deformities without mCherry expression. The remaining
three embryos (#10, #11, and #12) showed no apparent change in phenotype
compared to non-injected control (Phenotype-4). The abnormal development of these

eggs prevented us from observing sex specific trait or feminized phenotypes.

Control Phenotype-1 Phenotype-2 Phenotype-3

B Phenotype 4
Individual 1 2 3 4 5 6 7 8 9 10 11 12 WT M

1 2 3

* » » » * » * * . — 300bp

— - - — £3 00O e e
... = : = 200bp

WTband 083 072 079 061 100 100 0.00 058 049 100 100 100 100
Mutated band 0.17 0.28 0.21 039 0.00 0.00 100 042 051 000 000 0.00 0.00

B-actin d el e -.-~cod-_.

Figure 28: Disruption of enhancer region by the CRISPR/Cas9 system. (A) Spatial
expression pattern of mCherry at 36-hpo. The Cas9 protein was co-injected with a pair of
gRNA-1 and gRNA-2 into 12 male embryos of Dsx/ reporter strain. Scale bar: 200 um. (B)
PAGE analysis of PCR products by genomic PCR to amplify a region that includes the
enhancer. Original size of the PCR product should be 214 bp, indicated by the black arrow.
Asterisks show the individuals that contain mutations. The numbers under the images of the
PAGE gel indicate intensity of wild-type (WT) and mutated band measured by Imagel
application. M denotes DNA marker.
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To examine the correlation between the introduced mutation and the observed
phenotypes, I extracted genomic DNA from each embryo described above and
performed genomic PCR to amplify 214 bp sequence including the enhancer region.
Native PAGE results, shown in Figure 28B, demonstrated that some PCR products
were either smaller sizes than what was expected from the wild-type sequence, while
some have reduced intensity compared to the wild-type band. These suggest that large
and small in-del mutations in the enhancer region has occurred. Then, I measured the
intensity of each band and calculated the ratio of intensity of smaller bands to the
expected band size. I observed that the more severe the injected-embryos phenotype
was (Figure 28A), the higher was the ratio (Figure 28B). These result indicate that the
enhancer may be a cis-regulator element for male-specific Dsx/ expression.

In addition, I attempted to generate enhancer knock out mutants by injecting
the Cas9 protein-gRNA complexes and collecting the offspring of the injected
daphniids. For this purpose, neither somatic (Table 12) nor heritable mutation (Table
13) was detected from female eggs injection. Meanwhile, using male eggs, the
injection led to high embryonic lethality (>90%) as shown in Table 13. I was able to
collect offspring from feminized male embryos by Dsx/ RNAi, but no mutant line

was generated from the survived daphniids.

Table 12: Somatic mutagenesis in female for disrupting the Dsx! enhancer by utilizing

the CRISPR/Cas9 system.

Sex Cas? gRNAs Injected Juvenile Screened Soma.tlc
protein mutation
1 uM
H 2 M 19 13 12 0
each
Female 55 UM 5 WM
=K H 45 11 11 0
each
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25uM 2.5 uM
each

Table 13: Heritable mutagenesis in female and male for disrupting the DsxI enhancer.

Sex Cas9 gRNAs Injected Juvenile Adult Screened Mutated
enhancer
1 uM 2““; 29 17 14 14 0
Female cac
1 uM
0.5 uM 13 7 5 5 0
each
Male  0.5uM le;h}f 66 11 8 8 0
(coinjection
R Y le ;}h}f 66 4 3 3 0
iRNA
SIRNA) i i 22 15 15 ] ]

3.4 Discussion

Results in previous chapter have shown that in response to JH signal, Dsx/-a
transcript is up-regulated before early gastrulation at 6-hpo and is maintained in later
embryogenesis for regulation of male trait development. In this chapter, a
hypothetical enhancer element that contains a consensus sequence for binding of the
bZIP transcription factor orthologs, the Drosophila Vri and vertebrate E4ABP4/NFIL3,
was found on Dsx/ promoter. The binding site overlapped with a consensus sequence
of Dsx binding site and this overlapping structure of the enhancer is similar to the fat
body enhancer of the Drosophila yolk protein gene 1 [72], which was the cis-
regulator for tissue- and sex-specific expression. Since, Dsx/ up-regulation also
suggests positive feedback regulation of this gene, it is reasonable to hypothesize that
the Vri works together with Dsx1 protein, binds to the enhancer to activate the male-

specific Dsx/ transcription.
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I discovered that the Vri gene has male sex-specific expression during early
embryonic development and is highly expressed during the gastrulation stage (6-hpo).
The gene encoded for a single cDNA sequence; no other splicing pattern was found.
Since Vri gene is a bZIP transcription factor that was previously identified as a
circadian rhythm gene [54], my findings suggest a potential new role for V7i gene in
early embryogenesis with the hypothesis that it has been co-opted into sexually
dimorphic pathway of D. magna.

To further this study, I investigated the function of Vri regarding Dsx/
expression by loss- and gain-function analyses, and disruption of an enhancer
harboring a consensus sequence of the Vri binding site. Vri siRNAs do not only cause
morphological defects, but also cause reduction of Dsx/ expression and loss of Dsx/
reporter gene activity in regions known to give rise to male-specific structures.
Ectopic expression of FVri by mRNA injection resulted in masculinization of
morphology and Dsx/ reporter gene activity in females. Lowered and increased levels
of Vri gene caused early lethality. Using Cas9-mediated somatic mutagenesis
approach to target the bZIP/Dsx binding site region in the Dsx/ locus, the males with
genomic defects at the Dsx/ locus were correlated to have morphological phenotype
effects. These results suggested that Vri directly regulates the transcriptional output of
Dsx1.

Our findings indicate that Vri functions as an activator of the Dsx/ gene in
Daphnia. In Drosophila, Vri regulates various developmental processes such as cell
growth, proliferation and flight [55,74], as well as metamorphosis [56] and tracheal
integrity [75]. In addition to these processes, Vri is required for circadian oscillation
by repression of Clock transcription [76]. In mammals, the Vri ortholog

E4BP4/NFIL3 is also reported as a clock-controlled gene. It competes for the binding
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site of the PAR-protein. Both Drosophila Vri and mammalian E4BP4/NFIL3 are well
known transcriptional repressors. However, in the human immune response system,
E4BP4/NFIL3 was identified as an activator of the /L3 promoter [58] and was also
shown to up-regulate /L-10 and IL-13 [77]. It is essential for lineage commitment of
innate lymphoid cells (ILCs) [78]. In natural killer cell development, E4BP4/NFIL3
interacts with the histone ubiquitinase MYSM1 and maintains an active chromatin
state at the /d2 locus [79]. In Daphnia sex determination, Vri works at the gastrulation
stage when lineage commitment occurs. These similarities in regulation at the genetic
and cellular levels may suggest that the molecular mechanism of Vri-dependent Dsx/
activation is similar to that of EABP4/NFIL-3 function in human ILCs.

In targeted mutagenesis using Cas9 system, I could not introduce any mutation
into Vri binding site at the Dsx/ promoter/enhancer on the genome in females. In
contrast, this mutagenesis introduced deletion at the target site on the genome in
males and reduced Dsx/ expression. These results suggest that this enhancer may be
silenced via close chromatin in females but is required for Dsx/ activation in males. I
also discovered that deletion of the enhancer led to embryonic lethality in males, even
though I could not shed light on the mechanism underlying this high mortality.
However, these clear differences of phenotypes between males and females in
targeted mutagenesis experiments indicate a male-specific role of this enhancer.
Further study is needed to understand the epigenetic regulation at Dsx/ locus.

