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Abstract

Chapter 1 Introduction

Life-history theory predicts that individuals should trade-off energy allocation between
reproduction and somatic growth or even survival to maximize lifetime reproductive success.
These traits are known to be negatively related to each other, and these antagonistic relationships
are called trade-offs. Reproduction fundamentally compromises survival due to trade-offs, and
with limited resources, organisms are coped with decisions on whether to invest in maintenance,
growth, or reproduction. Daphnia has long been a model of energy allocation studies due to its
important position in the trophic cascade of freshwater ecosystems. Daphnia also allocates energy
with various amounts of algae. Under caloric restriction conditions, daphnids use less energy for
growth and reproduction and more for maintenance (respiration and carapace formation). Recent
whole-genome bisulfite sequencing efforts have revealed that DNA methylation in Daphnia magna
changes in response to different conditions, including caloric restriction. However, the role of DNA
(cytosine-5) methyltransferases in Daphnia magna for controlling energy allocation between life-

history traits in response to caloric restriction remains unknown.

Chapter 2 Cloning and expression analyses of DNA Methyltransferase genes in D. magna

| first characterized domain structure and expression patterns of DNMT3 orthologs in D.
magna. In this species, | identified two DNMT3 orthologs, DapmaDNMT3.1 (DNMT3.1) and
DapmaDNMT3.2 (DNMT3.2), which lack the conserved methyltransferase motifs in the catalytic
domain and the PWWP domain, respectively. | profiled the expression of the two orthologs during
embryogenesis and under various feeding levels. Interestingly, both genes were downregulated in
nutrient-rich conditions, whereas DNMT3.1 was upregulated at the lower food levels, suggesting a
potential role of DNMT3.1 in gene regulation in response to caloric restriction.

Chapter 3 DNMT3.1 controls life span and the trade-off between growth and fecundity
under the starved condition

In order to characterize the function of DNMT3.1, | generated a DNMT3.1 mutant by
CRISPR/Cas-mediated target mutagenesis. The biallelic mutant was viable and did not show any

change in growth rate, reproduction, and longevity under nutrient-rich conditions. However, the



growth rate of this DNMT3.1 mutant was increased. Still, its reproduction was reciprocally reduced
compared to the wild type when the growth and reproduction activities competed from instar 4 to
8. We also compared transcriptomes between DNMT3.1 mutant and wild type under nutrient-rich
and starved conditions. Consistent with the mutant phenotypes, the starved condition led to changes
in the mutant's transcriptomes of the mutant including differential expression of vitellogenin genes.
In addition, we found upregulation of the I am not dead yet (INDY) ortholog, which has been known
to shorten the life span in Drosophila, explaining the shorter life span of the DNMT3.1 mutant. In
a previous study, 115 hypermethylated genes were reported under caloric restriction but we found
only 8 genes exhibiting differential expression among 2770 DEGs (differentially expressed genes)
between wildtype and the mutant line. These results suggested that the DNMT3.1 functions as a
regulator for life span and energy allocation between growth and reproduction during caloric

restriction.
Chapter 4 General discussion

This study clarified the role of DNMT3.1 in response to caloric restriction. Under starved
conditions, | found the upregulation of DNMT3.1 expression. In addition, | generated DNMT3.1
mutant by CRISPR/Cas-mediated target mutagenesis. During caloric restriction, the mutants
showed a trade-off between growth and reproduction by investing more energy to growth and
shortening their life span when the growth and reproduction activities competed. Although
DNMT3.1 lacks an evolutionarily conserved sequence of the methyltransferase domain, it changes
the global transcriptome in response to starvation. In the future, the gene regulatory mechanisms
can be investigated not only by investigating DNA methylation but also by chromatin
immunoprecipitation for the identification of direct targets of this protein. | anticipate that this
work will contribute to understanding the molecular mechanisms underlying energy allocation in

the ecologically important Daphnia species.
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Chapter 1

Introduction

Growth

Energy
allocation

Reproduction {@mmmmms) Survival

Figure 1.1. Life history theory

Life-history theory predicts that individuals should trade-off energy allocation between
reproduction and somatic growth or even survival to maximize lifetime reproductive success 1.
These traits are known to be negatively related to each other, and these antagonistic relationships
are called trade-offs (Figure 1.1). Reproduction fundamentally compromises survival due to trade-
offs, and with limited resources, organisms are coped with decisions on whether to invest in

maintenance, growth, or reproduction.

Due to the finite nature of the energy budget, resource-limited conditions impose changes
in resource allocation between competing processes, such as growth, reproduction, and survival.
Food limitations change energy allocation to physiologies and affect biological processes,
including energy storage, metabolism, oxidative damage, and immune function. Taking lizards as
an example, by altering nutrient resources, the physiological costs that influence the trade-off

between reproduction and survival could be quantified 2. This link with physiology has important



consequences for life histories trait and trade-offs. At the physiological level, variation in life-
history trade-offs is likely regulated through specific nutrient limitations and how these resources
are allocated 4. Pleiotropic physiological mechanisms might regulate resource allocation of

energy between traits (such as growth and reproduction) within individuals.

1.1 Caloric restriction and DNA methylation

Caloric restriction or reduction of daily nutrient intake enhances health and life span in
animals. The condition increases mitochondrial biogenesis and bioenergetics efficiency leading to
regulation of reactive oxygen and maintenance of the mitochondrial ATP production °. Therefore,
CR is beneficial in resisting various stresses, including heat, oxidation, metabolism, and age-

related diseases °.

DNA methylation, one of the epigenetic regulatory mechanisms, is common in bacteria
and eukaryotes. Compared to other regulations such as histone modification, DNA methylation is
stable and transmitted to daughter cells after cell division, resulting in gene expression repression.
Genomic DNA in mammalian cells commonly undergoes methylation of the cytosine residues at
C5 in CpG sequences. DNA methylation of CpG dinucleotides by the transfer of a methyl group
from S-adenosyl-L-methionine (AdoMet) at C5 of cytosine is catalyzed by DNA (cytosine-5)-

methyltransferases (Dnmts) ’.

Under caloric restriction (CR), methylation of genomic regions tends to be explicitly
modified. For instance, in rats, proto-oncogenes' methylation was enhanced, showing their
reduction of the expression &. The modification of DNA methylation patterns associated with CR

can target genomic regions associated with animals' fitness and life extension &°.



1.2 DNA (cytosine-5) methyltransferases

NLS TRF  C-rich BAH BAH | VI VI IX
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Figure 1.2. Structure of animal DNA methyltransferases. All animal DNA methyltransferases
share a highly conserved C-terminal catalytic domain (methyltransferase domain), modified from
a previous study '°. TRF, targeting to replication DNA foci; BAH, Bromo adjacent homology
domain; C-rich, cysteine-rich; PWWP, Pro-Trip-Trip-Pro domain; NLS, nuclear localization

signal. Roman numerals indicate the major conservative motifs of the C-terminal catalytic domain.

Based on their amino acid sequences, these proteins can be subdivided into three groups
that may have distinct functional specificities (Fig.1.2). Dnmt1l and Dnmt3 proteins are defined by
their distinct N-terminal domains that mediate various protein-protein interactions. Dnmt2
methyltransferases are defined by their lack of an N-terminal domain and consist of a
methyltransferase domain only. Dnmt1 functions as a maintenance methyltransferase that copies
methylation patterns from the methylated parental strand to the newly synthesized daughter strand.
This activity distinguishes Dnmtl enzymes from the Dnmt3 de novo methyltransferases, which

prefer unmethylated DNA as substrates and establish DNA methylation patterns during
3



development. This activity appears to be targeted by interactions with transcription factors and
other chromatin-associated proteins. The function of the third subfamily of DNA
methyltransferases, the Dnmt2 proteins, remains enigmatic. These enzymes show the highest
degree of evolutionary conservation. However, the enzymatic of Dnmt2 is rather low in DNA

substrates and much higher on a specific tRNA molecule (tRNAA),

A great diversity of DNMTs in eukaryotes has been found (Table 1.1) and suggested the

existence of different methylation systems.

Table 1.1. Diversity of Eukaryotic DNMTs

Species Dnmtl Dnmt2 Dnmt3
Homo sapiens 1 1 3
Mus musculus 1 1 3
Danio rerio 1 1 3
Drosophila melanogaster 1

Apis mellifera 2 1 1
Nasonia vitripennis 3 1 1
Daphnia magna 1 1 2

In mammals, methylation occurs predominantly at the symmetrical dinucleotide CpG and
defines a tissue-specific pattern concerning 60%-90% of the CpGs throughout the genome *. This
methylation pattern is set up in the early embryo by the de novo MTases DNMT3a/b and is mostly
maintained during the development by the maintenance activity of DNMT1 2, Numerous studies

have revealed a strong negative correlation between DNA methylation of the promoter region and



gene expression 13, and these Mtases are indispensable for normal development 3. DNMT1 is
ubiquitously and highly expressed in proliferating cells, representing the major DNA Mtase
activity in somatic tissues throughout mammalian development and is present only at low levels
in non-dividing cells. Cell cycle-dependent transcription factors activate Dnmt1 expression in the
S phase and thus are highly expressed in most mitotic cells 4. DNMT3a and DNMT3b are highly
expressed in embryonic tissues and undifferentiated ES cells and down-regulated in differentiated
cells °. Dnmt3a is maternally provided and predominates in oocytes and early preimplantation
embryos. DNMT3A establishes the differential DNA methylation patterns at imprinting control
regions (ICR) in male and female gametes'®. Dnmt3b is transcribed upon zygotic gene activation
(ZGA) and is robustly expressed by the blastocyst stage, at which time its presence is
predominantly restricted to the epiblast lineage *°. A third de novo DNA methyltransferase,
DNMT3L, lacks the characteristic N-terminal catalytic domain but is required for DNA
methylation, predominantly establishing ICR methylation in gametes . DNMT3L is a crucial
activating cofactor of DNMT3A/B, explaining its methylation effects despite the lack of inherent

catalytic activity 8.

In insects, fruit fly, DNMT1 and DNMT3 genes do not exist. However, it has a sparingly
methylated genome without a clearly defined functional significance of methylated sites. On the
other hand, discovering a functional methylation system in the honeybee, consisting of two Dnmt1
genes and one copy each of Dnmt2 and Dnmt3, provided the first indication for the existence of
both de novo and maintenance methylation in insects °. Subsequently, an increasing number of
insect genomes have been sequenced, showing a large diversity in the number of Dnmt genes
present 2. Methylation in adult honeybees (Apis mellifera) seems to be restricted to CpG

dinucleotides. It occurs mainly in gene bodies, particularly in the proximity of alternatively spliced



exons, suggesting a role in splicing regulation *°. In 2008, Kucharski showed that sSiRNA-mediated
silencing of the expression of Dnmt3 in newly hatched honeybee larvae gave rise to the
development of adult worker bees with developed ovaries, which is normally associated with
queen development only 2. Further roles for Dnmt3 in the honeybee have been shown in the
regulation of behavior and long-term memory 2122, In addition, the observation of lethality
associated with Dnmt3 silencing in embryos suggests a crucial role during embryonic development
23 Conclusively, de novo DNA methylation is essential for honey bee’s developmental processes,

and it may suggest this feature would be general throughout the insects.

1.3 Model organism: Daphnia magna

Daphnia magna

The cladoceran crustacean Daphnia magna has long been used for studies of energy
allocation for many reasons. Remarkably, Daphnia magna occupies an important position in the
trophic network of freshwater ecosystems, linking producers and secondary consumers. It can be
easily propagated as a cloned individual with a short life cycle by parthenogenetic reproduction.
In addition, it can be easily manipulated both in a field and laboratory. Energy allocation of
Daphnia fed with various amounts of algae has been investigated in order to develop a model of

the interaction between the algae and D. magna populations 2%,
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Figure 1.3. Seasonal biomass patterns in phytoplankton and zooplankton. Blue solid line
indicates biomass pattern of phytoplankton, including edible and inedible (shading background)
for zooplankton. The red dash line indicates the biomass pattern of zooplankton. The figure was

modified from a previous review of the plankton ecology group (PEG) model %,

Based on the relative biomass of zooplankton and phytoplankton, that is depicted on a
model at the given time (figure 1.3). It shows that Daphnia sp. (zooplankton) annually copes with
starvation due to the edible algae season. Following a previous study, under caloric restriction
conditions, daphnids use less energy for growth and reproduction and more for maintenance

(respiration and carapace formation) 7.

Recently, the D. magna genome has been sequenced 2°*°, and CRISPR/Cas-based genome
editing technology has been established to introduce indel mutations at the targeted locus 3122,

However, these genetic tools have not yet been used to analyze genes involved in energy allocation.



