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Abstract

It is well known that most daphnid species have several attractive life history characteris‐
tics such as cyclical parthenogenesis, environmental sex determination, and predator-in‐
duced defense formation. Recent advances in high-throughput omics technologies make
it easy to obtain a huge number of potential candidate factors involved in environmental
stimuli-triggered phenotypic alterations. Furthermore, our group has developed a micro‐
injection system to introduce foreign materials such as nucleotides and chemicals into the
early-stage (one-cell stage) egg of Daphnia pulex and Daphnia magna. Consequently, we es‐
tablished a microinjection-based RNAi system that allows arbitrary gene functions to be
investigated. However, this microinjection system does not seem to have pervaded in the
daphnid research community due to its low throughput and high level of skills required.
In this chapter, we review the microinjection method and its RNAi system in water fleas,
D. pulex and D. magna, providing some technical tips and making challenging proposals
for the development of novel high-throughput RNAi methods. Finally, we provide an
overview of recently developed gene functional analysis methods such as overexpression
and genome-editing systems.

Keywords: Daphnia pulex, Daphnia magna, genome editing, microinjection, RNAi-related
gene

1. Introduction

The cladoceran crustacean water fleas are representative zooplankton ubiquitously found in
freshwater habitats around the world [1]. Among them, species of the family Daphniidae,
particularly genus Daphnia, have been well studied. All age classes of daphnids are principle
consumers of algae and thus play an important role in the food web in freshwater ecosystems.
In addition to this ecological significance, over the last decade, daphnids have drawn consid‐
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erable attention as a good indicator organism for aquatic toxicology and have thus been used
in ecotoxicological studies [2]. Moreover, for over 100 years, they have shown various adaptive
phenotypic alterations in response to external environmental stimuli, including environmental
sex determination (ESD) [3, 4], cyclical parthenogenesis, in which the mode of reproduction
changes between parthenogenesis and sexual reproduction [3, 4], and inducible defense, which
is a predator-triggered alteration of body shape [5, 6]. The acquisition of such sophisticated
life history strategies has enabled daphnids to prosper around the world. These environmental
stimuli-triggered phenomena in daphnid species have attracted many scientists involved in
ecological, developmental, and evolutionary biology [4, 7–12]. Although recent progress in
sequencing technology facilitates the deciphering of genome and transcriptome information
using ‘nonmodel organisms’, analytical methods for arbitrary gene functions are still insuffi‐
ciently developed. In studies involving daphnids, the whole-genome sequencing project of D.
pulex has been completed [12]. Furthermore, a microinjection system using early-stage
embryos has been established, allowing gene functional analyses, including RNA interference
(RNAi), to be possible in daphnids [13, 14]. Even though this microinjection-based experi‐
mental method can be used in two representative daphnid species, D. pulex and D. magna,
some experimental aspects are different between them due to the difference in size of their
early-stage embryos.

This chapter introduces Daphnia species as attractive models for eco-evo-devo studies and
summarizes technical methods and tips for microinjection-based RNAi in D. pulex and D.
magna. Finally, we review recent advances in the application of microinjection methods in
daphnids such as genome editing and transgenesis.

1.1. Life cycle

Daphnids produce offspring either by parthenogenesis or by sexual reproduction in response
to external environmental conditions. This mode of reproduction is referred to as cyclical
parthenogenesis. They have a short generation period that lasts approximately 1 week under
constant laboratory conditions, and their lifetime spans over 2 months or as much as 1 year
when reared under colder temperatures [15]. Under optimal growing conditions, daphnids
parthenogenetically produce offspring that expand their population consisting almost
exclusively of females. This results in the exponential growth of genetically identical clone
clusters. Mother daphnids produce several dozen eggs in their own brood chamber as a clutch
just a few minutes after molting. Embryonic development occurs in the brood chamber.
Subsequently, neonates are released to the outside just before the mother molts. Then indi‐
vidual mothers in the parthenogenetic phase repeat molting, spawning, and the release of
neonates throughout their lifetime (Figure 1, parthenogenetic phase).

On the other hand, when environmental conditions deteriorate, for instance, a short day-
length, lower temperature, food shortage, overcrowding, and the presence of predators, males
are induced by parthenogenesis and are, therefore, genetically identical to their sisters and
mother [4, 7–9, 16, 17] (Figure 1, sexual reproductive phase). In other words, an individual
parthenogenetic mother has the potential to produce female and male offspring in response
to changes in external environmental conditions. After copulation, sexual eggs, referred to as
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resting eggs that are enclosed in an ephippium (modified carapace that is darkly pigmented
by melanin), are produced. Resting eggs can tolerate extreme conditions such as drying,
freezing, and digestion by fish and can remain viable for over 100 years [18]. When favorable
conditions are restored, female neonates hatch out from resting eggs and reinitiate the
parthenogenetic phase, thus building up a new population (Figure 1, sexual reproductive
phase).