As a conclusion, the results in this chapter demonstrate co-option of the bZIP
transcription factor Vri upstream of the Dsx/ in the environmental sex-determining
cascade of the crustacean D. magna. The data suggest the remarkably plastic nature of

gene regulatory network in sex determination.
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Chapter 4 Sequence conservation of the Frz-F1 ortholog in D.
magna and its sexually dimorphic expression

4.1 Introduction

To identify other sex-determining genes involved in D. magna cascade, I
performed literature review related to sex determination in various organisms. One
possible candidate is a member of the orphan nuclear receptor family Fushi tarazu
factor-1 (Ftz-F1), which is involved in genetic regulation of various developmental
processes [80]. It was first identified in Dr. melanogaster and subsequently, Ftz-F1
orthologs have been isolated from many animals recorded in several different names
such as steroidogenic factor-1 (Sf-1) [81], adrenal-4-binding protein (Ad4BP) [82],
and nuclear hormone receptor-25 (nhr-25) [83]. Vertebrate Ftz-FI orthologs are
known to function in genetic sex determination (GSD). In particular, the mammalian
Ftz-F1 homolog Sf-1 has been found to be essential for the proper development of the
adrenal-gonadal axis, strongly linked to steroidogenesis [84] and it also plays a
critical role in mammalian sex determination that involved the testis-determining
pathway [85]. Additionally, the zebrafish Fzz-FI genes have been linked to the
process of sex determination and differentiation, as they are involved in early
development of urogenital tissue and as well as regulation of steroidogenic cells and
their gene expression [86].

While many studies have demonstrated the function of Fzz-FI orthologs in
GSD, their roles in the environmental sex-determining pathway have not been known
yet. Previous study from Dubrovsky et al. (2011) has reported that the Drosphila Ftz-
F1 nuclear receptor functions as a competence factor that facilitates JH activation of

gene expression. Hence, I questioned whether Frz-F1 could be one of the mediators
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for JH signaling in D. magna and also if it conserve the functions for sex
determination in Daphnia.

In this study, I identified an Fzz-FI ortholog in D. magna and characterized its
cDNAs and amino acid sequences. Additionally, I searched for potential Ftz-F1
binding sites on Dsx/ promoter to examine the possibility of Ftz-F1 to be involved in
the sex-determination cascade. Subsequently, I examined the temporal expression
pattern of Ftz-F gene during embryogenesis and compared the sexual differences of
the gene expression. To investigate the gene functions, I performed Ftz-FI gene
silencing by RNAi method via siRNAs delivery into Daphnia eggs. This study is
important to understand the evolution of Ftz-F1 orthologs and the molecular basis of

JH signaling in ESD mechanism.

4.2 Materials and methods

4.2.1 Daphnia strain and culture condition

All of the wild-type (WT) and transgenic D. magna share the same genetic
background (NIES clone). The HG-1 transgenic line mentioned in Chapter 2 was also
utilized in the gene knock down experiments in this chapter. The Daphnia were
cultured under the same laboratory conditions mentioned in Chapter 2 (see 2.2.1
Daphnia strain and culture condition). The male daphniids were obtained with the
same method described in Chapter 2 (see 2.2.2 Artificial male production by JH

analog exposure).
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4.2.2 Total RNA isolation

Female and male daphniids were collected separately and briefly washed.
Homogenization was performed with beads using a Micro Smash machine MS-100
(TOMY) in the presence of Sepasol-RNA I reagent (Nacalai Tesque Inc.). Total RNA
was isolated according to the manufacturer’s protocol and then followed by
phenol/chloroform extraction. The amount of purified total RNA was measured using
Nanodrop 2000 (Thermo Fisher Scientific). One pg of each RNA sample was used to

synthesize first-strand cDNA as will be explained in next section.

4.2.3 First-strand cDNA synthesis
The mRNA from purified total RNA was converted to first-strand cDNA
using SuperScript III Reverse Transcriptase (Invritrogen; California, USA) with same

protocol explained in Chapter 2 (See 2.2.5 First-strand cDNA synthesis).

4.2.4 Cloning and sequencing

FtzzFl cDNA fragments from D. magna that encode for the DNA-binding
domain (DBD) and the ligand-binding domain (LBD) were obtained from female
cDNA by PCR with AmpliTag DNA polymerase (Applied Biosystems; California,
USA) using degenerate primers that were designed based on the conserved amino
acid sequences of the DBD (5-GAAGAACTGTGTCCNGTBTGYGG-3") and the
LBD (5-ARTTTCATYTGRTCGTCAACCTT-3"). Amplified DNA fragments were
cloned into a pGEM-T Easy Vector System (Promega Corp; Wisconsin, USA) and
were sequenced.

Full-length cDNAs synthesis was completed by 5" and 3’ rapid amplification

of cDNA ends (RACE) using GeneRacer Kit (Invitrogen) and SMARTer RACE
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cDNA Amplification Kit (Clontech), respectively. The primer sequences used for the
RACE experiments were as follows: 5-RACE gene specific primer (5'-
TCCTCCGCCGGACGGGTGATTATTTG-3'); 5-RACE nested primer (5'-
TTCGCGGATCAATGGCGGAACTTTAGC-3"); 3-RACE gene specific primer (5'-
ATTCTCCGTCCGGCAGCAGCGTCTAC-3"); and 3'-RACE nested primer (5'-
TCCACTTGCCGCATCACTCGGCTATC-3"). The amplification products were then
purified from an agarose gel and were cloned into a TOPO cloning kit (Invitrogen) for
sequencing. The sequencing reaction was performed using a BigDye Terminator
Cycle Sequencing Kit (PE Applied Biosystems) and the DNA sequences were

analyzed using the BLAST program.

4.2.5 Phylogenic analysis

Amino acid sequences of Ftz-F1 family genes were retrieved from the NCBI
database (http://www.ncbi.nlm.nih.gov/) as shown in Table 14, and the whole amino
acid sequences of each protein were used to construct the phylogenetic tree. Multiple
sequence alignments of the amino acid sequences were constructed using ClustalW
[63] in MEGA version 6.06 [64]. The same settings mentioned in Chapter 3 (see 3.2.4
Phylogenic analysis) were used for the analysis. The phylogenetic reconstruction was
performed using the p-distance algorithm and the neighbor-joining method

implemented in MEGA.
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Table 14: Accession numbers of Ftz-F1 ortholog genes used in this study.

Common name Scientific name Gene name Accession no.
(definition in NCBI)
Water flea Daphnia magna Ftz-F1 This work
(LC105700,
LC105701)
Water flea Daphnia pulex Ftz-F1 EFX77612.1
(Hypothetical protein)
German cockroach  Blattella germanica Ftz-F1 CAQ57670.1
Red flour beetle Tribolium castaneum Ftz-F1 EFA01263.1
Yellow fever Aedes aegypti Ftz-F1 AAF82307.1
mosquito
Silkworm Bombyx mori Ftz-F1 NP_001037528.2
Shrimp Metapenaeus ensis Ftz-F1 AAD41899.1
Fruitfly Drosophila melanogaster Ftz-F1 AAA28542.1
Mouse Mus musculus St-1 AAB28338.1
Zebrafish Danio rerio Nr5a2 NP _571538.1
Medaka Oryzias latipes Ftz-F1 BAA32394.1
Roundworm Caenorhabditis elegans ~ Nhr-25 CAA91028.1

4.2.6 Quantitative RT-PCR

Female and male embryos at several embryonic stages (0, 6, 12, 18, 24, 30,

48, and 72-hpo) were sampled as described in [30,50,88]. To have three biological
replicates, the collected embryos at each stage were divided into three groups. Each
group was subjected to total RNA isolation and then cDNAs were synthesized from 1
ng of total RNA as described in the section above (4.2.2 Total RNA isolation and
4.2.3 First-strand cDNA synthesis). Of each cDNA pool, 1/120 volume was used as a
template for qRT-PCR.

Quantitative real-time PCR was conducted with SYBR GreenER qPCR
Supermix Universal (Invitrogen) using the Mx3005P real time (RT)-PCR system
(Agilent Technologies). With the appropriate primer pairs, real-time PCR
amplifications were performed in triplicate at the following conditions: 2 min at 50°C
and 10 min at 95°C, followed by 40 cycles of 15 sec at 95°C and 1 min at 60°C. Gel

electrophoresis and dissociation curve analysis were performed to confirm the correct
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amplicon size and the absence of non-specific bands. Copy number of Fzz-F 1 mRNAs
was measured by quantification method. This relates the PCR signal to the input copy
number by using a calibration curve obtained by dilution series of plasmid that
contains sequence corresponding to each primer set. Finally, N divided copy number
obtained by qRT-PCR from the following calculation, resulting in copy number of

transcripts in one embryo.