1.4 Aim of this study

In many instances, the trade-offs of life-history traits might involve physiological, behavioral,
morphological, or ecological factors and response at the genomic level (for example, changes in
transcription rates). Therefore, genomics can figure out the question of how a trade-off that is
expressed at the phenotypic level is manifested or modulated at the level of genetic regulation. In
Drosophila melanogaster, genes affecting life-history traits have been investigated in controlling
lifespan and fecundity, such as Forkhead box O (Foxo) %, and | am not dead yet (Indy) *°. In this
study, | aim to investigate what gene controls energy allocation between life-history traits in

Daphnia magna.

The following two chapters are comprised of all experimental summaries, which are
helping me to clarify the question. Chapter Two describes the first evidence that a well-
characterized DNMT3 gene in Daphnia magna. | examined two DNMT3 orthologs in Daphnia
magna, DapmaDNMT3.1 (DNMT3.1) and DapmaDNMT3.2 (DNMT3.2). Amino acid sequence
alignment revealed that DNMT3.1 and DNMT3.2 lack the conserved methyltransferase motifs of
the catalytic domain and the PWWP domain, respectively. Then, I profiled the expression of the
two orthologs during embryogenesis and under various feeding levels. Chapter Three follows up
on this work by generating CRISPR/Cas-mediated target mutagenesis of DNA methyltransferase
3.1 (DNMT3.1) that is upregulated in response to caloric restriction in Daphnia magna. After
establishing the mutant line, | observed life-history trait changes of the mutants compared to wild
types under nutrient-rich and starved conditions. Finally, | also compared transcriptomes between

DNMT3.1 mutant and wild type under the two conditions.



Chapter 2

Cloning and expression analyses of DNA Methyltransferase genes in
Daphnia magna

2.1 Introduction

DNA methylation is a major, heritable epigenetic modification involved in gene regulation
commonly observed in eukaryotes 13, It plays essential roles in various biological events, including
development ¥, phenotypic plasticity, and disease ¥. In animals, cytosine DNA methylation is
predominantly found at CpG dinucleotides, which is an essential epigenetic mark in gene-
regulatory systems, including transcriptional regulation *°, X-chromosome inactivation °, and
genomic imprinting *!. Besides the dynamic genome-wide changes in DNA methylation during
development 2, environmental cues lead to de novo methylation and shape phenotypic traits and

fitness in both vertebrates **** and invertebrates 224,

DNA modification is mediated by the DNA (cytosine-5) methyltransferase (DNMT)
family, which comprises three classes: DNMT1-3. Mammalian genomes encode six DNMTSs:
DNMT1, DNMT2, DNMT3A, DNMT3B, DNMT3C, and DNMT3L “¢. DNMT3 functions in de
novo methylation. It prefers unmethylated DNA as a substrate and establishes new methylation
patterns on DNA 3. The N-terminus of DNMT3A/B consists of two functional domains for
chromatin interactions, the ATRX-DNMT3-DNMT3L (ADD) domain and the Pro-Trp-Trp-Pro
(PWWP) domain. The PWWP domain is missing in DNMT3L and DNMT3C 24748, This domain
belongs to the Royal domain superfamily, explicitly interacting with the histone H3 tail containing
K36me3 “*%° The ADD domain is essential for recognizing and interacting with unmethylated

histone H3K4 51,52 and DNMT3A/3L complex formation to facilitate de novo methylation 8.

9



Except for DNMT3L, the C-termini of DNMT3 enzymes are essential for the catalytic activity and
contain the highly conserved cytosine-5 methyltransferase motifs that are involved in the covalent
addition of a methyl group to cytosine 3. Recently released genomes of several insects have
revealed a complex and dynamic evolution of the DNMT family in this clade, including expanding
DNMT1 in Apis mellifera 1° and Nasonia vitripennis *°, loss of DNMT3 in Bombyx mori °*, and
loss of both DNMT1 and DNMT3 in Drosophila melanogaster °. In contrast to the expansion of

DNMT3 in vertebrates, in invertebrates, this protein shows a narrower distribution or is even lost

20
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Replication /l\
v Y
CG 6] CG CG
GG Ge- GC GC
Mamtena.nce DNMTll l DNMT1
methylation
&e—0 &—0
GC G GC G
L A P

Figure 2.1 Principle of DNMTs mediated de novo and maintenance DNA methylation. The
solid blue line indicated De novo methylation (triangles indicate adding methyl group on cytosines)
involves fully unmethylated DNA and is established on both strands (solid blue line). Maintenance

of DNA methylation involves hemimethylated DNA.

Daphnia, a freshwater microcrustacean, serves as a model organism in ecological,
evolutionary, and environmental sciences. In a healthy environment, daphniids produce
genetically identical females by parthenogenesis. These clonal females can change phenotypes in
response to various types of environmental stimuli. Under a shortened photoperiod and/or
increased population density, reproduction can switch from parthenogenesis to sexual

10



reproduction >>°, Predator cues can induce neck teeth formation *'. Food quality and caloric
restriction affect the growth rate > °8, These features make Daphnia an invaluable model for
epigenetic study *°. CpG modifications have been found in two species, Daphnia magna and
Daphnia pulex %%, Recent whole-genome bisulfite sequencing efforts have revealed that DNA
methylation in Daphnia magna changes in response to salt stress 2, toxic cyanobacteria 53,
radioactivity %, and caloric restriction ®. The Daphnia genome encodes all three enzymes
orthologous to mammalian DNMT enzymes ®°. While the above studies suggest the importance of
environment-dependent de novo DNA methylation in this species, fundamental information on the
de novo DNMT orthologs, including domain organization, developmental expression, and
response to environmental stimuli, is lacking. This study aimed to examine the domain structures
of two DNMT3 orthologs, DapmaDNMT3.1, and DapmaDNMT3.2, in D. magna. Besides, we

profiled their expression during development and under starvation.

2.2 Materials and methods

2.2.1 D. magna maintenance

The D. magna strain (NIES clone) was obtained from the National Institute for
Environmental Studies (NIES; Tsukuba, Japan) and was cultured under laboratory conditions for
numerous generations in the Aachener daphnia medium (ADaM) . Briefly, for strain maintenance,
80 individuals were cultured in 5 L of ADaM at 22-24°C, under a 16/8-h light/dark cycle.
Daphniids were daily fed 5.6 x 108 Chlorella cells/ml during the first week; after maturation, the
feeding amount of Chlorella was double, and their offspring were removed once per day for

maintenance of the population.

11



2.2.2 Computational identification of DNMT3 ortholog genes in Daphnia genomes

A close relationship between crustaceans and insects was clearly shown from the arthropod
genomes phylogeny, a valuable source for comparative genomic studies. The bee has a closer
relationship with the water flea. The fruit fly was established as a model to analyze the function of
DNA methylation systems involving the existence of all three members of DNMT proteins.
Therefore, in order to identify DNA methyltransferase genes in Daphnia, tblastn searches were
performed on the D. magna and D. pulex genome database via available database from wFleaBase
(http://arthropods.eugenes.org/EvidentialGene/daphnia/), using amino acid sequences of DNMT3

in Apis mellifera (honeybee) proteins (NP_001177350.1) as queries.

2.2.3 Cloning and sequencing of DapmaDNMT3s

For total RNA extraction, four female adult daphniids were collected and briefly washed.
Homogenization was performed with beads using a Micro Smash machine MS-100 (TOMY;
Tokyo, Japan) in the presence of Sepasol-RNA | reagent (Nacalai Tesque, Kyoto, Japan) ¥, Total
RNA isolation was performed according to the manufacturer’s protocol and was followed by
phenol/chloroform extractions. One microgram of total RNA was converted to the first-strand
cDNA with SuperScript 111 Reverse Transcriptase (Invitrogen, Carlsbad, CA, USA), using random
primers (Invitrogen), according to the manufacturer’s protocol. To amplify the ORF of
DapmaDNMT3.1, primers (DapmaDNMT3.1-forward 5’-GTCCAAAATGGCGAATAAAACC-3’
and DapmaDNMT3.1-reverse 5’-GATTCTGGATTCTCGCATGTCTC-3’) were designed to
obtain amplicons from a putative start codon to a putative stop codon based on the predicted coding
sequence (Dapma7bEVm006722t1) in the D. magna genome database. Using the cDNA as a
template, PCR was performed using KOD-Plus- DNA polymerase (Toyobo, Japan). The amplicon

was cloned into a pCR-Blunt II-TOPO vector and sequenced. As the complete ORF of
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DapmaDNMT3.2 could not be obtained by PCR-amplified, we decided to amplify part of the ORF.
Primers (DapmaDNMT3.2-forward 5°- CCCTTGCGTGTTTTGTCTCTC -3° and DapmaDNMT3.2-
reverse 5’-CGGTAAAATGACGAGGCAGAC-3") were designed based on the predicted coding
sequence (Dapma7bEVm011900t1). Target DNA fragments were amplified using KOD-Plus-

DNA polymerase (Toyobo), cloned into a pCR-Blunt 1I-TOPO vector, and sequenced.

To obtain the full-length DapmaDNMT3.2 ORF, 5" and 3’ rapid amplification of cDNA
ends (RACE) was performed using a GeneRacer Kit (Invitrogen) and a SMARTer RACE cDNA
Amplification Kit (Clontech Laboratories, Mount View, WI, USA), respectively. The primer

sequences used for RACE were as follows:

5'-RACE gene-specific primer (5'-GAACCGGAAAGAGCGAGGCCAAAT-3")

5" RACE nested gene-specific primer (5'-GGCCGCAGCAGTCAAAACCTCA-3)

3'-RACE gene-specific primer (5'-GCCGAGCAAATGACATGGATGG-3')

In each RACE reaction, target regions were amplified with KOD-Plus-DNA polymerase (Toyobo).
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5’ RACE reaction

(Sample reaction)

10x Ex Taq buffer 5uL
2.5 mM dNTPs mix 4 uL
5 units/uL. Ex Taq 0.25 uL
10 uM GeneRacer 5’ primer / 10 uM GeneRacer 5’ nested primer 4.5ulL/ 1uL
10 uM st (5’RACE) primer / 10 uM st (5’RACE) nested primer 1.5 uL / 1uL
5" RACE-ready cDNA /5 RACE PCR (nested) I pL
miliQ To 50 pL

(Thermal cycle setting)

94 °C 2 min
94 °C 30 sec
x5 cycles
72°C 2 min
94 °C 30 sec
x5 cycles i
70°C 2 min
94 °C 30 sec
x25 cycles 68 °C 30 sec
72 °C 2 min
72 °C 10 min
15°C 0
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3’ RACE reaction

(Sample reaction)

5 units/uL. Ex Taq 0.25 pL

10x Univrsal primer A mix (UPM) / 10 uM Nested universal primer A (NUP) SuL/1puL

10 uM st (3’RACE) primer / 10 uM st (3’ RACE) nested primer luL /1L
3’ RACE-ready cDNA / 3 RACE PCR (nested) 1 uL/2pulL
miliQ To 50 uL

(Thermal cycle setting)

94 °C 2 min

94°C 30 sec
x5 cycles

72°C 2 min

94°C 30 sec
x5 cycles

70°C 2 min

94°C 30 sec
x25 cycles 68 °C 30 sec

72°C 2 min

72°C 10 min

15°C 0

The amplificons were purified from an agarose gel after electrophoresis and were cloned

into the pCR-Blunt 1I-TOPO vector and sequenced.

2.2.4 Predicting domain structures of DapmaDNMT3.1 and DapmaDNMT3.2
Gene structural and multiple sequence alignment analyses of the putative DapmaDNMT3s

were conducted using the NCBI Conserved Domain Database ¢ and Pfam database 8 tools and
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COBALT . The conserved PWWP and ADD domain sequences and catalytic domain motif

sequences have been identified in previous studies %707,

2.2.5 Phylogenetic tree construction
Amino acid sequences of DNMT3s of various animal species were retrieved from NCBI

(http://www.ncbi.nlm.nih.gov/) (Table 2.1).

To obtain putative DNMT3s from Daphnia pulex, the D. pulex genome database BLAST
searched:
(http://arthropods.eugenes.org/EvidentialGene/daphnia/daphnia_pulex/daphnia_pulex_genes201
7/blast/) using the D. magna DNMT3 amino acid sequences as queries. Complete amino acid
sequences of all proteins were used to construct a phylogenetic tree. Multiple sequence alignments
were constructed using ClustalwW in MEGA version 7.0. The following setting were used: pairwise
alignment parameters: gap opening penalty = 6.00, gap extension penalty = 0.21, and identity
protein weight; matrix multiple alignment parameters: gap opening penalty = 10.00, gap extension
penalty = 0.24, delay divergent cut-off = 30%, and gap separation distance = 4 ¥. The phylogenetic
tree was constructed using the p-distance algorithm and the neighbor-joining method implemented

in MEGA.
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Table 2.1 Gene names, species names, and GenBank accession numbers were used for the

phylogenic analysis.

