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Generation of a transgenic medaka (Oryzias latipes) strain
for visualization of nuclear dynamics in early
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In this study, we verified nuclear transport activity of an artificial nuclear localization signal (aNLS) in medaka fish
(Oryzias latipes). We generated a transgenic medaka strain expresses the aNLS tagged enhanced green fluo-
rescent protein (EGFP) driven by a medaka beta-actin promoter. The aNLS-EGFP was accumulated in the
nuclei of somatic tissues and yolk nuclei of oocytes, but undetectable in the spermatozoa. The fluorescent sig-
nal was observed from immediately after fertilization by a maternal contribution. Furthermore, male and female
pronuclei were visualized in fertilized eggs, and nuclear dynamics of pronuclear fusion and subsequent cleavage
were captured by time-lapse imaging. In contrast, SV40NLS exhibited no activity of nuclear transport in early
embryos. In conclusion, the aNLS possesses a strong nuclear localization activity and is a useful probe for fluo-
rescent observation of the pronuclei and nuclei in early developmental stage of medaka.
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Introduction

In bisexual reproduction, a pair of female and male

haploid pronuclei fuse into a diploid nucleus in the fer-

tilized egg. In the subsequent cleavage, the genomic

DNA of the nucleus is replicated and then divided into

daughter cells. A number of studies have been previ-

ously published regarding the pronuclear dynamics in
vertebrates, sea urchins, nematodes, or fruit flies

(G€onczy et al. 1999; Gilbert 2000; Loppin et al. 2015).

Understanding and manipulation of the pronucleus in

mammalian eggs is beneficial in reproductive medicine

and animal husbandry (Niemann & Rath 2001; Nicoli

et al. 2013). However, the mechanism of pronuclear

dynamics in vertebrates remains elusive, since the

early developmental events progress in the female.
Small fish have been used as convenient models for

vertebrates in analysis of the pronuclear dynamics.

Previous studies reported a profile of pronuclear

dynamics in medaka eggs, its molecular mechanism in

zebrafish (Iwamatsu 1998; Abrams et al. 2012; Linde-

man & Pelegri 2012). However, live imaging methods

have not been established in the pronuclear research.

To make a breakthrough, we focused on nuclear local-

ization signal (NLS), which is known to be a potent tool
for nuclear visualization in live cells.

Nuclear localization signal is a short amino acid

sequence that transports nuclear proteins into the

nucleus via importin-alpha/beta pathway, and is classi-

fied in terms of the transport pathway or character of

the amino acid sequences (Stewart 2007). The

sequence recognized by importin-alpha is called clas-

sic NLS (cNLS), which was first identified in Simian
Virus 40 (SV40) large T antigen protein (Kalderon et al.

1984). In the nuclear transport process, importin-alpha

recognizes the cNLS and forms a complex with the

nuclear protein. Then, importin-beta binds the complex

and promotes nuclear localization (Lange et al. 2007).

The cNLS is defined by a basic short peptide

sequence, and the typical sequences can be predicted

by computer programs and applied in molecular
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biology. The cNLS prediction program “cNLS mapper”
is freely available online (http://nls-mapper.iab.keio.

ac.jp/) (Kosugi et al. 2008, 2009a,b). Another nuclear

transport process exists, in which importin-beta

directly binds to the NLS motif in target proteins. The

NLSs recognized by importin-beta are called PY-NLS

because most of them contain Pro-Tyr amino acid

sequences (Lee et al. 2006). A structural study

revealed the nuclear import pathway involved with
importin-beta and PY-NLS (Cansizoglu et al. 2007). In

multicellular organisms, the genome contains several

subtypes for importin-alpha/beta orthologue that have

tissue/stage specific targets and functions (Goldfarb

et al. 2004; Pemberton & Paschal 2005). Importin-

alpha subtypes determine differential nuclear protein

localization in stem cell maintenance (Yasuhara et al.

2013). To understand the molecular mechanism and
use as a genetic tool, properties of each NLS should

be examined in different cell-types and developmental

stages. The other study reported that artificially

designed amino acid sequences possess strong

nuclear transport activity in yeast (Kosugi et al. 2009a).

However, nobody has validated conservation of the

activity in other cell types or orgasms.