Figure 1. Schematic drawing of cyclical parthenogenesis in daphnids.

1.2. Daphnia as model species for ecological, evolutionary and developmental biology: eco-
evo-devo

Although several details are still controversial, recent molecular phylogenetic analyses of the
Arthropoda have revealed that the Crustacea clade is not monophyletic and is divided into at
least three clades (Ostracoda, Malacostraca, and Branchiopoda) that include daphnids (Figure
2). Also, the current phylogenetic hypothesis supports the notion that Branchiopoda and
Hexapoda form a sister group (Figure 2). This suggests that a growing body of findings
involving daphnids has accumulated and can contribute to our understanding of the evolu‐
tionary and developmental aspects of Arthropoda, connecting knowledge between well-
studied Hexapoda and more primitive Arthropoda clades.

Microinjection-Based RNA Interference Method in the Water Flea, Daphnia pulex and Daphnia magna
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Figure 2. Phylogenetic tree of the Arthropoda. The branching pattern is based on Oakley et al. [19] with some modifica‐
tions [20].

D. pulex and D. magna have long been used in ecological, evolutionary, developmental, and
ecotoxicological studies as representative model daphnid species for the following reasons:
D. pulex is ubiquitously widespread around the world, including Japan (Figure 3A), and shows
striking phenotypic alterations in response to predator-released chemicals, forming ‘neckteeth’
[5]; D. magna has a huge body size among cladoceran species (maximum length of approxi‐
mately 10 mm, Figure 3B); they are easy to maintain and rear under laboratory conditions;
they propagate rapidly because of their short generation time and reproductive cycle; embry‐
onic development can be observed in vitro; male offspring can be induced by administration
of juvenile hormone agonists [21, 22]. In addition, individuals within a single strain are most
likely genetically identical due to the diploidy of the parthenogenetic eggs that are maintained
by mitosis-like meiosis, which skips a part of the first meiosis [23], allowing the environmental
effects on their physiological and developmental processes to be investigated under a constant
genetic background. Furthermore, we established a reliable induction system for environ‐
mental sex determination (ESD) studies using the D. pulex WTN6 strain, in which the sex of
the offspring can be controlled by changing the day-length conditions in which long-day (14
h light:10 h dark) and short-day (10 h light:14 h dark) conditions can induce female and male
offspring, respectively [17], and for inducible defense in several D. pulex strains where the
incidence and number of neckteeth vary in response to different concentrations of Chaoborus
kairomone [24].

In addition to the aforementioned advantages, useful experimental tools are available, for
example, embryonic developmental staging [25, 26], whole-mount in situ hybridization and
immunostaining using developing embryos [27], immunofluorescence and fluorescence in
situ hybridization (FISH) [28], an expressed sequence tags (ESTs) database [29], and genetic
linkage maps [30–32]. Furthermore, the whole-genome sequencing of D. pulex is complete [12,
32], although that of D. magna is still ongoing (https://wiki.cgb.indiana.edu/display/magna/
Home). In addition, recent growing omics and bioinformatics technology enables daphnid
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researchers to investigate cells, tissues, and organisms from a multilevel perspective such as
the transcriptome [12, 33–35], proteome [36], or metabolome [37]. Thus, various excellent
experimental tools and an increasingly huge accumulation of omics data make D. pulex and
D. magna attractive model organisms for studying the molecular mechanisms underlying
phenotypic alterations that depend on external environmental conditions. These reliable
induction systems of focal phenotypes are indispensable for analyzing their physiological and
developmental mechanisms.

Figure 3. Daphnia pulex (A) and D. magna (B). Upper and lower parts indicate the adult and embryo just after ovulation,
respectively.