Gene Species Abbreviations  GenBank accession number
DNMT3A Homo sapiens HSDNMT3A Q9Y6K1.4
DNMT3B Homo sapiens HsDNMT3B Q9UBC3.1
DNMT3L Homo sapiens HSDNMT3L Q9UJWa3.3
DNMT3A Mus musculus MmDNMT3A P13864.5
DNMT3B Mus musculus MmDNMT3A 088509.2
DNMT3C Mus musculus MmDNMT3C PODOY1.2
DNMT3L Mus musculus MmDNMT3L AAHS83147.1

DNMT3 Apis mellifera AmMDNMT3 NP_001177350.1

DNMT3 Nasonia vitripennis NvVDNMT3 XP_008204446.1

DRM2 Arabidopsis thaliana AtDRM2 Q9M548.1

2.2.6 Expression Analysis by RT-gPCR
DapmaDNMT3.1 and DapmaDNMT3.2 expression levels were examined in embryos,
juveniles, and adults stressed by caloric restriction. First, their embryonic expression levels were

analyzed using embryonic cDNAs and normalized to the number of embryos as described
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previously 2. Embryonic stages examined were 0, 3, 6, 9, 18, 36, 48, and 72 h after oviposition.
Second, to examine gene expression during juvenile stages, five to ten daphniids were collected at
72 h (instar 1), 96 h (instar 2), 120 h (instar 3), 144 h (instar 4), and 192 h (instar 5). Total RNA
purification and cDNA synthesis were performed as described above. gPCRs were run in three
technical replicates using an SYBR GreenER gPCR SuperMix Universal Kit (Invitrogen) in an
Mx3005P Real-Time PCR System (Agilent Technologies, CA, USA). Thermal cycling conditions
were as follows: 2 min at 50°C and 10 min 95°C, followed by 40 cycles of 15 s at 95°C and 1 min
at 60°C. Gel electrophoresis and dissociation curve analyses were performed to confirm the correct
amplicon size and primer specificity ®. Relative DapmaDNMT mRNA levels were normalized to
RPL32 transcript level . Third, adults cultured under caloric restriction conditions were collected,
as mentioned above. The following experimental steps, including Total RNA purification, cDNA
synthesis, and gPCR, were performed in the same way as for gene expression analysis using
juveniles. Sequences of the primers used for gPCR are shown in Table 1. Three biological
replicates were used in each gene expression analysis.

2.2.7 Feeding experiment

3 clutch neonates

6 § 6. Day 0 Day4 , § 6.

Change medium and feed every da
Maternal generation g Yoy 2nd clutch

Figure 2.1 Overview of the experimental design. The green rectangle represents the 2.5-L tank
for maintenance culture in the ADaM medium. The curved arrow represents the transfer of an
individual neonate into a 50-mL conical tube, represented by the tube-like shape. Chlorella
vulgaris feed levels (low (L), medium (M), and high (H)) are indicated in different shades of green.
The arrow represents the cultural process. Black camera icons above the culture timeline indicate

the time points at which daphniids were individually imaged to measure their body length.

18



Before culturing under the calorie restriction conditions, in order to control for maternal
effects, 40 Daphnia were cultured in 2.5 L of ADaM and daily fed 1.5 x 10° cells mL* of Chlorella
for at least three generations. Fifteen neonates from the third clutch were randomly selected and
divided into three food level treatments. Each individual was transferred to a 50 mL tube
containing 40 mL of ADaM and reared on high, medium, or low food levels. In the high-level food
treatment, each Daphnia was fed 5.12 x 107 cells daily, which is 1.3 fold higher than the initial
maternal condition. In the medium- and low-level food treatments, individuals were fed 8- and 32-
fold lower amounts, respectively. All daphniids were cultured until they produced a second clutch
(approximately day 12). For expression analysis by RT-gPCR, all five daphniids of each treatment
were sampled after removing eggs from their brood chambers. During culture, the medium was
changed daily, and the produced offspring were removed. Three biological replicates were used in

this experiment.

2.2.8 Measuring body length and growth rate of daphnids
To examine the effect of starvation on D. magna growth, we measured body length from
the center of the eye to the base of the tail . The juvenile growth rate was calculated according to

a previous study "* based on body length on days 0 and 4, using the following formula:

lnLday 4 — lnLday 0
g = "

Where g represents juvenile growth rate, L represents body length, and t is the time in days from

day 0 to day 4.

2.2.9 Statistical analyses
Statistical analyses were conducted using the statistical program R, version 3.2.5. Data

(juvenile growth rate, number of neonates, and relative expression) were analyzed using one-way
19



ANOVA and posthoc analysis (Tukey’s honestly significant difference). The level of significance

was P < 0.05. Data of embryonic expression were analyzed using a pairwise t-test.

2.3 Results

2.3.1 Annotation of DNMT3 orthologs in Daphnia genomes
First of all, I used the DNMT3 amino acid sequence of the honey bee as bait for tblastn
searches to examine the existence of DNTM3 orthologs in Daphnia. As a result, | searched two

putative orthologs of DNMT3 in both the D.magna and D.pulex genome database (Table 2.2).

Table 2.2 Genome annotation of DNMT3 genes in Daphnia species

Species Gene ID Name Scaffold Location
Daphnia Dapma7bEVm006722t1 DapmaDNMT3.1 2140 136605-141986
magna Dapma7bEVm011900t1 DapmaDNMT3.2 2140 280312-283754
Daphnia Daplx7pEVm007057t1  DpDNMT3.1 125 378586-381303
pulex Daplx7pEVm003705t1  DpDNMT3.2 292 55726-61840

2.3.2 Molecular cloning of DapmaDnmt3.1 and DapmaDNMT3.2 genes from D.magna
The nucleotide sequence of cDNA and the deduced amino acid sequence of the putative
DapmaDnmt3.1 are shown in Fig. 2.3. The obtained coding region contains a 2553 bp nucleotide

sequence that encodes for 851 amino acids (Fig. 2.3).
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1 ATGGCGAATAAAACCAGCAGAAGTGAATCGCAGGCGACAGAAAATGGCGTCGAACCAAAGAAAACATTAGCCTCTCGTAAGTTTATTCGTCTCGGTACTA
M A N K T S R S E S Q A TEN GV E P KK T L A S R K F I R L G T
101 TGGTGTGGGCTAAGCTGGACGGCTGGCCTTGGTGGCCTGGCATTGTAGTTACGCACAACGATTGTGGGTTGCCTCCACCCAGGAAACCCACCAACTACTG
M VvV w A KL D GW P W WP G I VVTHNIDTCGUL P P P R K P T N Y
201 GGTGTACTGGTTCGGCGGCCATCAAACCGTTTCTGAGATGCCGACTGAAAAGCTTAGCGGTTTTCTGGATGATCATTTCATTCGGTTGCTTAATCAAGCC
W vy w FfF G G H Q TV SsS EM P TE KL S G F L DDHVF I R L L N Q A
301 CATAACAACCTCTATGAARAAGGTGTTTTGGAGGCCCTGAGGATGTTGGCGCATAGTAAAAATCAGCCCAGACTCGTCAAACCAACGGCTGGCAAATTGA
H NN L Y E K GV L EALRMTLAHSKNOQ?PRL V K P T A G K L
401 AATCGTGGGCGATTAAAATATTCTCGTCCGTAAAGGGCAACACCAATCGAGATGTTGTTCTGAACGACTTTCCAGAATGGCTGGTACGTTGCATCAGCCG
K s waATI K I F s s VvV K N TNRDV VL NDF P EW L V R C I S
501 AATTAAAGACACTAACGATAAATTAAAGAGAATTTCCAACGAGAAGAAAGAGAGTCGTCTGTCTACGTTCCAGGGTGGCCAAAAAAAGAAGGAGAAAAAG
RI K b TNDI KL KR I S N EKKE S R L S T F Q G G Q K K K E K K
601 AAAAACAATGCCGAAGATGATGACGTCACTTATGGCCCGCGAGATTGCGATATTGCTGTTGTGGACAGAATCAAAGCTGGAACGCTGGACATGGATTACT
K NN A E DD DV T Y G P R DCDTI AV VDRI KA ASGTL D MTD Y
701 TTTGCCTTGGTTGTCATGTCGAGATCATGGGTCCGTGCACAGAACATCCCCTCTTCCTCGGAAGTCTTTGCAATCAAGAATGCAAGAATGAACTCCTTGG
F C L G CHVE I M G?PCTEH®PLF L G S L CNQE CEKNE L L G
801 AACAAGTTACAGCGTTGGGGAGGACGATATTCACGTGGGCTGTGCCATTTGCGGTTCGACGGGAGATTGTTTAGTATGCGAAAACGGTTCCTGTTCCAGG
T s Yy s VvV GG E D DI HV G CA I CG S T G D CUL V CENG S C S R
901 GTATACTGTTCGTATTGCGTGGAACTATTGGTGGGCGAAGGATCCATGTCGACCATTATGCAGAAGACGCCGTGGTTCTGCTTTCTCTGTGCCCATTTCG
vy Ccs Yy ¢cCVvV EL LV G E G S M s TIMOQIZ KT PWF CF L CA H F
1001 CTACAGAATCTCACGGCTTGCTTCAACCTCGTTCCGACTGGGCCCTTAAATTGCGGAATTTTCTACACCAGGAATTCCCACTGCAATTAARATCGGCATTT
A T E S H G L L.Q P R S D WAL KL RN F L HQ E F P L Q L N R H L
1101 GTCTAAGAACGGACAACCCTCTCTCCGGGTCGTGGTACTCCACGACAACCTGGGCGCTGTCAATTACGCCCTGGGCTCATTACGTCTTCACCTCGACCAG
s K N GG Q P S L RV VvV VvV L H DNL G AV N Y A L G S L R L H L D Q
1201 TACATGGCATCGGACAGGTGGGAAGAGGTGTACGAACTCAATGGCGTCGATTTTGTTGTCCTGAAAAATGCCAATCAAATGAAAGACGAAGAATGGGCCA
Yy M A s D R W E E V Y E LN GV D F V VL KN ANIOQMI K D E E W A
1301 AACTGTGTCCTATTCACCTGCTCGTTTCTTGTCTTCCGGCCAAGAAATTCGATCCGCAACGTCATCAACCTGCCGGCCGAGAAGTGGGTAGAAGACAATT
K .. ¢ p I HL L VS C L P A KI K FD P QRHQ?PAGI REV G R R Q F
1401 CGCCGAGGGAGAATATGGAGAGGCTTTTTTCGATTTCTTCCACATCAAAAATTGCATCGAACGTAATAATCAAGAGACTCCTCTTCTATGGGCTGTCGAA
A E G EY G E A F F D F F HTI KNCTIEIRNNOQET P L L W A V E
1501 AATGTCAGCTGTTATCACATCACCATTTCCAGGTTTCTTCAGATGGAGCCCATCATATTCGACATTAGAGACGGTCAAGGCTGCGTCAAACATCGTCTCG
N VS CcCyYy HH I TTI S R F L QM E P I I F DI RDG QG C V K H R L
1601 TATGGACCAATATTCCTGAACAGAATTTTAAACCGCAATTGGAACAAGTGATTAACAATGATTGTCCGTCCATTTCGAGCCTTCCGCTCAGTCGCGAACC
v w TN I P E Q N F K P Q L E Q V I N N D C P S I s s L P L S R E P
1701 TTTCTTCATTAAATATCCTTGGATCCTCGAAGATATTGTGGCCATTGCTCAACCTCGACCAGCCAATTGGCAGGAAAAACACGACCGGATGCTGTTCCAG
F F I K Y P W I L E D I V A I A Q P R P ANW OQE K HDIRMTIL F Q
1801 CGCGACACACGAAGCAAAACAAAGATAATCAARACGGCCATCCTATTTGGAACACTATTCCGTGGTCCAGCTAACCCAGAAATCTGCGAARAAGAGAAGGA
R D TR S K T K I I K R P S Y L EHY S V V Q L T Q K S A K K R R
1901 AAATGGACGACGAGTTCCATCCGAATTGGAGATTACGTGAGCACGGCAACAAAGCCGAGGACACGGATGACGATCAGACGGATTACGTGGCCGCTCTGAC
K M D DEF HPNWI RL REHGNI KA AU EDTTDUDDQTD Y V A A L T

(continued on the next page)
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2001 CAATCACGCGACCTACGCCCGTTCGCTTGGTTTCCCCGAGCCGTTTCCGGAGTTTGTGTCTCATCTGGATGAGGCGGCCGTCCAAGAAAGATTGAACCGT
N H AT Y AR S L G F P E P F P EF V S H L DEAA AV Q E R L N R
2101 AGTCTGCCCGTCTCGTTGTGGATTCATCTGTTCCAGCCGTTGTTGAAATTGGCGCGAATCGCTGAACCGGATTGTAAATCCAATACGCGTAGCCACCGTC
s L p VS L W I HL F Q P L L K L A R I A E P D C K S N T R S H R
2201 ACTGTCATCAAAATAGTCGCAGTAGTCACGTGGGGTGCGTTGCTGTTTTCTCAAATACGATTTCGGATTCGGATAAGATCGGATGTAAGAAGGAGCCTGT
H CH QN S R S S HV GCVAV F s NT I S D S DK I G C K K E P V
2301 CTCTTACTCCTCGATGACGGGGGAGATGCAGACAGAGTTTCATTCGATTCGTCCGATTCAGACGTTTCGCCAGATTCCAACGAATGTCCTCCGACGTCTT
sy s s M T G EM QT E F H S I R P I Q T F R Q I P T N V L R R L
2401 CATGTTGAGGTGAAGGCGATCCTTCATTTTCGCTGGACAGTTGATGCTTCGAATGGATCTCTGCCGAATCCAACCCGCCGTGATGATGGGTCATGTGACT
H VEV K ATI L HPF R W TV DAS NG S L P NP TR R DD G S C D
2501 TTCCATCGGCCCGCCAAGTGCGCAGATGGCGAGACATGCGAGAATCCAGAATC 2553

F P S A R Q V R R W R D M R E S R I

Fig 2.2 Nucleotide sequence of DapmaDNMT3.1 cDNA and deduced amino acid sequence.
Nucleotides are numbered beginning with the first nucleotide of the translational start codon.