N = {1 (ug) / [(amount (ug) of purified RNAs)/number of embryos)]|/120

The primer sets used to amplify a specific region for qRT-PCR are listed in

Table 15. Normalized expressions were analyzed by quantitating the reference gene

of ribosomal protein L32 expression level.

Table 15: The primer pairs used to quantitate specific amplification in qRT-PCR assay.

Amplify region of

. s
Ftz-F1 Primer sequence (5'-3")

Forward: CGCACACCTTCTCCAAATAA
Reverse: TTACCAGTCAACAGTCCCTCAAAA
Forward: ATTCCCTCCAACCTGACGAG
Reverse: ATCTTGGAGCTGGATGAGCA
Forward: GGGAGCTCAGCATTTGCATC

Reverse: TGAACGGCGACATGGTAGAC

Common region
a-isoform

B-isoform

4.2.7 Gene knockdown by RNAi

The RNA-mediated interference method [36] described in Chapter 3 (see 3.2.4
Gene knock down by RNAi) was employed using 100 uM of two siRNA oligos, Ftz-
F1 699 siRNA (5'-CCAGUCUCUGACGAUAA-3') and Ftz-F1 918 siRNA (5'-
GCACACACCUUCUCCAAAU-3"). These siRNAs were used to knockdown Ftz-F1

gene function in vivo as delivered into Daphnia eggs by microinjection. A random
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sequence (5-GGUUAAGCCGCCUCACAUTT-3’) that did not affect Daphnia
embryogenesis [67] was utilized as a control siRNA (Control 416 siRNA). The
knockdown was performed to a transgenic line HG-1 that expressed H2B-GFP to help
visualize embryogenesis under the fluorescence microscope.

The phenotypes of injected embryos were carefully observed by time-lapse
imaging from 3 to 30-hpo. At 24-hpo, total RNAs were isolated from two embryos
with Control 416 or Ftz-F1 918 siRNA in three replicates and were converted to
cDNAs as described above (4.2.2 Total RNA isolation and 4.2.3 First-strand cDNA
synthesis). qQRT-PCR was performed following the same protocol (4.2.6 Quantitative

RT- PCR) using the primers that amplified the common region of F#z-F1 gene.

4.2.8 Finding potential binding sites by bioinformatics computational

The possible TF binding sites were searched on genome sequence using RSAT
matrix-scan quick and simple method (http://rsatO1.biologie.ens.fr/rsa-tools/matrix-
scan-quick form.cgi) [62]. The promoter sequence of Dsx/ from D. magna was
inserted in the blank space in ‘Sequences’ table, then the consensus sequence of Ftz-
F1 was obtained in matrix form for ‘Matrix’ table [89]. To check whether the binding
site sequences are conserved or not in Daphnia species, the same computation

identification was performed on Dsx/ gene of D. pulex.

4.3 Results

4.3.1 Characterization of Frz-F1 gene in D. magna
To examine the existence of the Frz-FI ortholog in D. magna, the Ftz-F1

fragment that encodes for the DBD and the LBD region (Figure 29A) were amplified
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using degenerated primers. After cloning and sequencing the amplified fragments,
BLAST analysis revealed that the putative amino acid sequences showed high
homology to Dr. melanogaster nuclear hormone receptor Ftz-F1. Therefore, this gene
was assigned as D. magna Fitz-F1.

To obtain full-length Ftz-F'I cDNA from D. magna, 1 performed 5’ and 3’
RACE using cDNAs of female and male adults. The sequences were assembled into
two different isoforms, aFtz-F1 and fFtz-F1, which are composed of 2,763 and 3,078
nucleotides, respectively. Figure 29A shows the common region of both isoform,
which contains the DBD and the LBD, based on the alignment of amino acid
sequence of signature domain from the BLAST analysis. The sequences differed at
the 5" UTR and 5’ region of ORF, where B-isoform has a longer nucleotide and amino
acid sequence as presented in Figure 29B and 29C. From the RACE experiment, |

confirmed that the Ftz-F1 gene showed no sex-specific different in their sequences.

A. Common region

GGCGAGTACGAAACGAGCAATGCGGCCAGCAGCAACGCGGCCCTCAGTCCATCACCTCTCATGGATCCTATCGTCATTGTTCCATCCATG 90
G E Y ET SsS NAA S SN AAL S P s P L MDUP I VI V P s M 30

TCTGGCCAATCATCGGCCAGCTCTTTACCACCTGGAACGAGCTCGGCTTCGGGACGACACGACCTGCCCGATACGAAAGAAGGCATCGAA 180
s G 9 s S A S SsS L PP G T S S A S GRHDTULU®PUDTI KE G I E 60

GAATTGTGTCCGGTTTGCGGCGATAAAGTCTCTGGCTATCATTACGGTCTGCTCACCTGCGAATCGTGCAAGGGATTCTTCAAACGGACC 270
E L ¢ P VvV ¢C G D K VvV S G Y HY G L L T CE S C K G F F K R Tmel

GTTCAGAACAAAAAAGCCTATTCTTGCGTCGCTGATCGATCCTGCCACATTGACAAATCACAACGCAAGAGGTGCCCTTATTGCCGATTC 360
Q N K K A Y s C VvV A DR S CH I D K S Q R K R C P Y C R Flmvi

CAAAAGTGCCTTGAAGTCGGCATGAAACTTGAAGCTGTGAGAGCGGACCGAATGCGTGGCGGTCGGAATAAATTTGGACCCATGTACAAA 450
QO K ¢ L. E VvV G M K L £ A V R A DR MU R G G R N K F G P M Y 150

CGAGATCGAGCGCGTAAATTGCAGGTGATGCGTGAAAGACAATTGACGACGCCTCGAGGTAGCAACGGTGGAGGTAGCAATCCGTCACCC 540
R K L Qg VM REWI R QLTTU®PIRGS NG G G S N P s P 180

AACAACAGCAACAGCGGAGCAGGGCAGTCTGGAATGTACACGGACATGGGCTATTCTCCGTCCGGCAGCAGCGTCTACGGTGGTGGCAGC 630
N N s N s GA G Q S GM Y TDMGY S P S G S s VY G G G s 210

AGTGGCGGTGGTGTCAAGCACGAAATTCAAATTGCCCAAGTTTCTTCGTTGACATCCAGTCCCGATTCCAGCCCGAGTCCACTTGCCGCA 720
s G G G V X H EI 9 I A Q Vs s 5L TS S P D s s P S P L A A 240

TCACTCGGCTATCCAGGACCTTCTGGCCAGCCGTTGGGCTCGTTGAACGGTTCTACGGGACCATCCGGATCAGGCGGCCCGCACAATAAC 810
s LG Y P G P S GQPL G S L NGS TGP S G S G G P H N N 270

AATAATACAAATAACCACAATAATAATAACATGGGCACGACATCGGGAGCGGGACCCTCTCATCCGCACACACCTTCTCCAAATAATCAC 900
N N T N NHNNNNMGTT S G A G P S HP H TP S P N N H 300

CCGTCCGGCGGAGGAGGAGGAGGAGGCGCTCCTACACCCCAACAGCATTCCTCCACTTCATCCGTCTCACCGAAAACCTTCCATTTTGAG 990
P S GGG GGG GAPTUPQQH S s T s s V s P K TF H F E 330

GGACTGTTGACTGGTAACACAATGCTGGGTAATAACAACGTTCCCAATGTCGGAGCCGGATCAGTTAGCGGGGCTAAAGTTCCGCCATTG 1080
G L L TGDNTMULGNNNUV PNV GAG S V S G A KV P P L 360



ATCCGCGAATTTGTCCAGTCTCTTGACGATAAAGAATGGCAAAGCGCTTTGTTTGGTCTTCTTCAGAGTCAAACCTACAATCAATGTGAA 1170
I REVF VQ L DD K EWQ S ALV FGULULIO QS OQT YN Q C E 39

GTGGATTTGTTTGAACTGCTGTGTAAGGTGCTGGACCAAAACCTCTTTACCCAAGTGGACTGGGCACGCAATTCCTATTATTTCAAGGAT 1260
v D L F ELLCK VLD OQNTILU FTQV D WA AU RN S Y Y F K D 420