2. Microinjection-based RNA interference (RNAi) in daphnid species

As mentioned above, recent high-throughput sequencing technologies have enabled biologists
to use nonmodel organisms to easily access genomic information. However, the development
of experimental methods for gene functional analysis still hampers their reverse genetics
approach. To date, the RNAi method in D. pulex and D. magna has been established by a
microinjection method using early-stage embryos. Although our previous reports described
detailed methodology for microinjection and the tips, tricks, and traps associated with this
methodology [13, 14], there are slight differences for each daphnid species. Furthermore,
descriptions of genes involved in the RNAi machinery is insufficient. Therefore, we compa‐
ratively summarize the tips to manipulate the microinjection methods in detail prior to
focusing on the current status of daphnid RNAi. We then introduce the gene repertoires
involved in the RNAi mechanism in D. pulex and D. magna genomes.
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2.1. Microinjection system

The daphnid microinjection system uses parthenogenetic eggs just after ovulation into the
mother’s brood chamber. The individual mother begins to lay eggs into the brood chamber a
few minutes after releasing neonates and molting. To obtain many healthy eggs, eggs from 2
to 6-week-old daphnids should be collected.

There are two major technical issues in microinjection of daphnids. One is the rapid hardening
of the egg membrane just after ovulation [38], which is caused by enzymatic activity of
peroxidase. The second problem is a substantial difference between the internal and external
osmotic pressures of the egg. The former issue hampers the penetration of the egg membrane
by a needle while the latter causes the leakage of egg components after injection. To overcome
these problems, Kato et al. [13] and Hiruta et al. [14] established improved protocols for
microinjection in D. magna and D. pulex, respectively. They succeeded in the transient inhibi‐
tion of the egg membrane hardening by ice-cold treatment just after ovulation. They also found
the best culture conditions after injection by increasing external osmotic pressures: M4 medium
[39] with 80-mM sucrose in D. magna [13] and a 2% agar plate covered with 60-mM sucrose
dissolved in M4 media in D. pulex [14].

In addition, since the fineness of the needle is critical for the success of microinjection, we next
describe a detailed preparation method. A glass needle is made from a glass capillary tube
(GD-1; Narishige, Tokyo, Japan) by a micropipette puller (P-97/IVF; Sutter Instrument, Novato,
CA, USA). The programmed P-97 parameters are as follows: heat: 845; pull: 50; velocity: 120;
time: 200; pressure: 500. The value of the ‘heat’ parameter required for the ramp test is based
on the manufacturer’s protocol because this value depends on a combination of the filament
and the glass capillary. In our case, using a combination of a regular P-97 filament and a GD-1
glass capillary, the ‘heat’ parameter value ranges between 845 and 870.

Based on the aforementioned information, we describe next the manipulation procedure of
microinjection using daphnids eggs.

1. The setting of tools for microinjection and surgery are shown in Figure 4A-C. A glass Petri
dish is prepared by placing two cover glasses side by side with M4-sucrose at ambient
temperature.

2. The synthesized double-strand RNA (dsRNA) is mixed with an equal amount of 2-mM
Chromeo 494 fluorescent dye (Active Motif Chromeon GmbH, Tegernheim, Germany),
which is used as a visible marker for injection. When using D. pulex eggs, it is possible to
confirm whether injection has succeeded by visual observation since the eggs are more
transparent than D. magna eggs (Figure 3). A visible marker is thus not essential.

3. The dsRNA solution (1.0–1.5 µL) is loaded into the needle. The tip of the needle is then
manually cut off using forceps under a stereomicroscope.

4. Mother daphnids just before molting (brood chamber is empty) are collected and observed
until spawning begins. They are transferred to ice-cold M4-sucrose medium just before
spawning is complete (4–5 eggs remain in each ovary).
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5. Eggs are surgically obtained from the mother daphnid and placed in ice-cold M4-sucrose
medium.

6. One to three eggs are immobilize by placing them at the edge of the left cover glass and
are injected by using a microinjector (Femtojet, Eppendorf, Hauppauge, NY, USA) and a
micromanipulator (MN-153, Narishige, Tokyo, Japan ; Figure 4D–F). The right cover glass
is used as a holder when the needle is not withdrawn from the egg. Microinjections can
be carried out within 1 h after ovulation.

7. The injected eggs are transferred into a plastic 6-well plate with 80-mM M4-sucrose
medium for D. magna [13] or a 2% agar plate on a 6-well plate with 60-mM M4-sucrose
medium for D. pulex [14] (Figure 4G) and subsequently incubated under constant
temperature (18–20°C).