1 ATGACGACTTACGATCGCGAAGACTTTTATGACAGTGATGCTACGCAGTTCAGTGAATCCGATGATGATAACTTTGAAGGGAATTTTGGAGTTGATCCAA
M T T Y D R E D F Y D S D AT Q F S E S D D DN F E G N F G V D P
101 TCGATGACCTTGATCAATGGATTCCCCCTCTTTTCTATCTAGCCAAAGGTTCTCTACAGAGCATTCAGAATAACAAAAGCAGCCTGGAAAATTTTTGTTT
I b b L bDQWTI P P L F YL A K G S L QS I QNN K S S L E N F C L
201 AGCATGTTGGGAAAAAGGAATGCATCCCCATCCGTTTTTTAACGGTGGTCTTTGCCATCCATGCAAAGAAAGATTGCTACATACAATGTTTTCAAAAAGT
A C W E K GMH P H P F F NG G L CH P CKE R L L HTMUF S K S
301 GCAGATGGTTTTCACCTCTATTGCACTGTTTGTGGATCAAGATCAAATGCCTGTGTGAATTGCACGAGCAGCAATTGCATAAAAAAGTACTGTGTGAATT
A D G F H L Yy C TV CG S RSN ACVNCT S S NC I KK Y C V N
401 GCCTGAATATCTGGACGGATTACAGTGACAAGCTAGTAAATAATAAATCCAATGACTGGATTTGTTTCCTTTGCCTCCCAGAACCCAATCTTTTACTGCA
¢c . ~n I w T DY s D K L VN NK S NDW I CF L C L P E P N L L L Q
501 AGCTAATCATGATTGGGCTCAAAAGGTTTTGTTCTTTCATGAACCGCTATCGGTGTATGGTCCGAGAGCTCTGTACTGGAAGAAGCAACCCTTGCGTGTT
AN H D WA Q K V L ¥F F H E P L s VY G P R AL Y WK K Q P L R V
601 TTGTCTCTCTTTGACGGAATTGGGACTGGTTTGGTGGCATTACGCARACTGGGTATTCAAGTAGAAGTTTACTACGCCTCTGAGGTTTTGACTGCTGCGG
L s L ¥ D GI G T GG L VALIRIKULGTI QV E VY Y A S E V L T A A
701 CCACTGTCTCCAGGACCAGACTAGGAGGAGTGCTCCAGCACATCGGCAGCGTGGGGGAAGTAACGGAGAGGCGGCTAGAAGAGATAGCACCTATTCACCT
A TV S R T R L G GGV L Q H I G s VvV G E V TEIRIRULEE I A P I H L
801 GCTCATCGGGGGCTCCCCTTGCAATGATTTTAGCGCCATTAACCGATTCCCCAAAGATTTTTACGACCCAAGAGGTTATTCGAGATATTTCTTCGATTTC
L 1 6 6 s p CNDPF Ss A I NRPF P KD F Y D PR G Y S R Y F F D F
901 GTCCGAGTTCTGAATCTCATGCGGAAGATCAATGGGCAATATCAGCATCTACTGTGGCTCTTTGAAAATGTAGCGTCCATGCCTCAACATTATCGCGACA
vV R VL NL M R K I NG QY Q H L L W L F EN V A S M P Q H Y R D
1001 CAATATCCAGGCATTTGGATTGCCAGCCAGCCGTAATTGATGCCAAGAACTTCAGCCCTCAACTACGCAGACGCCTCTTTTGGGGTAACATTCCCGGGCT
T I S R H L D CQ P AV I DAKINU F S P QL RRIRIL F W G N I P G L
1101 TTTTACCGTTCACGCCGAGCAAATGACGATGGATGGGGAACCGTTGACCCTCGACAARATCTCTGATGCCTAACTCTGGTCGTAGTGCTGCCCAGGCCAAG
F T V HAEQMTMDGE P L TIL DK sSsS L M PN S G R S A A Q A K

(continued on the next page)
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1201 ATCCGAACTCTGACGACCAACACCAATTCACTGCTGCAAGGCAGGACAGAGAACTGCAAGAGCCGAAAGGATTTGGCCTCGCTCTTTCCGGTTCGTTTCT
I R T L T TN T N S L L Q G R T ENC K S R KDL A S L F P V R F
1301 CTTTCCAACAAGATGAACTGCGAAACGCCGATGTCGAAAGCGATGTTGCTAGACATTCGAAGAAAGGAAAAAGGGACTCCACAAGCGGCATAAATGCAAC
s F Q 0 DELRNADV E S DV AIRHS KK G KRDSsSs T S G I N AT
1401 CGATAAACCTCCGCGTACGGTGGCCGATGAAGATGACAACCAGCAGACGGACGTATTGTGGCTCCAGGARATTGAACATGTTTTTGGTCTGCCTCGCCAT
b K p P R TVADEIDDWNOQOQTDV L WL QE I E HV F G L P R H
1501 TTTACCGATGTGGGAAACATGTCCCGCACTGATCGTCAGAAGCTTTTGGGTCACGCCTGGTCGGTTCCAGTCATCGTTTCTATTTTCTCCAATCTCAAGA
F T DV G NM S R T DR QQ K L L G H AW S V P V I VS I F S N L K
1601 GTTACACGGTTTGA 1614

s Y T VvV *

Fig 2.3 Nucleotide sequence of DapmaDNMT3.2 cDNA and deduced amino acid sequence.
Nucleotides are numbered, beginning with the first nucleotide of the translational start codon. The
asterisk indicates the translational termination codon.

To determine the full length of the cDNA sequence of DapmaDNMT3.2. I performed 5’
and 3° RACE reactions and obtained 1614 bp nucleotide sequence encoded for 538 amino acids

as showed in Fig. 2.3.

2.3.3 Domain structures of DapmaDNMT3.1 and DapmaDNMT3.2

To examine the domain structures of the D. magna DNMT3 orthologs, DapmaDNMT3.1
and DapmaDNMT3.2, | searched for the conserved domains ADD and PWWP, and the catalytic
domain in DapmaDNMT3.1 and DapmaDNMT 3.2 by comparing them with the structural domains
of the Mus musculus (P13864.5, 088509.2, PODOY1.2, and AAH83147.1) and A. mellifera

(NP_001177350.1) orthologs (Fig. 2.4).

The N-terminus of DapmaDNMT3.1 harbors both the PWWP and ADD domains (Fig. 2.4
and Fig. 2.5). However, in the C-terminus, it lacks the conserved methyltransferase motifs, except
motif VI, including the ENV residues, which is known in going along with PC residues of motif
IV to constitute the catalytic center of mammalian DNMT3 " (Fig. 2.7). In contrast,

DapmaDNMT3.2 has a domain organization characteristic of DNMT3 enzymes, with six
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methyltransferase motifs (I, IV, VI, VI1II, 1X, and X) at the C-terminus and the ADD domain at the

N-terminus (Figs. 2.6 and 2.7). However, it lacks the PWWP domain (Fig. 2.5).

MTase
PWWP ADD | Vo VI VI X X

MmDNMT3A
909 aa

H

MmDNMT3B
859 aa

MmDNMT3C
740 aa

MmDNMT3L
421 aa

AmDNMT3
758 aa

DapmaDNMT3.1
853 aa

DapmaDNMT3.2
552 aa

= E BE

Figure 2.4 Schematic diagrams of the domain structures of DNMT3 proteins. The blue
block represents the PWWP domain. The orange block represents the ADD domain. The green
bars represent the conserved methyltransferase motifs in the DNMT3 proteins. Mm: Mus

musculus, Am Apis mellifera.
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Motif
v

Mm_DNMT3A IfE Ss LEFACHDSDEEDS 420
AR T e TE
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Mm_DNMT3C LVPERESTERTHEKER CR———---- ISPIESL.D.IIP KETE1E 258
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Figure 2.5 Multiple sequence alignment of DNMT3 PWWP domains. Identical residues are
highlighted in dark blue and residues with similar characteristics in light blue. In each position,
more than 60% of the residues are identical or similar. Dashes indicate gaps in the alignment.
Numbers represent amino acid positions. Secondary structural elements of the mammalian
DNMT3 PWWP domain *° are shown above the sequences (arrow for B-barrel and cylinder for o.-
helix). Red triangles above the sequences show conserved aromatic residues. Mm: Mus musculus,

Am Apis mellifera.

Consensus cC C C C cC C
Mm_DNMT3A SPGS--LNVTLE 538
Mm_DNMT 3B SPGK--KNPUS 488
Mm_DNMT3L GT--LQVYT 135
Mm_DNMT3C GR--KDP¥S 369
Am_DNMT3 LRVSNDEMDI 380
Dapma_DNMT3.1 HVEIMGPETE TSYSVG 286
Dapma_DNMT3. 2 WE--KG-MH > HTMFSKS 3 5S 113
Consensus Cc

Mm_DNMT3A GREVIM- lGlNNlC.‘E‘.E.V‘DL-P'AAQAAIKEE-N.YM'GH 584
Mm_DNMT3B GRELLL-QSHTS 534
Mm_DNMT3L GGTLFI-QESPD P 181

Mm_DNMT3C 415
Am_DNMT3 426
Dapma DNMT3.1 332
Dapma_ DNMT3.2 : NIWTDYSDKLVNNKSND I 160

Figure 2.6 Multiple sequence alignment of DNMT3 ADD domains. Identical residues are
highlighted in dark blue and residues with similar characteristics in light blue. In each position,
more than 70% of the residues are identical or similar. Dashes indicate gaps in the alignment.
Numbers represent amino acid positions. The consensus shows the conserved cysteine residues
involved in zinc finger formation "°. Mm: Mus musculus and Am: Apis mellifera.
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Figure 2.7 Multiple sequence alignment of key motifs in the DNMT3 catalytic domain.
Identical residues are highlighted in dark blue and residues with similar characteristics in light blue.
In each position, more than 70% of residues are identical or similar. The consensus shows the
conserved residues (85-100%), among which functionally important residues are highlighted in
red "*76, Mm: Mus musculus, Am Apis mellifera Roman numerals indicate the major conservative

motifs of the C-terminal catalytic domain.
2.3.4 Phylogenetic relationships of DapmaDNMT3.1 and DapmaDNMT3.2

To analyze the evolutionary relationships of DapmaDNMT3.1 and DapmaDNMT3.2, |
constructed a phylogenetic tree with amino acid sequences of mammalian, insect, and D. pulex
orthologs. The two DapmaDNMT3s were clustered with insect DNMT3 proteins, which is in
good agreement with the taxonomic relationship between these groups. Noticeably, DNMT3.1
proteins in Daphnia species were not grouped into a cluster, including insect DNMT3s and

Daphnia DNMT3.2 (Fig. 2.8).
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Figure 2.8 Phylogenetic relationships between DNMT3s in Daphnia sp. and other species.
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 tree was rooted using the DNMT DRM?2
of Arabidopsis thaliana. The bar indicates branch length and corresponds to the mean number of
differences (P < 0.1) per residue along each branch. Evolutionary distances were computed using

the p-distance method. Accession numbers of all proteins are listed in Table 2.1
2.3.5 Temporal expression of DapmaDNMT3s during embryonic development

To evaluate the roles of DapmaDNMT3.1 and DapmaDNMT3.2 in development, |
examined the temporal MRNA expression of DapmaDNMT3s at various developmental stages of
parthenogenetic females (0-72 h after oviposition for embryonic stages and 72-192 h after

oviposition for juvenile stages) using quantitative reverse-transcription RT-PCR.
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Figure 2.9 Temporal expression profiles of the DapmaDNMT3 genes during embryogenesis
and juvenile stages. (A) Expression levels of DapmaDNMT3.1 and DapmaDNMT3.2 during
embryogenesis. Embryonic development was staged at 0 h (single-cell stage), 3 h (blastulation
stage), 6 h (gastrulation stage), 9 h (neurulation stage), 18 h (early thoracic appendage-developing
stage), 36 h (middle carapace-developing stage), 48 h (further developed thoracic appendages and
antennae embryo), 72 h (juvenile instar 1). Results are shown as copy numbers of transcripts per
egg and represent the mean + standard error of the mean (SEM) of three independent biological
replicates. (B) Relative expression levels of the two DapmaDNMT3s during juvenile stages.
Juveniles were cultured under nutrient-rich conditions. Expression was normalized to ribosomal
protein L32 gene (RPL32) expression. Data are the mean + SEM of three independent biological

replicates.