CTAAAGGTTGATGATCAAATGAAGCTGCTCCAGCACGCCTGGTCGGATTTGTTAATTTTGGATCATTTGCATCAACGGTTGCACAATCAC 1350
L K v D D0 M K L L Q H AW S DULULIULDHTILHOQIRTILH N H 450

CTGCCTGACGAATCGTCACTGCCTAACGGACAGAAATTCGACCTTTTATCGCTATCGCTACTCGGTTGTCCATCACTGGCCGAACCCCTT 1440
L P DE S S L PNGOQ K F DLUL S L S L L G C P S L A E P L 480

CACGACGTTACTGCCCGGCTCACTGAAATACGTTTCGACGTGCCCGACTACGTCTGCCTCAAATTTCTCATGCTCCTCAATTCAGATGTC 1530
H DV TAIRULTETI R FD VP DY V CL K F L ML L N S D V 510

AAGGGATTGATGAATCGACGCCACGTGGTGGAAGCGCAGGAGCAAGTCCAACAAGCTCTTTTTGATTACACACTTAACTGCTACACTCAT 1620
K G L M N R R HV V EAOQE Q V Q QAL F D Y T UL N C Y T H 540

ATCCCTGACAAGTTTGCTAAAATGCTGGCGATCTTACCGGACATTCACGCCATGTCGTCCCGCGGCGAAGAGTATCTCTATTTCAAGCAT 1710
I P DK FAKMULATIULUZPODIHAMS SR GEE Y L Y F K H 570

CTCAACGGCTGTGCGCCGACACAAACATTACTCATGGAAATGCTTCACGCCAAGCGGAAATGACGAGAGGCATTTTAAACAAAAAACCAT 1800
L NG C A P T QTL L M EMTLHA K R K * 590

CGCCAGGTAAGATGCATTTTATTTTTGCTCTCAAGTCAACTCATTTCTGTTCTGTATTTATTTATTTGTGAACGTTTTTCTTGGATTTTT 1890
TTTTTTTCTCTTAGATATGAGAATGTGAGTGTGATTGAATGTGTGTGAGTGCGTGTCTCTCTCGAATGAAATTCGGAGATATTGGGAGAA 1980
ACTATTAAAAAAACAAAAC 1999

B. o-isoform

AGTCGTGCAGCAGTCCCGCACACACACGCCACCGTATTCGCAAGCTGCCAGTGAGATACATCCATCTGGGGAAAAAAAACGAAATACCCA 90

AACTCTGCAACTGTGTGTGAAAACCGTGTGTGTGTGTGTGTGTGTGTGTATCTATTTTGATAACCAGTGTCAGCCGTCCCGCGTGAAATT 180

TTCAGCAACGAGGTTTTCCGTCAATCATCATAACGTGGTTTAAATTGAAAATAAGGAATCAGTGCTTGGAAGCCAAACTTTGTCGAGTGA 270

TATTCGTGAAAGGGCAAAAAGTGAGCTGTGTTTATTTCGTTTTCGTCTCTTTTCTCTTTCAACAAGGGAGCGTGAATGGGATCCCCCACA 360

AAGCTAAAAAGAAAATAATTCAAATTATCACGGCGAGACGGCTCTACTTGAAAGAGAGAAAACAAAAACACGAGAAAATGGAATGTCAAG 450
M E C Q 4

CAGAAGCAGCAGCTTTGTTGCCTTCGTTCAGCGAGCTGACGTCGGCAGGAGTCGTCGGGCGTGACCGCCATGGATCACCGTCAGATGGCA 540
A E A AAL L P S F S EL T S A GV V G R DI RHG S P S D G 34

GCACTGATGGGTCTCAGCAATCGCAGTTGTCGTCAACTTCGGAATCTTCAGCCGAATTGAGTAAAGAGCTCCGCTTGTCCTCGGCACACG 630
s T b GG S Q Q s ¢ L s s T s E S S A EL S K EUL R L S S A H 64

CCATGATTTTCCTCTCACAACAGAAACGCGATTCCCTCCAACCTGACGAGCTATCCGCCCACGAAAGTGGGCCCACCTGCCTTCCAGCTG 720
A M I F L S Q Q K R D S L Q P D EL S A HE S G P T CL P A 94

ATTCAGATCACCTGATGCTCATCCAGCTCCAAGATTCACCACAC 764
D S D H L MTULTI QUL Q D S P H 109

C. B-isoform

CGGTCCGTCTCTCTGACTAGTCGGTGCTGCCCTTTTGTCCGACAATTAAAGTGCATATGATTCTCGTGTTGTTTTGTGCTGTACGACCG 90

CCGTCGTTGTGTGTGTGAATTCTATTTATTTTTCCTATCGGTTGTCATCGCATGTGCCGCCCCTGTGTGTTTCGGAATTGCGGTCAACTT 180

TCGCTTTCGGAGCGCCAACAACGCCATCAAGCGGGCAGGTGGTTTCTATAGTGTGTGACTTGTCCTCAATTTTTCCCTCTCTCTCTCTCT 270

TGCTTCCAAACACACACACACATACAGACACGCACAGGAATCTTGTGTGTGAGGATTACAATTCTTTTTGAAAGACTTTTTTTTTTTCGT 360

CTGTGCGTGTGCGTTCTCTTTCCATACCCATAGTGCAACAGGTGTGTGTGTAGCCCTCTGGTGAGCGTTTTTTCGTGCTGCGTATAGCCG 450

CGTTGATTATCATTTTTTTCAAATCTTGTTTAAAAACAATTGTGTGAGATCTCATGTCTATTGGTTGAGATGCTAGTTGACATGGATCTC 540
M L VvV D M D L 7

GCAGCTATTGCACCACTCGGAACCAACAGTTCGTCCGGTTTCATAAACTTGTCAGGCCCATCAGTCGATACGGACCAGGTCAGTGTCCAA 630
A A I A PLGTNS S S G F I NTLS G P S VD TUDOQV s V Q 37

ATCGAACGTTTACACAGCCCCAACGGTGGTGGTGGTGGTGGTGGTGGTGGTTCAAACAGTGGCAATGGACCCAGTGGCCAGCATCATCAC 720
I ERLH S P DNGGGGG G G GG S NS G NG P S G Q H H H 67

ATGGTTGGCCATCCACAGCAACAACAACAACAACTCCATCATCATCACCATCACCACCACCACCTAGCGGGAGCTCAGCATTTGCATCAT 810
M V G HP Q Q Q 0 Q Q L HHHHHUHEUHESHEETLA ATGA AT QTHTLHH 97

AGGACGCTGAGCTCTCCGAATTCTGAATTGTCGATTGCTTCTCTTTCAATGGCTTCATCCAGTCCCGCGTCTACCATGTCGCCGTTCAGT 900
R T L. s s P N S E L 8§ I A S L s M A S S S P A S T M s P F S 127

GCCAGTAGCAATAACAATAATAATAACAACAACAACAGTAGCTCGTCGGCGGCCATGAGCTATGCAATGAGTCACTTGAGCTCTGGTGGC 990
A S S N NN NNDNINNDNNS S S S A A M S Y A M S HL S S G G 157

GTCGAGGCCGGCGGCAATCTACTGGGTGTGGGCGTGACAGTCGGCCTGACTGGGCTCGATTCCTATTGCATTTACAATCCGAATAACGCA 1080
VEAGGNTLULGV GV TV GGLTGULD S Y CI Y NP N N A 187

Figure 29: Nucleotide and deduced amino acid sequences of Ffz-F1I in D. magna. (A) The
Ftz-F1 common region. Black and grey shaded amino acids indicate the putative DNA-

binding domain (DBD) and the ligand-binding domain (LBD) respectively. The Ftz-F1 box
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(italicized) and the activation factor-2 (AF-2) core (underlined) motifs are indicated. (B, C)
The nucleotide sequence of isoform-specific regions. Deduced amino acid sequences starting
from the first methionine for each isoform are indicated. Locations of the primers used in
qRT-PCR are emboldened. Numbers on the right indicate the nucleotide and amino acid

positions.