Figure 4. Microinjection of daphnid egg. (A) Experimental equipment. 1: stereomicroscope; 2: micromanipulator
(MN-153, Narishige, Tokyo, Japan); 3: electronic microinjector (Femtojet, Eppendorf, Hauppauge, NY, USA). (B) Tools
for surgical manipulation. 1: Pasteur pipet (Thomas Scientific, Swedesboro, NJ, USA); 2: glass dish with two cover
glasses; 3: plate for blood test; 4: forceps (Dumoxel #5 Biologie). (C) A glass needle is made from a glass capillary tube
(GD-1; Narishige, Tokyo, Japan). (D) Overview illustration of microinjection field. (E, F) Magnified view and illustra‐
tion of microinjection using D. pulex egg. (G) Schematic illustration of embryo incubation after injection.
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2.2. RNAi machinery in daphnid species

The well-known natural role of RNAi in organisms is the innate immune system against
viruses and transposable elements [40]. Using this phenomenon, RNAi induction has been
developed as an innovative method for gene functional analysis by exogenous application of
dsRNA in Caenorhabditis elegans [41]. The dsRNA is first recognized by Dicer protein and cut
off into short 21–24 nucleotides referred to as short interfering RNAs (siRNA). These are then
invariably incorporated into large Argonaute-containing effector complexes known as RNA-
induced silencing complexes (RISCs), after which one-side strand of the dsRNA is cleaved and
degraded. Finally, the active Argonaute-containing RISC cleaves the target RNA sequence
with the complementary sequence to siRNA [40, 42]. In addition to this core machinery of the
RNAi pathway, many eukaryotes have the potential to amplify an amount of siRNA by a host-
encoded RNA-dependent RNA polymerase (RdRp). However, RdRp orthologs have not been
identified from the Arthropoda genome including D. pulex except for the tick genome [42].

In the D. pulex and D. magna genomes, there are three Dicer and Argonaute paralogs, but the
D. magna genome contains two copies of Dicer. Previous studies have shown that Dicer
paralogs are categorized into two clusters corresponding to the microRNA (miRNA) pathway
(Dicer-1) and the siRNA pathway (Dicer-2) [42, 43]. The miRNA is also a short 21–25 RNA,
which is generated from a hairpin in pre-mRNA, and plays an important role in translational
repression associated with RISC [44]. Phylogenetic analyses found that all Dicer paralogs of
D. pulex and D. magna were classed into the Dicer-1 group [45] (Figure 5A). Moreover, we
successfully recruited three Argonaute paralogs from the genome of each daphnid and
constructed a phylogenetic tree (Figure 5B). Previous studies revealed that Argonaute family
members are key components in different RNA silencing pathways and are categorized into
two subfamilies, Argonaute and PIWI (P-element induced wimpy testis). Argonaute subfamily
members have been found in widespread taxa, including yeast, plants, and animals and have
been identified as Argonaute-1 and Argonaute-2, which are involved in miRNA and siRNA
pathways, respectively. In contrast, the PIWI subfamily has been identified only in animals as
Argonaute-3, which is involved in PIWI-interacting RNA (piRNA) pathways [42, 46, 47]. Four
Argonaute family members were found from D. pulex and D. magna genome sequences in this
study, although only two paralogs have already been previously reported [43]. Phylogenetic
analysis revealed that both paralogs fall into the Arogonaute-1 clade of the Argonaute
subfamily, whereas each one paralog was categorized into Argonaute-3 and PIWI clades of
the PIWI subfamily (Figure 5B). The number of Argonaute family members found in daphnids
seems to be as conserved as in insect species [42, 48], although no Argonaute-2 paralogs have
yet been identified. Taken together, our results suggest that the genomes of daphnids might
lack the Dicer-2 and Argonaute-2 orthologs, which are factors responsible for regulating the
siRNA-inducing transcriptional gene-silencing pathway. In other words, our data imply that
the RNAi machinery of daphnid species might be distinct from the equivalent well-studied
mechanism in insects. To understand the full picture of the RNAi machinery of daphnid
species, further studies that examine domain sequence similarity and gene functional analysis
will be required.
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Figure 5. Phylogenetic trees of Dicer (A) and Argonaute (B). Amino acid sequences were aligned by ClustalW, and the
maximum likelihood trees were constructed from these alignments using the JTT model with bootstrap analyses of
1000 replicates along with complete deletion options (818 and 597 amino acid positions were used, respectively) by
MEGA6 [49]. Branches with bootstrap support >70% are indicated by numbers at nodes. Both D. pulex and D. magna
are indicated in bold. To obtain the predicted sequences encoding the D. magna orthologs of RNAi-related genes, pro‐
tein sequences of D. pulex were used in BLAST searches querying D. magna Genome BLAST (http://arthro‐
pods.eugenes.org/EvidentialGene/daphnia/daphnia_magna/BLAST/). The SID protein sequences of D. pulex were
retrieved from wFleaBase (http://wfleabase.org/). Phylogenetic trees were constructed based on data from McTaggart
et al. [43] with some modifications.
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2.3. Future challenges for development of high-throughput RNAi method in daphnids