Compared to DapmaDNMT3.1 expression, DapmaDNMT3.2 expression changed more
significantly in a stage-dependent manner (Fig 2.9A). Maternal DapmaDNMT3.2 transcripts were
present at 0 h (single-cell stage), but significantly decreased at 3 h (p = 0.0046) (blastula stage)
and remained low until 18 h. DapmaDNMT3.2 expression increased as of 36 h (p = 0.0012
compared to 18 h) and peaked at 48 h. DapmaDNMT3.1 transcript levels were relatively low
during embryogenesis but increased toward completion of embryogenesis at 72 h since 36 h (p =
0.0082), which corresponds with the first instar stage (Fig 2.9A). In the juvenile stages (first to
fifth instar stages) under nutrient-rich conditions, both genes were downregulated, with

DapmaDNMT3.1 being the most strongly downregulated (Fig 2.9B).
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2.3.6 Caloric restriction upregulates DapmaDNMT3.1 expression
Among the environmental cues that are known to affect DNA methylation in D. magna %%
®, in this study, we chose caloric restriction ® and examined its effect on the expression of

DapmaDNMT3.1 and DapmaDNMT3.2.
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Figure 2.10 Phenotype and DapmaDNMT3 expression in response to caloric restriction. (A)
The juvenile growth rate of the daphniids from day 0 to day 4. (B) The number of neonates in the
second clutch. Error bars indicate the standard deviation of the mean (n = 15). (C) Relative
expression of DapmaDNMT3.1 and DapmaDNMT3.2 in 12-day adults fed at the three feed levels.
Data are the mean fold change from the calibrator group (H). Expression was normalized to RPL32
expression. Error bars indicate the standard deviation of the mean (n = 3). Different letters indicate
a significant difference (Tukey’s honestly significant difference tests after one-way ANOVA, p <

0.05).
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To determine food levels at which the growth rate and fecundity rates would be reduced,
we fed D. magna Chlorella vulgaris algae at three feed levels, 5.12 x 107 cells/daphniid (High),
6.4 x 10° cells/daphniid (Medium), and 1.6 x 10° cells/daphniid (Low), until they produced second
clutch (Fig 2.10A). At the high feed level, the growth rate was 0.27 (+ 0.02) day* and the number
of neonates in the second clutch was 25 (x 3) (Figs 2.10B, C). When the amount of feed was
reduced by 32-fold (low level), the growth rate significantly decreased (p < 0.001) (Fig 2.10B). In
addition, the number of second-clutch offspring declined (p < 0.001) since 8-fold reduction
(medium level) (Fig 2.10C). These results demonstrated food restriction affects the growth rate
and clutch size in Daphnia. Thus, we used these food levels to analyze the effect of caloric
restriction on DapmaDNMT3 expression at the second clutch stage. DapmaDNMT3.1 expression
was upregulated by 4.8 (= 1.7) (p = 0.03) and 15 (+ 1.8) (p < 0.001) fold in animals fed medium
and low feed levels, respectively as compared to those fed the high food level (Fig 2.10C). In
contrast, the expression of DapmaDNMT3.2 did not show a significant difference in medium and

low levels, p = 0.78 and 0.55, respectively (Fig 2.10).

2.4 Discussion

In this study, we first analyzed the domain organization of DapmaDNMT3.1 and
DapmaDNMT3.2. DapmaDNMT3.2 has six methyltransferase motifs (1, 1V, VI, VIII, IX, and X)
in its C-terminus and an N-terminal ADD domain (Fig 2.4). However, it lacks the PWWP domain,
through which DNMT3 proteins recognize H3K36 trimethylation (H3K36me3) (Dhayalan et al.,
2010) (Fig 2.4). A similar domain organization is found in mammalian DNMT3C, which retains
enzymatically active DNMT3 family members ”’. This finding suggests that DapmaDNMT3.2
functions in DNA methylation in D. magna. In contrast, DapmaDNMT3.1 lacks conserved

methyltransferase motifs in the C-terminal region (Fig. 2.7). Interestingly, it has a PWWP domain,
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which possesses well-conserved sequences in the N-terminal -barrel region. This is consistent
with the structure of other Royal superfamily members 6. We found three conserved aromatic
residues at similar positions in other mammalian PWWP domains (Fig. 2.5), which can bind
lysine-methylated histones 8. This domain is rich in basic amino acids and has an isoelectric point
of 9.63. These findings indicate that the PWWP domain of DapmaDNMT3.1 is functional and has
DNA-binding ability "°. Together with the PWWP domain, the ADD domain might mediate
interactions with other proteins to direct DNA methylation °2. Although we did not perform DNA
methyltransferase activity assays, based on its domain structure, we suggest that DapmaDNMT3.1
may not only methylate DNA substrates but also serve as a regulator of the DNMT3.2-dependent
de novo methylation machinery, as reported for mammalian DNMT3L lacking the catalytic
domain "8, Phylogenetic analysis indicated that DapmaDNMT3.1 had evolved uniquely in
Daphnia species (Fig. 2.8). Future studies will have to elucidate the evolution of DNMT3.1-like

proteins in closely related crustaceans and other arthropod species.

We also profiled the expression of DapmaDNMT3.1 and DapmaDNMT3.2 in early
development and a stress condition. During embryogenesis, compared to DapmaDNMT3.1,
DapmaDNMT3.2 was more highly expressed in the one cell-stage and at 48 h post-ovulation, when
tissue differentiation and carapace development occur. In juvenile stages, DapmaDNMT3.2, and
especially, DapmaDNMT3.1 were downregulated. These results suggest that DNMT3.2 may play
an important role in specific developmental processes, possibly via de novo methylation.
Interestingly, DapmaDNMT3.1 was upregulated in response to caloric restriction. A recent study
reported hypermethylation in approximately 100 genomic regions under caloric restriction in D.
magna %°. As DapmaDNMT3.2 is constitutively expressed after embryogenesis, even under

starvation conditions, DapmaDNMT3.1 may form a heterodimer with this paralog that functions
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in hypermethylation. In addition, the lower expression level of DapmaDNMT3.2 may suggest that
this protein has a longer half-live than DapmaDNMT3.1. Further study of this enzyme, for example,
through knockout, is necessary to understand the relationship between DapmaDNMT3.1 activation
and the modified DNA methylation pattern under caloric restriction. Phylogenetic analysis
indicated that DapmaDNMT3.1 had evolved uniquely in Daphnia species (Fig 2.8). Future studies
will have to elucidate the evolution of DNMT3.1-like proteins in closely related crustaceans and

other arthropod species.

Given the fact that DapmaDNMT3.1 expression was upregulated at the low food level, we
hypothesized that Forkhead box O (FOXO), a transcription factor, may regulate the expression of
DapmaDNMT3.1 because this protein is activated under starvation and orchestrates diverse gene
expression to regulate homeostasis in response to starvation 8. In insects, FOXO also serves as a
nutrition-dependent growth regulator ®. FOXO binds to the consensus sequence
G(T/A)AAA(C/T)AA 88 Therefore, we searched for this sequence in the DNMT3 promoters in
D. magna as well as in D. pulex. We found a candidate FOXO-binding site only in the DNMT3.1

promoter region in both D. magna and in D. pulex (Fig 2.11).
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Consensus FOXO binding site sequence:
(T/A)AAA (C/T)AA

TSS
DapmaDNMT3. 1

A
-334 bp

AATACTTTAGETAAACAAC! ;']‘:’"\'l"_]'

TSS
x I DpDNMT3. 1
-553 bp
TTTTTCATTT AAAACAAAAATA']'

Figure 2.11 Candidate FOXO-binding site in the DNMT3.1 promoter. The black lines indicate
the genome sequences of DapmaDNMT3.1 (Dapma7bEVm006722t1) and DappuDNMT3.1
(Daplx7pEVmMO007057t1), and arrows show the transcription start sites (TSSs). The filled black
triangle and numbers represent the distance between the candidate FOXO binding site (indicated

in a colored font in the sequence) and the TSS.
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Chapter 3

DNMT3.1 controls life span and a trade-off between growth and

fecundity under the starved condition

3.1 Introduction

DNA (cytosine-5) methyltransferases (DNMT; EC 2.1.1.37) are the enzymes that catalyze
the DNA methylation and generate 5-methylcytosines (5mCs) to regulate gene expression 13, There
are at least three functional orthologs, DNMT1, DNMT3A, and DNMT3B. DNMT1 maintains
DNA methylation patterns after DNA replication, while DNMT3A and DNMT3B establish new
methylation by using unmethylated DNA as their templates3, De novo methylation by the DNMT3
family is necessary for spatio-temporal gene expression guiding cell differentiation and
organogenesis in mouse embryos &8 It is also required for phenotypic changes in response to
environmental stimuli 214°87, In mice, homozygous mutants of DNMT3A resulted in multiple organ
defects and lethality several weeks after birth 8. Disruption of DNMT3B led to embryonic lethality
8, DNMT3 orthologs harboring the mammalian DNMT3A/B-like domain structure are widely
distributed in the animal kingdom®®. In contrast to vertebrate genomes in which more than 80% of
CpG dinucleotides are methylated, invertebrate genomes are sparsely methylated °*°1. Functional
analyses of DNMT3 have been performed only in two social insects by RNA interference 21:9293,
but both knockdown experiments did not lead to embryonic lethal phenotypes. However, in the
honeybee (Apis mellifera), silencing of DNMT3 altered workers-destined larvae's developmental

fate towards queen-like traits 2.

D. magna has the two DNMT3 orthologs **, DapmaDNMT3a.1 (Dapma7bEVm011900t1)

and DapmaDNMT3a.2 (Dapma7bEVmM006722t1). DapmaDNMT3a.1 lacks the PWWP domain,
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and DapmaDNMT3a.2 has the diverged methyltransferase (MTase) domain 3. Because both of
the domains are essential for DNMT3A function, we had renamed DapmaDNMT3a.2 and
DapmaDNMT3a.1 as DNMT3.1 and DNMT3.2 “3, Previously, we had found upregulation of
DNMT3.1 expression in response to starvation *°, suggesting that DNMT3.1 may play an important
role under caloric restriction. To further investigate the functions of DNMT3.1 under this condition,
we silenced DNMT3.1 by CRISPR/Cas-mediated mutagenesis. Phenotypic analyses of this
biallelic mutant demonstrated that DNMT3.1 controls life span and the trade-off between

reproduction and growth only when reproduction and growth compete.

3.2 Materials and Methods

3.2.1 Maintenance of D. magna strain and the DNMT3.1 mutant.

The Daphnia magna strain (NIES clone) was obtained from the National Institute for
Environmental Studies (NIES; Tsukuba, Japan) and cultured under laboratory conditions for many
generations by using ADaM as the culture medium . Briefly, for maintenance of this strain, 80
individuals were cultured in the 5 liters ADaM medium and daily fed with 160 pl of 7 x10° cells
ml? Chlorella (Chlorella vulgaris) algae. The mutant line was maintained similarly by culturing
40 individuals in 2.5 liters ADaM medium and daily feeding with 80 pl of 7 x10° cells ml™
Chlorella (Chlorella vulgaris) algae. These cultures were performed at 22-24°C, under a light/dark

photoperiod of 16/8 h.
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3.2.2 CRISPR/Cas9-mediated mutagenesis.

MTase
PWWP ADD I VooV v X X
I T 1T 1T 11 wmDNwT3as
| DapmaDNMT3.1

Figure 3.1 CRISPR/Cas-mediated mutagenesis of DNMT3.1 Schematic diagrams of domain
structures of DapmaDNMT3.1 and DNM3A/B of mouse (Mm = Mus musculus). Red triangles
indicate the active sites of catalysis. The Red dashed line indicates a targeted disrupting site by
CRISPR/Cas system (pie icon).