Next, I mapped the Fz-F transcripts to the genomic sequence and examined
the exon-intron structure. The genomic structure of Fzz-F1 gene is composed of 12
exons, spread over ~11 kb of genomic DNA as illustrated in Figure 30A. All exon-
intron junctions possess the consensus “GT-AG” nucleotides at their 5" and 3’ splicing
sites. aFtz-F'1 contains all 12 exons except a partial deletion of exon 5, whereas fFtz-
FI lacks of exon 1-4. The region encoding the DBD is within two exons (Figure 30A;
exon 5 and 6, blue boxes) that are separated by a large intron of 2,006 bp, and the
LBD is located in four exons, which are exons 9-12, orange boxes in Figure 30A.

I compared the arrangement of the exons of Fzz-F'I obtained from D. magna to
the structural organization of Dr. melanogaster Ftz-F 1 gene [90,91] and illustrated it
in Figure 30B. I found that the common region between aFtz-FI and fFtz-F1 is
similarly composed of eight exons and seven introns in both D. magna and Dr.
melanogaster. Importantly, four of the seven introns positions are conserved between
the two species (I, I, III, and IV in Figure 30C). The first intron position (I) is within
the DBD and the other three introns (II, III, and IV) are positioned within the LBD.
These results show that the DBD and the LBD regions of Ftz-F1 are highly conserved

between the two species.
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Figure 30:Genomic structural organization of (A) the D. magna Ftz-F1 gene and (B) the
Dr. melanogaster Ftz-F1 gene. The numbered boxes are exons, and the intervening lines are
introns. Colored boxes indicate coding regions; blue represents the DBD, whereas orange
represents the LBD. Empty boxes indicate un-translated regions. Each isoform possesses a
unique coding sequence at the 5’ end, with black arrows indicating the transcription start site.
Scale bars in kilobases are provided at the top of each diagram for the size. Numbers I, 11, III,
and IV indicate the location of intron splice sites that are conserved between D. magna and
Dr. melanogaster. (C) Putative conserved splice sites mapped to the conserved domain of
Ftz-F1 from (1) D. magna and (2) Dr. melanogaster. The amino acid sequences shown are
from DBD (Number I) and LBD (Number II, III, and IV). Red amino acids indicate 10
residues (five residues for pre- and post-introns, respectively) around the intron position
assigned as the splice site, whereas further homology upstream and downstream of the intron
are represented in black. Bold amino acid residues are residues shared between two species.

Black triangles indicate the location of the intron with the splice site.

4.3.2 Features of D. magna Ftz-F1 proteins
I compared the obtained amino acid sequences of D. magna Ftz-F1 protein

with those of those Ftz-F1 orthologs from Drosophila and various animals. As a
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result, the D. magna Ftz-F1 proteins were predicted to have the typical structure of a
nuclear structure. This structure consists of an A/B region, a conserved zinc finger
DBD at a DNA recognition C region, a hinge D region, and lastly, a LBD followed by
an activation function (AF-2) at the E region, as illustrated in Figure 31. Both aFtz-F1
and PFtz-F1 proteins consist of the identical 590 amino acids sequence, which
includes the DBD (94 aa) and the LBD (182 aa) regions (Figure 32). They have
different amino acid sequence at the A/B region as indicated in Figure 31, where
aFtz-F1 and BFtz-F1 has 109 aa and 187 aa, respectively. No conserved motif of Ftz-

F1 was found in the A/B region of the a- or B-isoform.

A/B AF-2
. B
aFtz-F1 *\\X\& C E
A/B AF-2
BFtz-F1 N e E
TR

Figure 31: Schematic diagram of the Ftz-F1 protein structures. The protein structures are
divided into A/B, C, D, and E regions. Blue box represents the DBD, whereas orange box
represents the LBD.

Next, I aligned the DBD and the LBD regions of Ftz-F1 from D. magna with
other Ftz-F1 othologs, namely, M. ensis Ftz-F1, Dr. melanogaster Ftz-F1, B. mori
Ftz-F1, T. castaneum Ftz-F1, M. musculus Sf-1, and C. elegans nhr-25 (Figure 32). In
the C region, a DNA sequence recognition region, named the Ftz-F1 box [92], is the
most conserved region of the amino acid sequence among species (Figure 32A). In
the E region, the LBD signature and AF-2 motif [92,93] were also found in Ftz-F1 of
D. magna (Figure 32B). Both of these regions were most similar to those of insect

orthologs.
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A.

DapmaFtz-F1 | SGYHYGLLTCESCKGFFKRTVQN‘ *YS E
MeFtz-F1 I SGYHYGLLTCESCKGFFKRTVQNi MT E
DmFtz-F1 I SGYHYGLLTCESCKGFFKRTVQN‘ MT E
TcFtz-F1 I SGYHYGLLTCESCKGFFKRTVQN‘ MT E
BmFtz-F1 [ SGYHYGLLTCESCKGFFKRTVQN KW Yi§ D
MmSf-1 i SGYHYGLLICESCKGFFKRTVON JKEVY T
CeNhr-25 i AVSGYHYGLLTCESCKGFFKRTVON KV T
FTZ-F1 box
B.
DapmaFtz-F1 LCKVLDQNLFTQ RNSYYIYKDI#K~ === = ————— A"ID QM ANSDLLINWHLHQRLHNHLPDESSLPN ¢OKFDLLSLSLLG---CPSLA
MeFtz-F1 MCKVLQQONLFAQ PRNSCFEFIFKDI#K—————==~—— A"ID QM SWSDLLINWHLHQRIHNRLODETTLPN eOKFDLLSLALLG---TTQFA
DmFtz-F1 MCKVLDQNLFSQ ARNTVE I JKDI#RK - === === ==~ A"ID QM SIYSDMLVIINHLHHRIHNGLPDETQLNN eDVENLMSLGLLG---VPQPG
BmFtz-F1 -CKVLDQONLFS® [ARNTVFI K—========= VDisJe) UK IARODIS|NSVMLVINHLHQRMHNGLPDETTLHN eOKFDLLCLGLLG-~--VPSLA
TcFtz-F1 MCKVLDQNLFSQ JARNSVF KD KELLNLPMVEFQVDiseull S|YSDMLVLINHMHQRMHNNLPDEMT LHN eOKFDLLSLGLLG---VPSLA
MmSf-1 LCRMADQTFISE JARRCMVI E-————=—=== A%2:\DOM, ILQ= WSELLVI¥HIYRQVQYGKEDSILLVT ¢eOEVELSTVAVQAGSLLHSLV
CeNHR-25 SIQVAEENLKDIL [AKNDQLI S-=-—==—====-- LDiJe)UT ARSI TTVHIVE ITNAMVHGNLLSQYKMSN eDEVPVGLVALLG---NQTFV
LBD signature
DapmaFtz-F1 EPLHDVTARMTEIRFDVPDYVCLKIFLM#LNS - - --DVKGLMNRRHVVEAQEQVQQALFDYTLNCYTHIPDKFAKMLATMPDIHAMSSRGEEYLY
MeFtz-F1 DRFHAILNKIMRDLNFDISDFVCVKI IMLNPDSIADVRLLSDRRAVIAARPGATGIDGIYSQCLPRVSSGEIQKLMD LIsPELHFLAENGEKYLY
DmFtz-F1 DYFNELQNKIMODLKFDMGDYVCMKILIMLNP - - - -SVRGIVNRKTVSEGHDNVQAALLDYTLTCYPSVNDKFRGLVN I}J#PE T HAMAVRGEDHL I
BmFtz-F1 DHFNELQNKIMAELKFDVPDY ICVKIgQMLISLNP- - - -EVRGIVNVKCVREGYQTVQAALLDYTLTCYPYLLSTIQDKFGK PEIHALRLGEK
TcFtz-F1 DHFTDITAKMOELKFDVSDYICVKJLLIMLNP--~--DVRGITNKKHVQEGYEQVQQALLEYTVTCYPQIQDKFNKMMQLIMPEIHSLATRGEEHLY
MmSf-1 LRAQELVLQWHALQLDRQEFVCLKJLIMFSL- - - - DVKFLNNHS LVKDAQEKANAALLDYTLCHY PHCGDKFQQLLLCJVEVRALSMQAKEYLY
CeNhr-25 SSWNDVVIRIMRNMGFTNFDYCAFRIJLAMEDQS--MDSFPAVSTARSRVLOSWREVRCTTAFLEIFEQIRRLAYDSLRY| LHSNCPTNWEQFF
DapmaFtz-F1 FKHLNGCAPTQTLLMEMLHAKRK- === === === === e e e e e e e e e e e e
MeFtz-F1 YKHINGAAPTQTLLMEMLHNQKEIEEVVTPCFQPSSAPHVYIKGGSVRVSSHHVRPEGGSPP
DmFtz-F1 TCTPSTVPAVRPPKRCSWRCCTPSARDRGRENVTRNT - ---—-——=---—-————————-——————
BmFtz-F1 STCTSGIVQARHLPRLFSWKCCTQNANLEVPVTNKVEELRSAKPRRHHNK------------
TcFtz-F1 HKHCSGSAPTQFLLMEMLHAKRK -~ === === === === = == — o mm— oo
MmSf-1 HKHLGNEMPRNNLLIEMLOAKQT -~ == === = === === = ==~ = ———— oo m
CeNhr-25 PEASLVLEMIR[TVNRSA$SSVTAITQVPAIQLPTPQATYTAVPYMAS -~ —---——------—
AF-2