Despite the availability of a microinjection-based RNAi method in daphnids, as demonstrated
by knocking down genes responsible for morphogenesis (distal-less and eyeless) [13, 14, 50],
sexual differentiation (doublesex1) [51], endocrine system (ecdysteroid-phosphate phosphatase)
[52], and neurogenesis (single-minded homolog) [53], this method has several experimental
limitations. For example, microinjection can only be performed using an early stage (1-cell
stage) egg, suggesting that this system cannot be used to perform a functional analysis of genes
that act during the adult stage and is unsuitable for large-scale experiments. Moreover,
specialized and skillful technical training is necessary to master the microinjection technique
in daphnids. To overcome those technical hurdles, we introduce two potential ideas to
establish more high-throughput and user-friendly methods for the study of daphnids. One is
electroporation, which is a physical transfection method that uses an electrical pulse to increase
the permeability of cell membranes, allowing nucleic acids and/or chemicals to be introduced
into cells. Recent innovation of the electroporation system has enabled the establishment of
rapid functional analysis in various organisms [54–56]. Indeed, our group has successfully
developed an in vivo electroporation system for the introduction of foreign DNA into neonatal
D. magna within 6 hours after release from the mother’s brood chamber [57]. Therefore, it might
be possible to apply this system for RNAi using various stages of daphnids.

The second method is a feeding (oral delivery) RNAi system, which was first developed in C.
elegans [58]. The feeding RNAi system is the most convenient and inexpensive method for high-
throughput screening since bacteria produce the designed dsRNA that are fed to host animals.
This system has so far been applied in various insects [59] and decapod crustaceans [60–62].
Unlike the time-consuming and troublesome microinjection method that can only be per‐
formed in the early egg stage in daphnids, the alternative feeding RNAi method may poten‐
tially be applied for manipulating a wide range of genes in many individuals at the same time.

3. Extended microinjection-based applications

The microinjection system can be widely applied for the development of not only RNAi but
also other attractive methods for gene functional analysis. Indeed, several microinjection-
based functional methods have been developed in daphnid species. First, a transient overex‐
pression system for arbitrary genes or reporter constructs was established by microinjection
of synthesized mRNA bearing the 5′ cap structure and the 3′ poly(A) tail [51] and a DNA
reporter construct [63]. These methods allow for a gain-of-function analysis, although only one
example has shown that the phenotype induced by transient overexpression was only
observed in the first instar juvenile [51]. However, the aforementioned overexpression and
RNAi system in daphndis suffer from several drawbacks such as incomplete gain- or loss-of-
function, transient effect, and limited analyzable stages.

To overcome these limitations, a transgenic D. magna line was established by using microin‐
jected GFP or DsRED reporter plasmid, although the success rate was quite low (0.67%) [64,
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65]. Furthermore, genome editing with engineered endonucleases is rapidly growing as a
stable experimental method for generating heritable mutations in not only well-known in
model organisms but also in nonmodel organisms. There are three representative methods:
zinc-finger nucleases (ZFNs), transcription activator-like effector nucleases (TALENs), and
clustered regularly interspaced short palindromic repeats (CRISPR/Cas9) systems [66]. In
order to perform targeted mutagenesis in the D. pulex and D. magna genomes, TALEN and
CRISPR/Cas9 systems have been established by microinjection of these engineered nucleases
[50, 65, 67]. Taken together, these genome-editing techniques will enable scientists to accu‐
rately define arbitrary gene functions in daphnid species in future studies.

4. Conclusion

Recent growing innovations in high-throughput omics technologies (e.g., genomics, transcrip‐
tomics, proteomics, and metabolomics) enable us to obtain comprehensive profiles of a huge
amount of candidate factors responsible for unique life history features of daphnids [12, 34,
68]. In order to investigate an arbitrary gene function, the establishment of an experimental
method for gene functional analysis has been enthusiastically addressed by researchers using
nonmodel organisms, even in the postgenomic era. In this chapter, we summarized (1) the
experimental procedure with several tips for a microinjection system in D. pulex and D.
magna, (2) information about genes responsible for their RNAi machinery, (3) potential
concepts for novel user-friendly high-throughput RNAi systems in daphnids, and (4) other
microinjection-based applications in daphnids. Further studies involved in the development
of novel experimental methods and investigation of a wide range of gene functions can lead
to a better understanding of the overview of the attractive environmental stimuli-dependent
phenomenon in daphnids.
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