Impairment of the DNMT3.1 gene was done with CRISPR/Cas9 technology by introducing
a frameshift and premature STOP codon as described previously 3. For the preparation of the
DNMT3.1-targeting Cas9 RNPs, we purified Cas9 proteins as described elsewhere . For the
synthesis of the gRNA, DNA templates with the T7 promoter and target site (5'-
GGAAGAGGTGTACGAACTCAALtgg-3", protospacer adjacent motif shown in lowercase), was
amplified by PCR 3! and purified by phenol/chloroform extraction. These DNA fragments were
used as templates for in vitro transcription with mMessage mMachine T7 Kit (Life Technologies,
California, USA), followed by column purification with miniQuick Spin RNA columns (Roche
diagnostics GmbH, Mannheim, Germany), phenol/chloroform extraction, ethanol precipitation,
and reconstitution in DNase/RNase-free water (Life Technologies, California, USA). We
incubated 2 uM gRNA with 1 uM Cas9 protein to generate Cas9 RNPs and injected them into
parthenogenetic female eggs according to established procedures ®7. Accordingly, the eggs were
collected from 2-3 weeks daphnids after ovulation and placed in an ice-chilled M4 medium
containing 80 mM sucrose (M4-sucrose). Approximately 0.2 nL volumes of the generated Cas9

RNPs were injected using N2 gas pressure through a glass needle. After injection, to investigate
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the Cas9-induced mutations, G2 offspring were homogenized in 90 uL of 50 mM NaOH with
zirconia beads. The lysate was heated at 95°C for 10 min and then neutralized with 10 uL of 1 mM
Tris-HCI (pH 7.5). This crude DNA extract was centrifuged at 12,000 rpm for 5 min and then used
as atemplate in genomic PCR. The targeted genomic regions in the DNMT3.1 locus were amplified

by PCR with Ex Taqg Hot Start Version (Takara, Japan) and the following primers;
DNMT3.1-U-gDNA 5°-TCCGGGTCGTGGTACTCC-3’

DNMT3.1-D-gDNA 5°-AGACAAGAAACGAGCAGGTGAATAG-3".

The PCR products were analyzed by polyacrylamide gel electrophoresis and DNA sequencing.

3.2.3 Culture of D. magna under nutrient-rich and starved conditions.

Before culturing under starved conditions, in order to control for maternal effects, 40
Daphnia of each line were cultured in 2.5 liters ADaM medium and daily fed with 1.5 x10° cells
ml* Chlorella algae for at least three generations. Neonates from the third clutch were randomly
assigned, transferred individually to a 50 ml conical tube containing 40 ml ADaM medium, and
subjected to nutrient-rich or starved treatments. Under the nutrient-rich condition, 5.12x107 cells
were given to each daphnid daily. For starvation, daphnids were fed with 8-fold lower amounts of
the algae. During culture, the medium was changed every day in order to avoid carbon (detrital)
accumulation that could differentially affect resource availability. For life-history traits
observation, 15 and 20 neonates were randomly collected from culture under nutrient-rich and
starved conditions, respectively. Under the nutrient-rich condition, daphnids' body length was
measured on days 0, 4, 7, and 14. The clutch size was recorded by counting the number of offspring

produced from the 1st to 3rd clutch.
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Figure 3.2 (A) Overview of the experimental design. The green rectangle represents the 2.5-L

tank for maintenance culture in the ADaM medium. The curved arrow represents the transfer of
an individual neonate into a 50-mL conical tube, represented by the tube-like shape. The arrow
represents the cultural process. Black camera icons above the culture timeline indicate the time
points at which daphniids were individually imaged to measure their body length. The red dot
indicates the time point of daphnids collection for RNA seq. (B) The graph illustrates the
developmental phases of D. magna. The growth curve of daphnids (solid red line) based on their
body lengths and blue bars indicate the number of offspring produced. During the juvenile stage,
daphnid only increases its body length (the growth phase in grey shading). After maturation,
besides increasing the body length, the daphnid starts its reproduction (the growth and
reproduction phase in light red shading). Moreover, later on, after reaching a maximum body
length, the growth stopped and remained only reproduction activity in daphnid (the reproduction
phase).
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During culturing, due to handling, one wild type and one mutant were killed. Therefore,
we recorded the life span of 14 individuals of wild types and mutants. For starvation experiments,
the body length of daphnids was measured at the two more time points, day 18 and day 22, in
addition to day 0, 4, 7, and 14. Clutch size was recorded from 1st to 5th clutch. In this treatment,
we could record the life span of 20 individuals, both from wild types and mutants. For expression
analysis by quantitative real-time PCR and RNA-seq, five daphnids were also cultured individually
in each condition until producing 2" clutch (day 12). Eggs were removed before homogenization

for RNA extraction. Each treatment was repeated three times for triplicates of sampling.

3.2.4 Body length and growth rate analysis.

To examine the effect of starvation on D. magna growth, we measured body length from
the center of the eye to the base of the tail ™ using a microscope and the Imagel] software
(http://rsb.info.nih.gov/ij/). The growth rates of juvenile and adult daphnids were determined by

using their body length on day 0 to day 4 and day 4 to day 14, respectively, and calculated as

_ lnL1 - lnLo

g t

According to a previous study, where L1 and Lo are the final and the initial body lengths,

respectively, and t is the time in days from the first to final observation’.

3.2.5 RNA extraction and cDNA synthesis.

To extract total RNA, five female adult daphnids were collected and briefly washed.
Homogenization was performed with beads using a Micro Smash machine MS-100 (TOMY;
Tokyo, Japan), in the presence of Sepasol-RNA | reagent (Nacalai Tesque Inc.; Kyoto, Japan).
Total RNA was isolated according to the manufacturer’s protocol, which was followed by

phenol/chloroform extraction. One ug of purified total RNA was converted into the first-strand
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cDNA with PrimeScript Il Reverse Transcriptase (Takara, Japan) and random primers (Invitrogen,

Carlsbad, CA, USA) according to the manufacturer’s recommended protocol.

3.2.6 Expression Analysis by Quantitative Real-Time PCR.

Total RNA purification and cDNA synthesis in adult samples treated with different food
levels were performed as described above. PCR was performed using a Power SYBR Green PCR
Master Mix (Thermo Fisher Scientific, USA) with Mx3005P Real-Time PCR System (Agilent
Technologies; CA, USA). In the presence of the appropriate primer pairs, real-time PCR
amplifications were performed in triplicate at the following conditions: 2 min at 50°C and 10 min
95°C, followed by 40 cycles of 15 s at 95°C and 1 min at 60°C. Gel electrophoresis and dissociation
curve analyses were performed to confirm the correct amplicon size and the absence of non-
specific bands. The relative mRNA levels of juvenile samples and adult samples treated by
different food levels were analyzed by normalization of the DapmaDNMTSs transcript level to the
transcript level of ribosomal protein L32 *. The oligonucleotide sequences for qRT-PCR were
used by the previous study % and combined with DapmaDNMT1 primers
(DapmaDNMT1-forward 5°- GAAGATTCCCTTCTGCGCTATG -3° and DapmaDNMT1-reverse

5’- CACGGGCTGAGAATAAGTGGT -3°).

3.2.7 RNA sequencing.

Nine total RNA samples were extracted from triplicate samples of each of the three
treatments (wild types in starved condition and mutants either nutrient-rich or starved condition)
were used for RNA-seq provided by Novogene service (Novogene (HK) Company Limited, based
on Illlumina NovaSeq platforms with paired-end 150 bp sequencing strategy (en.novogene.com).
Before proceeding with the sequencing, all nine samples passed the company's QC Criteria and

met the library construction requirement. A summary of counted reads and percentage of total
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reads mapped is shown in Table 3.1. In general, we obtained between 20 and 26 million reads for
each sample, and approximately 80% of reads could be mapped to a reference genome in D. magna,

which is available from wFleaBase.org *°.

Table 3.1. Summary of RNA-Seq reads

Line Condition Replicate | Number of reads | % of total mapped

| 20,708,586 82.85

Wild type Starved 2 21,726,268 80.03
3 22,470,222 83.00

1 24,195,222 80.14

DNMT3.1" Nutrient rich 2 25,194,166 80.48
3 23,052,612 80.93

| 21,132,788 82.33

DNMT3. 1+ Starved 2 26,078,976 82.14
3 22.874.240 82.66

3.2.8 RNA-Seq Data Analysis.

Sequencing data from 9 libraries of the above samples were analyzed using CLC Genomics
Workbench 12 (Qiagen) (accession number: GSE158129). The other three libraries of the
triplicates from wild type in nutrient-rich condition (accession number: GSE150821) had been
prepared and sequenced elsewhere by the same methods, including Daphnia culturing condition
as in this study 1. The Daphnia magna genome that is available from wFleaBase.org * was used
as a reference for mapping the reads. Mapping options were set at mismatch cost 2, insertion cost
3, depletion cost 3, length fraction 0.8, and similarity fraction 0.8, expression value set to total
counts. Differential expression analysis was performed with the ‘Transcriptomics Analysis’
toolbox and comprised ‘experimental set-up,” where treatment pairs were analyzed with the option
‘All group pairs.” This setting uses the Wald test and reports each gene's expression mean with a

fold change between the treatment pair. Expression values were normalized using the options ‘by
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totals’ and ‘state numbers in reading 1,000,000’. The normalized values were transformed using
the “Add a Constant” set at the value ‘1°. In order to identify the differential expressed genes
(DEGS) between a pair of treatments, Anova and Likelihood ratio test were performed on the
transformed values for each mapped gene, and DEGs were filtered based on false discovery rate

(FDR) p-value cutoff FDR  p < 0.05 and fold change cutoff FC > |1.5]. k-Means clustering

was performed by iDEP(v.9) 1%, A list of gene ID of DEGs merged counts was uploaded to iDEP,
and parameters for analysis were set following a previous study 1%, Accordingly, counts were
filtered out by criteria of at least 0.5 counts per million in one of the samples and transformed by
VST (variance stabilizing transform). Heatmap was visualized by a blue-white-red color scheme,
and k-Means was clustered for all of the filtered genes by choosing 5 clusters. The Daphnia magna
genome's gene ID was annotated by NCBI homologs using Blast2GO features within OmicsBox
1.2.4 Y%, The annotated genes in each cluster were examined for the enrichment of GO terms

within the subsets of the assembled sequences via Fisher’s Exact Test executed within OmicsBox

1.2.4 104,

3.2.9 Statistics.

Statistical analyses were conducted using statistical program R version 3.2.5. Growth rate, clutch
size, and median lifespan were analyzed by pairwise t-test and Student’s t-test with Welch’s
correction. The “FSA” R package performed fitted von Bertalanffy growth. The “survival” R
package performed Kaplan Meier survival curves and log-rank test analysis. Two-way ANOVA
and Fisher’s LSD test were performed by “agricolac” R package. The level of significance was P

< 0.05.
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3.3 Results

3.3.1 CRISPR/Cas-mediated mutagenesis of DNMT3.1.

To investigate the functions of DNMT3.1 in D. magna, we attempted to mutate this gene
using the CRISPR/Cas system. As with the DNMT3L in mammals, DNMT3.1 lacks five out of
six characteristic motifs of the MTase domain in catalytically active DNMTS3 proteins except motif
VI (Fig. 2.4) %. gRNA was designed to bind upstream of the motif VI because the diverged MTase
domain of DNMT3.1 may interact with another D. magna DNMT3 ortholog DNMT3.2 harboring
all of the six motifs for de novo methylation as well as the interaction between DNMT3L and
DNMT3A in mammals!®, Besides, truncation of the C-terminus of DNMT3A/B led to a
significant decrease of their protein levels in human embryonic stem cells 1%, There are more than
six base pair mismatches between this gRNA and the other D. magna DNMT genes (Fig. 3.3).
This specificity of the gRNA to DNMT3.1 could avoid off-target effects to the other DNMT genes
because the DNA region with up to five base pair mismatches with gRNA is susceptible to editing

by Cas9/gRNA complex7-108,
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gRNA DNMT3.1 G-GAAGAGGTGTACGAAC———-TCAATGG
L T | #11 L1 T#]]
DapmaDNMT1 GGCGTCGAATTGCTTTGTG--GAGGT-——C—CACCTTGTC-AAGG

b
gRNA DNMT3.1 GGAAGAGGTGTACGA-ACTCAATGG
REREAEZANNREEARNEARREARE

DapmaDNTMS3. 2 AAARADAAATCAATATATAAGGAATATCTGTA-TATATTCA-TGG

Figure 3.3 Nucleotide sequences alignment of gRNA_DNMT3.1 against DNMT genes in
Daphnia magna genome. Dash indicates a gap in the alignment. The vertical bar indicates a match.
Hashtag indicates a mismatch. The PAM site in the genomic sequences is highlighted in red text.
(a) The alignment shows 12 gaps and 2 mismatches between the gRNA_DNMT3.1 and the
genome sequence of DNMT1 (Dapma7bEVmO005001t1). (b) The alignment shows 6 mismatches
and 3 gaps between the gRNA DNMT3.1 and the genome sequence of DNMT3.2
(Dapma7bEVm011900t1).