Figure 32: Evolutionary conserved domains of D. magna Ftz-F1. (A) Alignment of the
DBD amino acid sequences at the C region. (B) Alignment of the LBD at the E region. The
Ftz-F1, LBD signature and AF-2 motif are boxed. DmagFtz-F1 is D. magna Ftz-F1, MeFtz-
F1 is M. ensis (shrimp) Ftz-F1, DmFtz-F1 is Dr. melanogaster (fruit fly) Ftz-F1, BmFtz-F1
is B. mori (silkworm) Ftz-F1, TcFtz-F1 is T. castaneum (red beetle) Ftz-F1, MmSf-1 is M.
musculus (mouse) Sf-1 and CeNhr-25 is C. elegans (worm) Nhr-25. Black shaded indicates

the same amino acids while red indicates the same type of amino acid in one position.

To analyze the evolutionary relationship of D. magna Ftz-F1 protein to other
animals, a phylogenetic tree of Ftz-F1 proteins from other 12 Ftz-F1 related proteins
listed in Table 14 was constructed (Figure 33). The phylogenetic tree was built
through neighbor-joining method, using the whole amino acid sequences. The result
in Figure 33 exhibits that the topology of the phylogenetic relationship between Ftz-
F1 orthologs was in good agreement with taxonomic relationship between insects and

crustaceans. Compared to the Ftz-F1 ortholog of a shrimp belonging to malacostraca
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crustacean, the branchiopod crustacean Daphnia was more closely related to insect
Ftz-F1 orthologs. This result supports the hypothesis that insects originated from

branchiopod crustaceans [73].
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Figure 33: Phylogenetic tree of the amino acid sequences of the Ftz-F1 nuclear hormone
receptor subfamily. The percentages of the replicate tree in which the associated taxa
clustered together in the bootstrap test (1,000 replicates) are shown next to the branches. The
bar indicates branch length and corresponds to the mean number of the differences (P<0.05)
per residue along each branch. Evolutionary distances were computed using the p-distance

method.

4.3.3 Ftz-F1 mRNAs expression during embryogenesis

Previous study has revealed that the genes related to sex determination and
differentiation are known to exhibit sex-specific differences in the abundance of
transcripts [17]. Here, I investigated the sexual differences at various embryonic

stages using a quantitative real-time PCR assay. Isoform-specific amplification was
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achieved by designing primers at the 5’ end of each coding region of aFtz-F1 and
PFtz-F1 transcript, as indicated in Figures 29B and 29C. The result of qRT-PCR
analyses of Ftz-FI gene expressions during females and males embryogenesis is
presented in in Figure 34.

aFtz-F1 expression just after ovulation (0-hpo) in males was almost two-fold
higher than in females as exhibited in Figure 34A. In between the period after
ovulation to 12-hpo, aFtz-F1 expression gradually decreased in both males and
females. In later embryonic stages (after 12-hpo), aFtz-F1 was absent in females
except for a detectable peak at 24-hpo; in males it was expressed at each time point
but was depleted by 72-hpo, a stage when the embryos become juveniles and swim
out from their mother’s brood chamber. The temporal change in fFtz-F1 expression,
shown in Figure 34B, was more prominent, especially during early embryogenesis. At
0-hpo, the quantity of fFtz-FI mRNA was also two-fold higher in males. This
isoform was activated three-fold at 6-hpo during gastrulation stage and then dropped
at 12-hpo in both males and females. During middle and late embryogenesis, the /-
isoform exhibited sexually dimorphic expression; however, its expression was level
was lower than that of the a-isoform.

I summarized the sexual differences expressions of Frz-FI gene in Table 16.
In D. magna, Ftz-F1 transcripts are dominantly expressed in males during most
embryonic stages, except at 24-hpo for aFtz-F1 mRNAs and 12 and 24-hpo for fFtz-
FI mRNA. These suggest that Fzz-F] may play a role in regulating male trait

development during D. magna embryogenesis.
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Figure 34: Temporal expression profiles of the Frz-FI in embryonic development stages
of D. magna. The expression levels of Frz-F1 transcripts for (A) a-isoform and (B) B-isoform
in one embryo of female (red line) and male (blue line). Embryonic development was staged
at 0-hpo (single cell egg), 6-hpo (gastrula), 12-hpo (cephalic appendage developing stage),
18-hpo (early thoracic appendage developing stage), 24-hpo (after hatching embryo), 30 hpo
(middle carapace developing stage), 48-hpo (further developed thoracic appendages and
antennae embryo), and 72-hpo (juvenile Daphnia). Results are shown as copy number of
transcript per egg that were measured from three independent qPCR and error bars represent

standard error values across samples.
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Table 16: Sexual differences in aFtz-FI1 and fFtz-F1 expression in D. magna during
embryogenesis. Ftz-F] expression was normalized using Ribosomal L32 expression as a

reference gene. The fold difference was obtained by normalizing male expression to female

expression.

Time aFtz-F1 expression PFtz-F1 expression

(hpo) Fold different Std. dev. Fold different Std. dev.
0 1.88 +0.09 1.98 +0.17
6 2.52 +0.25 1.96 +0.35
12 1.74 +0.31 041 +0.05
18 7.32 +0.72 14.49 +5.40
24 0.60 +0.06 0.22 +0.07
30 6.49 + 1.90 4.12 + 1.30
48 10.33 +0.87 7.06 +1.95
72 1.68 +1.21 191 +0.34

Std. dev. = standard deviation.

4.3.4 Phenotypes of Ftz-F1 RNAi embryos

To examine the roles of the D. magna Ftz-F1 gene, I performed Ftz-F1 gene
knock down using RNAi method [36] in male and female embryos. I utilized the
transgenic Daphnia, which is carrying the GFP gene fused to H2B gene [50], because
the nuclear stained with the H2B-GFP protein enhances the visualization of cell
dynamics in live embryos. Embryonic development of three Frz-FI-siRNA injected
eggs with a control was recorded by time-lapse imaging from 3 to 30-hpo. The
snapshots at 6, 9 and 18-hpo of the time-lapse imaging are presented in Figure 35.
The development of the knock down embryos was similar to the control egg (non-
injected) until the gastrulation stage at 6-hpo. Subsequently, GFP intensity started to
weaken (9-hpo) and the development slowed down and did not proceed normally (18-
hpo). The siRNAs microinjections are summarized in Table 17. Almost all of the
Control 416 siRNA-injected embryos could survive and normally develop. However,

all of the Ftz-FI siRNA-injected embryos, regardless of its sex, failed to hatch. I
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observed that some injected embryos developed eye pigment after 48 h incubation,
indicating that the eggs development still slowly continued up to the eye
developmental stage. Importantly, there was no difference in the RNAi phenotype

between male and female embryos that were observed in this experiment.

9 hpo

Figure 35: Development of Ftz-F1 RNAi embryos. The snapshots at 6, 9 and 18-hpo of
three Ftz-F1 siRNA-injected male embryos with a non-injected control (Ctl) were taken from
time-lapse imaging from 3 to 30-hpo. The control egg was normally developed until hatching.

Scale bars: 200 um.