We injected Cas9 ribonucleoproteins (RNPs) comprising the purified Cas9 proteins and
targeting gRNA into 48 parthenogenetic female eggs, of which 15 survived until the adult stage.
G2 progenies of these potential founder lines were used for genotyping. We cloned and sequenced
genomic PCR products encompassing the gRNA-targeted site to find mutant lines. Of the 15, we
found one founder animal that produced offspring harboring biallelic indel mutations around the
targeted site (Fig. 3.4). This line's biallelic indel mutations led to frameshifts, resulting in
premature STOP codons occurring in both alleles (Fig. 3.4). We named this mutant line

DNMT3.17 and used it for phenotyping and transcriptional analysis.
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exonl 2 3 4 5 6 78 9 10 111213 14 15 16 17
DNMT3.1 |
@ 0.25 kb
Wild type  GACAGGTGGGRAGAGGTGTACGAACT-—————- CAATGGCGTCGATTTTGTTGTCCTGARA (123) AGA
D RWEE V Y E L N G VvV D F V V L K (41) R
(-35,0) GACAGGT-———--——————— CGATTTTGTTGTCCTGR
DNMT3.17/~ D R s I L L § *
(0, +7) GACAGGTGGGARGAGGTGTACGAACTTGT TGAACAATGGCGTCGATTTTGTTGTCCTGAR (123) TAG
D RWEZEV Y EULV E Q WURURF C C P E (41) *
Wild type DNMT3.17/7(-35, 0) DNMT3.17/7(0, +7)

TGGGAAGAGGTGTACGRACTCAATGG GGTCGATTTTGTTGTCC TGGGAAGAGGTGTACGAACTTGTTGARCAATGG

Figure 3.4 CRISPR/Cas-mediated mutagenesis Genomic sequence of the DapmaDNMT3.1
mutant around the gRNA-targeted site. The DapmaDNMT3.1 (DNMT3.1) exons and introns were
illustrated in white boxes and black lines, respectively. In the alignment, the top line represented
the wild type DNMT3.1 nucleotide sequence and deduced amino acid sequence is shown under the
DNA sequence. Subsequent lines show sequences of mutant alleles followed by deduced amino
acid sequences. The asterisk represents a premature STOP codon. The length (base pairs) of an
abbreviated sequence and amino acid sequence are shown in parentheses among the sequences.
The length (base pairs) of each indel mutation is written on the left of each sequence (-, deletions;
+, insertion). The gRNA recognition and protospacer adjacent motif (PAM) sequences are in blue
and green boxes, respectively. Red hyphens and letters indicate the identified mutations. Sanger
Sequencing chromatograms of DNA from wild type and the biallelic mutant of DNMT3.1 were

shown below the alignment.

45



3.3.2 DNMT3.1 mutation does not change growth and fecundity under nutrient-rich

conditions.
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Figure 3.5 Life-history traits of wild type and DNMT3.17- under nutrient-rich conditions. (a)
Body length measurements and fitted von Bertalanffy growth for 15 D. magna individuals of
DNMT3.17 and wild type. Red and black lines correspond to fitted curved for DNMT3.17" and
wild type, respectively, and boxplot of their body lengths at 3" clutch stage. (b) Boxplot of the 15
D. magna’s clutch sizes cultured individually in a nutrient-rich condition. All boxplot whiskers
extend to the highest and lowest values, and the boxes extended from quartile 1 to quartile 3, with
the middle line showing the median. n.s. denote no significant differences by pairwise t-test. (¢)
Bar graph of the cumulative offspring produced from the 15 individuals at 3rd clutch. Error bars

indicate the standard deviation of the mean. n.s. denote no significant difference by unpaired t-test.

We investigated the phenotypes of the mutant line under nutrient-rich conditions (5.12x10’
Chlorella cells/daphnid). We cultured the wild type and DNMT3.17- for 14 days and divided this
culturing period into two phases, 1) growth phase (0-4 day) and 2) growth and reproduction phase

(4-14 day), where growth and reproduction compete for energy from the food. The growth rate
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was measured in each phase, and the number of offspring was counted in each clutch. In the growth
phase, the growth rate of DNMT3.17- was similar to that of wild type (P = 0.14) (Fig. 3.5 and Table
3.2). In the growth and reproduction phase, there was also no significant difference in the growth
rate (P = 0.2) in addition to the number of offspring at each clutch or their cumulative clutch size

(P = 0.7) between wild type and mutant lines (Fig. 3.5b, ¢ and Table 3.2).

Table 3.2. Growth rate and clutch size of D. magna under nutrient-rich and starved conditions.

Condition | Age | Instar Phase Growth rate (day™) Clutch
(day)
Nutrient- Wild type | DNMT3.2"
rich 0-4 1-4 Growth 0.281+0.009 0.283+0.007 nr nr
4-14 4-8 Growth + 0.033+0.005 | 0.035+0.004 18t 10.9+2.3 11.442.9
Reproduction 2nd 21.6+5.5 22.3+3.9
3rd 31.145.5 31.945.7
Starved 0-4 1-4 Growth 0.263+0.011 0.255+0.02 nr nr
4-14 4-8 Growth + 0.051+0.01 | 0.082+0.012™ | 1* 11.2+41.2 10.3+1.7
Reproduction 2nd 13.3+1.9 9.2+2.6™"
3rd 8.55+2.7 3.241.7
14-22 | 8-10 | Reproduction | 0.007+0.004 0.008+0.005 4t 47415 3.85+1.8
5th 8.65+2.6 8.35+2.2

Values are mean + SD; n = 15 in the nutrient-rich and n = 20 in the starved. nr: not related. Significant differences between
wild type versus DNMT3.17, were indicated by asterisks via pairwise t-test, “*P<0.001.

3.3.3 DNMT3.1 controls the trade-off between growth and fecundity under starved
conditions.

We previously found upregulation of DNMT3.1 expression in response to caloric
restriction 95. We compared phenotypes between wild type and DNMT3.17- mutant under starved
conditions where the number of Chlorella was reduced 8-fold compared to that in nutrient-rich

conditions.
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Figure 3.6 Growth rate and clutch size of wild type under nutrient-rich and starved
conditions. (a) The growth rate of wild types from day 0 to day 4 (growth phase), (b) Growth rate
of wild types from day 4 to day 14 (growth and reproduction phase). (a), (b) Boxplot of the growth
rate of 15 and 20 wild types cultured individually in nutrient-rich and starved conditions,
respectively. All boxplot whiskers extend to the highest and lowest values, and the boxes extended
from quartile 1 to quartile 3, with the middle line showing the median. Significance was analyzed
using the student’s t-test with Welch’s correction, P<0.05. (¢) Boxplot of the clutch sizes of 15 and
20 wild types cultured individually in nutrient-rich and starved conditions. Asterisks denote
significant differences by student’s t-test with Welch’s correction; n.s., not significant;
***pP < (0.001

We first examined the effects of starvation on growth rate and reproduction in wild-type
daphnids. The growth rate was reduced in the growth phase compared to nutrient-rich conditions
(P = 7.575e-06) (Fig. 3.6a). In the growth and reproduction phase, starved daphnids' growth rate
was higher than that of well-fed daphnids (P = 1.167e-07) (Fig. 3.6b). The starved daphnids
produced a smaller number of eggs since the second clutch (Fig. 3.6¢). This reduction of the food
did not lead to a significant difference in the timing of molting between nutrient-rich and starved

conditions.
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Figure 3.7 Life-history traits of wild type and DNMT3.17- under starved condition (a) Body
length measurements and fitted von Bertalanffy growth for 20 D. magna individuals of wild type
and DNMT3.17. Red and black lines correspond to fitted curves for DNMT3.17- and wild type,
respectively, and boxplot of their body lengths from 3rd to 5th clutch stages. (b) Boxplot of the 20
D. magna’s clutch sizes cultured individually in starved condition. All boxplot whiskers extend to
the highest and lowest values, and the boxes extended from quartile 1 to quartile 3, with the middle
line showing the median. Asterisks denote significant differences by pairwise t-test; n.s., not
significant; ***P < 0.001. (c) Bar graph of the cumulative offspring produced from the 20
individuals at 5th clutch. Error bars indicate the standard deviation of the mean. Asterisks denote

significant differences by unpaired t-test; ***P < 0.001.

We next investigated phenotypes of DNMT3.17" mutants. There was no difference in
growth (P = 0.12) between the wild type and the mutant in the growth phase (Fig. 3.7 and Table
1). However, in the growth and reproduction phase, the growth rate of mutant daphnids (0.082
mm/day) was higher than that of wild type (0.051 mm/day) (P = 2.5E-10) (Fig. 3.7a and Table
3.2). In contrast, mutants produced a smaller number of offspring at the second and third clutches

compared to the wild type (P = 1.6E-06 and 8.7E-09, respectively) (Fig. 3.7b and Table 3.2). This
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phase's phenotypic differences motivated us to extend observation until 22 days-old for
investigations of the phenotypes. We named this third period the reproduction phase because the
growth rate in this phase becomes much lower than that in the earlier two phases. In the
reproduction phase, we observed no differences in growth rate and clutch size between wild types
and mutants (Fig. 3.7 and Table 3.2). The timing of molting did not differ between wild type and

DNMT3.17- mutants.

3.3.4 DNMT3.1 mutation reduces life span under starved conditions.

We compared the life span of the DNMT3.1 mutant to that of the wild-type. In the nutrient-
rich condition, wild type and DNMT3.17 lines showed similar longevity (log-rank p = 0.9), with
a median lifespan of 54 and 56 days, respectively (Fig. 3.8). In the starved condition, a decreased
trend in the lifespan of the DNMT3.17" line was observed (log-rank p = 0.0136) with a median

lifespan of 50 days compared to 61 days of the wild type line (Fig. 3.8).

50



Nutrient rich condition Starved condition

g 2
3 n=14 3 a0
T0 ns
S
s £
> o o | 2
.. e
=1 = < 40
E‘E %50
3o | < o 2
2 = 7] pyMT2.17/~  Wild type
)
o
30
& 7 DNMT3.17/~ Wild type 2
T baMTas — DNMT3.LTI" Log-rank p = 0.0136
— Wild type Log-rankp = 0.9 —  Wild type M -18.57%
2 7 o -
T T T T T \ T \ T \ T T T \ \
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Time (day) Time (day)

Figure 3.8 Life-span of wild type and DNMT3.17- under nutrient-rich and starved conditions.
Kaplan-Meier survival curves of wild type and DNMT3.17", and boxplot of their ages. M indicates
a decrease in the median lifespan of DNMT3.17". The p-value was determined using the log-rank

test. Asterisk denotes significant differences by pairwise t-test; n.s., not significant; *P < 0.05
3.3.5 DNMT3.1 mutation alters transcriptome under starved conditions.

We examined whether the other DNMT genes compensate for the DNMT3.1 mutation in
this phase or not. RT-gPCR compared the expression of DNMT1, DNMT3.1, and DNMT3.2
between wild type and DNMT3.17" either under nutrient-rich or starved conditions. The result
showed no interaction between DNMT3.1 and any other two DNMT genes (Table 3.3).
Upregulation of DNMT3.1 expression in response to the starved condition was also confirmed both

in wild type and DNMT3.1” (Figure 3.9).
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Figure 3.9 Relative expression of DapmaDNMTs in wild type and mutant under nutrient-
rich and starved conditions. Relative expression of DapmaDNMTSs in 12 days adults cultured in
nutrient-rich and starved conditions. Data were expressed as the mean fold change of starved wild
type, nutrient-rich and starved mutants with nutrient-rich wild type as the calibrator. Normalization
was performed using Ribosomal protein L32 gene expression as the internal control. Error bars
indicate the standard error of the mean (n = 3). Treatment with the different letter are significantly
different (P < 0.05) identified by Fisher’s LSD test in multiple comparisons after two-way
ANOVA.
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Table 3.3. Summary of two-way ANOVA for food level and line on the expression of DNMT

genes.
Gene Source of Df | SS MS F P

variation
FOOD (F) 1 | 0.0037 | 0.00367 | 0.0092 | 0.9261
DNMTI LINE (L) 1 | 0.0547 | 0.05467 | 0.1363 | 0.7216
Interaction F xL | 1 | 0.9241 | 0.92408 | 2.3031 | 0.1676
FOOD (F) 1 | 109.324| 109.324 | 8.3404 | 0.0202
DNMT3.1 LINE (L) 1 | 28275 | 28275 | 2.1571 | 0.1801
Interaction F xL | 1 | 13.954 | 13.954 | 1.0645 | 0.3323
FOOD (F) I |0.18253|0.182533 | 1.3241 | 0.2831
DNMT3.2 LINE (L) 1 | 006163 | 0.061633 | 0.4471 | 0.5225
Interaction F xL | 1 | 0.0192 | 0.0192 | 0.1393 | 0.7187

Df, Degrees of freedom; SS, Single squares; MS, Mean squares. Significant effect is highlighted
in bold (P = 0.05)

To examine how many genes were affected at mMRNA level in the DNMT3.1 mutation,
we performed RNA-Seq analysis to find differentially expressed genes (DEGs) between wild-

type and mutant lines in the second phase, growth and reproduction phase.

Nutrient rich condition Starved condition
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Figure 3.10 Volcano plot of RNA-seq transcriptome data displaying the pattern of gene
expression values for mutant relative to wild type cultured under nutrient-rich and starved
conditions. Each dot represents one differential expression gene (DEG) (FDR p-value < 0.05 and

Fold change > |1.5] )
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In nutrient-rich and starved conditions, numbers of differentially expressed genes were 220 and
2770 respectively (Fig. 3.10), demonstrating that, in the starved condition, disruption of DNMT3.1

showed a much larger effect on the transcriptomes.

Amongst the DEGs in starved animals, 1432 annotated genes were identified, and we
performed clustering of these by k-Means. 1364 genes passed the filter (as described in Materials
and Methods) and were divided into five clusters (Fig. 3.11). Furthermore, we analyzed the gene
ontology (GO) for functional annotation of genes in each cluster by using Fisher’s Exact Test
(accession number: GSE158129). Clusters A and B included genes showing higher expression in
the mutant under starved conditions. The top enriched GOs in clusters A and B were mitotic cell
cycle and transmembrane transport, respectively (Table 2). In cluster A, we found a notable gene,
Nuclear hormone receptor ftz-f1 (Dapma7bEVm011018t1) (ftz-f1), that showed an upregulation in
the mutant under starved conditions (Table 3.4). Interestingly, in cluster B, we found a gene that
codes for an ortholog of solute carrier family 13 member 5 (Dapma7bEVmO010715t1), known as
Slc13a5 or INDY (I'm not dead yet). The Daphnia INDY ortholog showed reduced expression in
the wild type but upregulated expression in the mutant under starvation (Table 3.4 and accession
number: GSE158129). Genes in Cluster C showed down-regulation in both wild type and mutant
under the starved condition and were more severely down-regulated in the mutant (Fig. 3.11).
Importantly, vitellogenin genes, vtgl (Dapma7bEVmO024402t1), and seven other genes related to
lipid transport were included in this cluster (accession number: GSE158129). Cluster D
represented down-regulated genes in the mutant under starved conditions, many of which are
involved in carbohydrate metabolic processes (Fig. 3.11 and Table 3.4). We found a represented
gene, target of brain insulin (Dapma7bEVmO003111t1) known as tobi, an a-glucosidase. Finally,

cluster E genes were upregulated in the wild type under starved conditions, which included genes
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related to protein turnover (proteolysis) (Fig. 3.11 and Table 3.4). A represented gene of this GO

was trypsin (Dapma7bEVmO010425t1), known as epsilonTry.
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Figure 3.11 K-means clustering of DEGs from wild type and DNMT3.17 in two conditions.
Heatmap generated based on clustering 1364 annotated differential expression genes in the dataset
into 5 clusters.
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Table 3.4. Top gene ontology category in each cluster, and notable genes found in the cluster.

Gene Ontology (GO) Term Differential Expression
Enrichment MTvsWT)
Cluster Top GO Notable Genes
Biological FDR P-value FC FDR P-value
Process Category
A Ftz-f1
A Mitotic cell cycle 9.94E-17 (Dapma7bEVmM01101811) 2.53 4.28E-10
Transmembrane INDY
B transport 3.83E-07 (Dapma7bEVm010715t1) aLl7 0
- Vigl
C Proteolysis 1.79E-13 (Dapma7bEVm02440211) -2.45 6.74-E-09
Carbohydrate tobi
D metabolic process 6.39E-17 (Dapma7bEVm003111t1) -2:26 1.24E-05
. i epsilonTry ) )
E Proteolysis 2.38E-09 (Dapma7bEVmMO010425t1) 3.22 4.22E-06

MT: DNMT3.17 mutant; WT: Wild type; FDR: False discovery rate; FC: Fold change expression
between mutant and wild type under starved conditions.

3.3 Discussion

Despite the long history of research on energy allocation, genes affecting energy allocation
still remain mostly unknown. In the cladoceran crustacean D. magna, energy allocation among
competing life-history traits have been extensively investigated under starved conditions. We have
previously shown that Daphnia DNMT3.1 was up-regulated in response to starvation, suggesting
a potential function of this gene for energy allocation. This study introduced a mutation into
DNMT3.1 and analyzed phenotypes of its mutant under caloric restriction. The resulting biallelic
mutant is viable and did not show any change in growth rate, reproduction, and longevity under

nutrient-rich conditions.

In contrast, under starved conditions, the growth rate of this DNMT3.1 mutant was
increased. However, its reproduction was reciprocally reduced compared to the wild type when
the growth and reproduction activities competed during a period from instar 4 to 8. The life span
of this mutant was significantly shorter than that of the wild type. We also compared
transcriptomes between DNMT3.1 mutant and wild type under nutrient-rich and starved conditions.
Consistent with the DNMT3.1 mutant phenotypes, the starved condition led to changes in the
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mutant transcriptomes, including differential expression of vitellogenin genes. In addition, we
found upregulation of the 1 am not dead yet (INDY) ortholog, which has been known to shorten
the life span in Drosophila, explaining the shorter life span of the DNMT3.1 mutant. These results
establish DNMT3.1 as a critical regulator for life span and energy allocation between growth and
reproduction during caloric restriction. Our findings reveal how energy allocation is implemented
by selective expression of a DNMT3 ortholog that is widely distributed among animals. We also
infer a previously unidentified Daphnia adaptation that invests more energy for reproduction than

growth under starved conditions.

3.3.1 DNMT3.1 controls the trade-off between growth and reproduction under starved
conditions.

The trade-off between growth and reproduction occurred in both wild-type and DNMT3.1
mutants under different food levels, which is in line with previous reports #’. Interestingly, the
DNMT3.1 mutant showed a higher growth rate and lower clutch size compared to wild type when
both processes competed during a period from instar 4 to 8, indicating that DNMT3.1 allocates
more energy to reproduction. These results suggest that DNMT3.1 controls the trade-off between
growth and reproduction when growth and fecundity compete for energy from the food. Larger
clutch size has a positive impact on expanding its population size, which in turn would lead to an
increase in fitness. The correlation of DNMT3.1 gene activity with phenotypes in the natural
population needs to be examined to further understand the functions of this gene in an ecological

context.

3.3.2 DNMT3.1 increases life span under starved conditions.
The life span of the wild type was longer than that of DNMT3.1 mutant under starved

conditions. In D. melanogaster, starvation reduced | am not dead yet, or INDY expression and in

57



turn led to extension for longevity'% 19 INDY functions as a citrate transporter of the Krebs cycle
and modulates energy production during the life span 1. Interestingly, in D. magna, we found
upregulation of INDY in short-lived DNMT3.1 mutants under starved conditions. Thus, we
hypothesize that, in the wild type, DNMT3.1 downregulates INDY and extends its life span under
starved conditions. To test this hypothesis, functional analysis of the Daphnia INDY ortholog

would be needed in the future.

3.3.3 Possible physiological function of DNMT3 ortholog in pancrustaceans.

DNMT3 orthologs are phylogenetically distributed even in invertebrates, but their
functions still remain unclear because invertebrate models such as Caenorhabditis elegans and D.
melanogaster lack the DNMT3 ortholog and DNA methylation on the genome. In D. magna,
DNMT3.1 mutant is viable and did not show any developmental changes under nutrient-rich
conditions. Consistent with this phenotype, knockdown of DNMT3 orthologs in social insects did
not reduce survivability 249293 Although we need to confirm how much the DNMT3.1 protein
level has been reduced in the DNMT3.1 mutant, the DNMT3 ortholog may not function in basal
in arthropods development, unlike mammalian DNMT3. In flies, InR and FOXO are known to
control life span and fecundity 33, Since a potential FOXO binding site has been found in a
promoter region of DNMT3.1, core components like the FOXO signaling pathway that influence
life history traits may be conserved and linked to DNMT3.1 as a downstream component.
Functional analyses of DNMT3 orthologs in other pancrustaceans under stressed conditions,
including starvation, will lead to a better understanding of this gene's functions in the control of

life-history traits.
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3.3.4 Possible molecular function of DNMT3.1.

Table 4.1 Gene expression of hypermethylated genes from wild type (WT) and mutant (MT) in a
starved condition

Gene ID Gene name DMR WT MT
Dapma7bEVm004172t1 SHC SH2 domain-binding protein =~ Hypermethylated Down No
Dapma7bEVm010768t1 Surfeit locus protein Hypermethylated Down No

Structural maintenance of
Dapma7bEVm003001tl chromosome 2 1 protein Hypermethylated Down No
Dapma7bEVmO005181tl1 conserved protein Hypermethylated Down  No
Dapma7bEVm004398t1 Upstream stimulatory factor Hypermethylated Down No
Peroxisomal targeting signal 1
Dapma7bEVm000396t1 receptor Hypermethylated Down No
Dapma7bEVm002983t1 GTP-binding nuclear protein Ran ~ Hypermethylated Down No
Eukaryotic peptide chain release
Dapma7bEVm001440t1 factor gtp-binding subunit erf2 Hypermethylated Down No
translation release factor 3 erf3 erf-3

DMR: Differential methylated region was reported %, No: no change; Down: Down-regulated;
Up: Up-regulated

Previously, a study in Daphnia has shown 115 genes with significantly hypermethylated
regions under starved conditions in D. magna . Under the starved condition, of the 115, only 8
showed reduced expression in wild type but were de-repressed upon DNMT3.1 mutation (Table

4.1).

This result may suggest that DNMT3.1 does not have an important role in DNA
methylation under starved conditions. Because DNMT3.1 mutation changed life-history traits and
expression patterns of 2770 genes under starved conditions, it might regulate gene expression
globally, although we could not exclude the possibility that DNMT3.1 controls master regulatory
factors involved in starvation responses. In mice, both DNMT3A and DNMT3B function as a
transcriptional repressor without catalytic activity in cultured cells #” In addition, catalytically
inactive DNMT3B has been demonstrated to rescue the lethal embryonic phenotype of DNMT3B

knockout mice 2, suggesting that DNMT3B has a function independent of DNA methylation.
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Taken together, the DNMT3.1 mutant lacking a typical MTase domain and activity has lost control

of a large number of genes differentially expressed under the starved conditions.

Among the potential DNMT3.1 target genes under starved conditions, we listed five
notable genes, including INDY (Table 3.4). ftz-f1, a competence factor for juvenile hormone (JH)
activation, has essential roles in developmental regulation and various aspects of insect adult life
113,114 vitg1 encodes vitellogenin, a precursor of a major yolk protein 1'° and has been used as an
indicator of fecundity °4!6, The downregulation of Vtg genes was consistent with the severe
decrease of fecundity in mutants in response to the starved condition. Trypsin encodes digestive
protease in the gut of D. magna 7 and has been listed as involved in starvation resistance gene in

flies 118,

| demonstrated the physiological function of DNMT3.1 in extending longevity and energy
allocation to reproduction under starved conditions. Although DNMT3.1 lacks an evolutionarily
conserved sequence of the MTase domain, it changes the global transcriptome in response to

starvation.
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Chapter 4

General discussions

The utility of Daphnia magna for studying on a genetic basis inform us about the molecular
mechanisms of energy allocation. In this study, | found that the existence and upregulation of
DNMT3.1 play an important role in regulating the proportional energy allocation between growth
and reproduction under food limitations. The loss of DNMT3.1 gene led the organisms to enhance
their energy investment to growth and reduced reproduction. Moreover, it clearly showed when
the organism was in starved conditions. Therefore, DNMT3.1 controls the trade-off between
growth and reproduction under starved conditions. In addition, due to the fact of annually coping
with starvation, DNMT3.1 also shows its essential role in evolutionary adaption, which helps

D.magna maintain the population persistence and survive.

Starvation is a well-known factor in resisting insulin when the insulin level has declined
119 DNMT3.1 upregulated and possibly regulated by FOXO, a Forkhead transcription factor under
starved conditions when we found the consensus FOXO binding site sequence in the gene
promoter region. This possible regulation of FOXO may be correlated insulin signaling pathway,
while under starvation, FOXO is activated to deal with insulin resistance *?°. The targeted
disruption of the DNMT3 ortholog in D. magna revealed DNMT3.1 controls the trade-off between
growth and reproduction by changing the global transcriptomes under starvations. Although
DNMT3.1 lacks the conserved methyltransferase motifs, there might be two possibilities. The first

possibility is a methylated function.

In comparison to the domain structure of DNMT3s in mammals, DNMT3L lacks

methyltransferase motifs as well as could not methylate DNA directly. However, it has been
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investigated that DNMT3L facilitates DNMT3A protein to increase methylated level by forming
heterotetramers complex, enabling it to bind to nucleosomes, which results in stabilization of
DNMT3A protein®®. The second possibility is as a transcriptional repressor. According to a current
study, catalytically inactive DNMT3B restores a majority of molecular changes observed in
DNMT3B” mice 2. It has been clarified that DNMT3B is a multifaceted protein that is an
accessory factor for other DNMT similar to DNMT3L and, as a transcriptional repressor, repress

gene expression directly 12,

For future study, the gene regulatory mechanisms of DNMT3.1 can be investigated by
investigating DNA methylation and chromatin immunoprecipitation for the identification of direct

targets of this protein.

| anticipate that this work will understand the molecular mechanisms underlying energy

allocation in the ecologically important Daphnia species.
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