Table 17: Summary of the siRNA microinjection experiment for phenotype observation.
Excluding the Control 416 siRNA-injected embryos, all Frz-FI siRNA-injected embryos
developed abnormally, including failure to shed the outer egg membrane and slow

development compared to that observed with normal eggs.

) Number of Survived for Developed eye
SIRNA Sex of egg injected eggs 24 h pigment by 48 h
Control_416 Female 9 7 7
Control_416 Male 12 10 (*6) 4
Ftz-F1_699 Female 11 7 4
Ftz-F1_918 Female 10 8 8
Ftz-F1_918 Male 19 12 (*6) 6

* The embryos were subjected to total RNA isolation for gRT-PCR analysis.
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To confirm that the F#z-F1 expression has been successfully knocked down
during RNA1, total RNA from 24 h siRNA injected-male embryos was isolated, and
then the Ftz-F1 expression level was measured. The graph in Figure 36 is the qRT-
PCR analysis result that shows 90 £ 5% of expression was suppressed when
compared to the control, indicating that RNAi effectively occurred in the siRNA-

injected embryos.
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Figure 36: Normalized expression of Frz-F1 gene in RNAi male embryos. The normalized
expression of Ftz-fI in Control 416 siRNA injected embryos was set as 100%. (Student's t-
test; **, P<0.01).

4.3.5 Ftz-F1 binding site candidates on the Dsx promoter
To examine the possibility the Ftz-F1 transcription factor to activate Dsx
genes expression in male, I performed computational analyses to identify possible

Ftz-F1 binding site using the consensus binding sequence reported previously [89].
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Based on computational identification result, seven hypothetical binding sites with

high score value were found on the promoter/enhancer region of Dsx gene from D.

magna (Table 18 (top)). To confirm whether those binding sites are conserved or are

in Daphnia species, 1 performed the same computation analysis with the Dsx genes

sequence from D. pulex and eight sequences were acquired (Table 18 (bottom)). I

mapped the location of the hypothetical Ftz-F1 binding sites on the Dsx genes both

from D. magna and D. pulex as illustrated in Figure 37.

Table 18: The identification of Ftz-F1 binding sites on Dsx genes promoter in D. magna

(top) and in D. pulex (bottom). D represents direct strand while R represents reverse strand

of the DNA. The same sequences between the two species are emboldened and the sequence

pairs are indicated with the letter a, b and c.

Map Strand  Start End Sequence Score In(P)
Ftz-F1.m1* R -29483 29473  tagtCCAAGGTTGCCacgt 9.69 -11.83
Ftz-Fl.m2°® D -26569  -26559 gcaaCCAAGGCCATCgatt 9.49 -11.63
Ftz-F1.m3° R 23668  -23658  tttaCGAAGGCCAACgaat 8.30 -10.34
Ftz-F1.m4 R -13535  -13525 aatgGCAAGGACACCaaac 11.04 -1347
Ftz-F1.m5 D -9340 -9330 tttgTCAAGGTCGTCtcce 8.43 -10.46
Ftz-F1.m6 D -4421 -4411 acctCCAAGTCCACCatct 7.78 -9.87
Ftz-F1.m7 D -2328 -2318 gcatCGAAGGACGAAagac 7.89 -99

Map Strand  Start End Sequence Score In(P)
Ftz-Flpl®* R -32740  -32730 tagtCCAAGGTTGCCattg 9.69 -11.83
Ftz-F1p2® D -30058  -30048 gcaaCCAAGGCCATCgatt 9.49 -11.63
Ftz-F1.p3 D -28353  -28343 gttaCCACGGACACCacca 9.25 -11.33
Ftz-F1.p4 D -27012 27002  ctgaCGAAGGTCCCCcctt  7.98 -10.07
Ftz-F1.p5° R -26801  -26791  tttgCGAAGGCCAACcgtc 8.30 -10.34
Ftz-F1.p6 D -24263  -24253  gaagCCAAGGATGCTttga 8.95 -10.98
Ftz-F1.p7 D -19508 -19498 accaCCACGGCCACCctcc  8.17 -10.28
Ftz-F1.p8 R -2412 -2402 gttgCCAAGGACTCTagga 8.42 -10.44
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Figure 37: The schematic diagram of Dsx genes of D. magna and D. pulex with
annotation of the hypothetical Ftz-F1 binding site locations. The blue lines indicate the

location of binding sites obtained from Table 16.

By comparing both annotations, I found three conserved binding sites
sequence that are labeled with a, b and c for each pair. Those binding sites contain the
same “AAGG” core sequence for Ftz-F1 proteins [89] and are located near the exons
of Dsx1 f-isoform. This result provides us with candidates for Ftz-F1 binding site on

the promoter/enhancer of Dsx/ gene.

4.4 Discussion

In this study, I have cloned and characterized the F#z-F orthologs in the D.
magna. Similar to that observed in Drosophila, D. magna Ftz-F1 produces two
splicing variants, aFtz-F1 and pFtz-F1, which encode 699 and 777 amino acids,
respectively. Both isoforms share a DNA-binding domain, a ligand-binding domain,
and an AF-2 activation domain and differ only at the A/B domain. The genomic
organization and phylogenetic position of Frz-FI suggested that Fz-FI has diverged
from an ancestral gene common to branchiopod crustacean and insect Fzz-F I genes.
Glenner et al. (2006) hypothesized that insects originated from branchiopod

crustacean and this study also supports the hypothesis in which the phylogenetic
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relationship of Ftz-F1 from Daphnia that was more closely related to insect orthologs
compared to the malacostracan crustaceans.

Based on qRT-PCR analysis, I discovered that both aFtz-FI and pFtz-F1
transcripts exhibited dimorphism in their expression during embryogenesis, indicating
that it has sex-specific functions. The Ftz-F1 RNAi during D. magna embryogenesis
led to slow and abnormal development after gastrulation stage, hatching failure, and
stopped developing at 30 to 48-hpo, suggesting that Ftz-F1 is essential for its
embryonic development. Although this embryonic lethality prevented us from
analyzing Ftz-F1 sex-specific functions, its expression pattern suggested potential
roles in Daphnia ESD as the following discussion.

First, in one-cell embryos at 0-hpo, male embryos exhibit two-fold higher
expression in both isoforms compared to that observed in females (Table 16). Since
adults exposed to the JH agonist Fenoxycarb at the critical stage of sex determination
would ovulate eggs to developed as males [44], these expression patterns suggest
activation of Frz-F1 expression occurred during oogenesis in response to JH stimuli,
and the synthesized transcripts were deposited into eggs as maternal RNAs, which
may imply that Fzz-FI1 may be a direct target of JH. Previous studies in Drosophila
have shown that Ftz-F1 functions as a mediator that facilitates JH activation gene
expression [87,94]. Since D. magna Ftz-F1 is evolutionarily close related to Ftz-F1 of
the insects, it is rational to speculate the involvement of Ftz-F1 in JH signaling
pathway in ESD to activate the downstream gene Dsx/ in male sex-determining
pathway.

Second, during the gastrulation stage, fFtz-F1 was transiently activated and
highly expressed in males. Importantly, this isoform was more abundant compared to

the aFtz-F1I transcript, suggesting that fF#z-FI may have a dominant role in sex
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determination. Additionally, I found three candidates of Ftz-F1 binding sites in Dsx/
[-promoter and this result may lead to the assumption that maternal transcripts and/or
zygotic transcription of Ffz-FI may function in activating Dsx/ during male sex
determination and differentiation.

Third, in the later stages of embryogenesis, the expression of aFitz-F1
transcript was observed to be dominant, which may suggest that this transcript is
responsible for male trait development. In previous studies, Me. Ensis Ftz-F1 was also
detected in testis [95], and Ftz-Fla of X. /laevis was discovered in developing gonad
and testis [96]. Moreover, the homolog of Ftz-F1 in mammalian Sf-1 is a critical
regulator for normal development of hypothalamic-pituitary-gonadal axis during
reproduction and sexual differentiation [97]. These findings indicated that the role of

Ftz-F1 orthologs in sexual development is evolutionary conserved among species.
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Chapter S General discussion and conclusion

5.1 General discussion

Sex is widespread for reproduction in animal kingdom. In the sex
determination process, through interactions of several genes in a hierarchical manner,
an initial cue leads to sex-specific expression of the major effector of sexual
differentiation, Doublesex (Dsx). Although how genetic factors on sex chromosomes
control Dsx expression have been extensively studied in model organisms, there is
limited knowledge about dependence of Dsx/ on environmental signals. In this study,
D. magna was chosen as model to study environmental sex determination that is
implemented by male-specific expression of Dsx ortholog, Dsx/. Unlike most of
insect Dsx that exhibit sex-splicing variants, D. magna shows sexually dimorphism of
DsxI expression at the transcriptional level. Because of the difference in these
transduction mechanisms, it has been suggested that factors regulating expression of
Doublesex are independently co-opted during evolution between crustacean and
insects [17].

In Daphnia, unfavorable environmental conditions are conveyed through the
endocrine system by releasing juvenile hormone as signals to sexually dimorphic
cells. To understand the molecular nature on how this sex determination pathway
controls the transcription of sexual major effector gene Dsx/, it is essential to know
the temporal expression during early stages of the cells. Transcriptional regulation of
Dsx1 comprises at least three phases during embryogenesis: non-sex-specific
initiation, male-specific up-regulation, and its maintenance. The first initiation occurs
at gastrulation stage, the activation of a-promoter (Chapter 2). Interestingly, enhancer
element harboring a consensus Vri binding site overlapped with Dsx binding site was

found on the a-promoter. The transcription factor Vri exhibits male-specific
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expression in early gastrulation before the Dsx/ up-regulation phase begins,
suggesting J7i role as an activator of Dsx/. Targeted mutagenesis to disrupt the
enhancer sequence on genome in males also led to the reduction of Dsx/ expression.
When modulating Vri activity by RNAi-based suppression and mRNA
overexpression, corresponding effects on Dsx/ expression levels were observed, and
these findings indicate that Vri directly regulates the transcription of Dsx/ gene
(Chapter 3).

In genetic sex-determining pathways, new genes have recently been identified
in various organisms, which reveals the importance of gene co-option. Mechanisms
for co-option of new sex-determining genes are largely divided into three categories:
1) allelic diversification, 2) duplication of genes related to sexual development and 3)
recruitment of a novel gene with no homology to any known sexual development.
First, by allelic diversification, transcription factor SOX3 was recruited as a master
regulator for sex determination in mice [98] and Indian ricefish [99]. By the same
mechanism, the DM-domain gene Dmrtl and the gonadal soma-derived growth factor
(Gsdf) were also co-opted at the top of sex-determining pathways in birds [100] and
Luzon ricefish [101] respectively. Second, in frog [102] and Medaka [103], the Dmrt1
gene was duplicated and one of the duplicates gained function as a master sex-
determining gene. In insects, transformer orthologs, which are conserved components
of the sex-determining cascades, were duplicated in honeybee [104,105], resulting in
upstream regulators named the Csd. These findings suggested that orthologous genes
are repeatedly co-opted for genetic sex-determining pathways in independent animal
lineages. However, as the third category, novel factors such as a piRNA and the
interferon regulatory factor irf9 have been reported as sex determiners in the

silkworm and the rainbow trout. In this study, I identified V7i as an activator of dsx/
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in D. magna. Interestingly, Vri gene was previously identified as one of the genes
regulated by Dsx protein in male Drosophila [59]. Therefore, I speculated that Vri
might be repeatedly employed in the sex-determining regulatory networks in

organisms.

Female $ Male &
Initial environmental switch

cue OFF ON
|

{

JH
|

¥
VRI off VRI on

1

Major | "Hox1 off DSX1 on
effector

Figure 38: Simplified view of the environmental sex determining pathway in D. magna.

Solid arrow indicaed direct interaction whereas dash arrows indicated possible interactios.

Based on the timing of JH action, Vri, and Dsx1, I would like to propose a
hierarchy of signal transduction in D. magna sex determination as presented in Figure
38. In this hierarchy, JH first stimulates expression of Vi, which in turn activates
Dsx1 expression, thereby closing the gap between the JH signal and the pathway
effector Dsx1. To examine the possibility that the JH-receptor MET directly regulates

V'ri activation, I have searched for sequences similar to the MET-binding site for the
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Vri promoter/enhancer. One candidate sequence that is conserved in two Daphnia
species was found, suggesting that this motif functions as an element to regulate the
JH-dependent gene expression. However, because there is still time lag between JH
signal and Vi activation (around 10 hpo), there might be other molecules that respond
to JH signal and then direct the male-specific Vri transcription. Thus, discovering
these early response genes of JH signal may improve the understanding of hormonal
signaling and environmental sex determination pathway.

In the D. magna ESD molecular cascade, Dsx/ is transcribed both in males
and females at 3- to 6-hpo during the initiation phase of Dsx/ transcription. The
hypothesis is that in males, Vri might form a heterodimer with Dsx1, bind to the
enhancer and up-regulate Dsx/ expression 6 to 9-hpo. Drosophila Dsx is known to
form a heterodimer with bZIP-domain transcription factor and bind to the fat body
enhancer (FBE) of the yolk protein gene [72]. Transactivation of Dsx/ by a truncated
Vri lacking the bZIP domain in this study also suggests that heterodimeric
combination of Dsx and bZIP transcription factor has function as a transcriptional
regulator before divergence of insects and crustacean. Even though this study has
provided genetic evidence of Dsx/ activation by Vri function, the Vri functional
analyses led to embryonic lethality due its pleiotropic nature averting the deduction
that Vri is the sole component acting as a Dsx/ activator necessary for male trait
development. To understand more about how Vri functions in environmental sex
determination, localization of Vri, specifically in early embryo, was clarified and
knock down/overexpression in cell that endogenously express Vri was performed.
This study would avoid alternation of non-sex specific function of Vri in later

embryo.
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Besides Vri gene, I also characterized the Ftz-F1 gene in D. magna (Chapter
4), demonstrating that it is very closely related to insect Fzz-F'I orthologs. I found that
both two isoforms of Frz-FI have sexually dimorphic expression and gene silencing
led to embryonic lethality. These findings led to the speculation that Ftz-F1 may have
its role in sex determination also conserved in D. magna. To confirm this hypothesis,
studying the function of specific isoforms in sex determination and differentiation
mechanisms of D. magna is necessarry. For that, more sophisticated methods for
analyzing gene functions, such as tissue-specific and inducible knock down
techniques would be required in future.

The insight into regulation of sex determination in Daphnia through this study
could provide knowledge for the use of biotechnology to induce sex change in
crustacean. For crustacean monosex culture, silencing a regulater of the male sexual
differentiation, IAG gene, has been demonstrated to generate sex-reversal of male in
M. rosenbergii (giant prawn), eventually facilitating the production all-male
population in two generation [6]. However, because the IAG is located downstream of
sexual development and it exhibit ongoing expression, continuous silencing of the
IAG gene is necessary for this technology. Identification of other genes that position
upstream of the sex-determination cascade or function as a master sex-determinant
could solve this problem. In the decapods crustaceans, the initiation of sexual
development occurs with a sex-specific genetic cascade that is mediated through a
various chromosomal mechanism of sex determination [106]. However, there is no
knowledge about regulators that trigger the genetic cascade of sex determination.
Since genetic regulation of sex determination is still poor amongst the decapods
crustaceans, their sex determination mechanisms could be learnt for its closest model

species in the branchiopod crustacean Daphnia. Gene conservation in the sex-
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determining pathway can be observed in the same clade as showin in the insect clade
and therefore, the sex-determining genes identified in this study can be tested on their
ability for decapod crustacean sex determination, ultimately contributing to

development of monosex culture.

5.2 Conclusion

In this study, I discovered 1) the co-option of transcription factor Vrille as the
activator of major effector Dsx/ in Daphnia sex-determining pathway and 2) the
conservation sequence and sexually dimorphic expression of Ftz-F1. These findings
add new knowledge both on the molecular mechanisms that underlie environmental
sex determination and on evolution of sex-determining mechanisms. In addition, this
study provides molecular insights into sex determination of commercially important
crustaceans, which in turn could contribute to the development of monosex culture in

aquaculture fields.
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