In this study, to evaluate an artificial cNLS activity,
we generated a transgenic medaka strain, and visu-

alized the nucleus using a NLS-fused enhanced

green fluorescent protein (EGFP). Medaka is one of

the convenient vertebrate models for generation of

transgenic strains and for observation of live

embryos in early developmental stages because their

embryos have transparent body and grown up out-

side the mother’s body. We validated the nuclear
localization activity of the NLS in the medaka, and

demonstrated live fluorescence imaging of the

pronuclear fusion.

Materials and methods

Animal experiments

All experimental protocols were performed in accor-

dance with, and approved by the Ethics Review Board

for Animal Experiments of Kyoto University. A minimum

number of live animals were killed under anesthesia,

according to the institutional guidelines.

Fish breeding and microscopy of fertilized egg

The Cab inbred closed colony of medaka (Oryzias

latipes) was used in this study. The strain shows

orange body color due to the mutation at the B locus,

which is involved in black pigmentation. Adult fish were

maintained at 27°C under a 14:10 h light/dark cycle.

Plasmid construction

We used an importin-alpha dependent nuclear localization

signal (NLS) that is artificially designed (Kosugi et al. 2009a).

cDNA sequences corresponding to the artificial NLS (aNLS,

PPPKRPRLD) and control NLS (SV40NLS, KKKRKR) were

synthesized by annealing of the oligo DNAs. The sequences

of the oligo DNAs are as follows: aNLS-forward (50)-CTA
GCC CTC CTC CTA AGA GAC CTA GAC TGG ACT-(30),
aNLS-reverse (50)-CTA GAG TCC AGT CTA GGT CTC TTA

GGA GGA GGG-(30), SV40-forward (50)- CTA GCA AGA

AGA AGA GGA AGC GCT-(30), SV40-reverse (50)- CTA

GAG CGC TTC CTC TTC TTC TTG-(30). The annealed

DNAs, aNLS or SV40NLS, were cloned into pPB-UbC vec-

tor (Sanger Institute). The cloned aNLS or SV40NLS DNA

was amplified by PCR and added to the 50 of the lucifer-

ase-EGFP (LUC-EGFP) fusion sequence. The aNLS-LUC-
EGFP or SV40NLS-LUC-EGFP fragment was inserted

downstream of the medaka beta-actin promoter driven

mCherry-P2A in the Ds transposon vector (Kim et al. 2011;

Uemura et al. 2015). The mCherry is a mutant fluorescent

protein derived from the Dicosoma sp. Red fluorescent pro-

tein (Clontech #632523) and the P2A is a self-cleaving pep-

tide (GSGATNFSLLKQAGDVEENPGP) derived from

procine-teschovirus-1 2A. The synthesized plasmids were
designated as pDs-mCherry2A-aNLS-Luc-GFP (Data S1)

or pDs-mCherry2A-SV40NLS-Luc-GFP (Data S2), respec-

tively, and were used in the transgenic construct to examine

the NLS activity. The SP6-promoter driven SV40NLS-Acti-

vator transposase plasmid pAcII was used as a template for

the transposase, which was previously established by our

colleague.

Microinjection and generation of transgenic medaka strains

The transposase expression vector was linearized by

BamHI digestion. Capped RNA was synthesized using

the mMessage mMachine SP6 Kit (Life Technologies).

Purified RNA was injected with the transgenic con-

struct DNA into one cell stage medaka embryo. The

final concentrations of the DNA:RNA were 15:20,
7.5:40, or 10:100 ng/lL. Candidate fish for the foun-

der were selected from the injected fish by the green

and red fluorescence, and the transgenic fish were

isolated from the F1 generation. We used the F2–F6
generations of fish in our experiments.

Stereomicroscopy

For stereomicroscopy, hatched fry or fertilized eggs

were placed on 1.0% agar in Petri dishes and images

were captured using a Leica M205C microscope

(Leica Microsystems) equipped with Leica DFC300 FX

digital color camera. Images were collected with Leica
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Application Suite (LAS) software. Samples were anes-
thetized with 0.01% tricaine on ice.

Confocal microscopy

Samples were dissected on ice, under anesthesia,

using tricaine. Extracted tissues or fertilized egg sam-

ples were fixed in 4% PFA/PBS at 4°C overnight. The

egg sample to observe yolk nucleus was dechorion-
ated manually before the following step. Samples were

permeabilized using 0.5% TritonX-100/PBS at room

temperature for 30 min, and then washed in 0.1%

Tween-20/PBS. Nucleus was labeled using 2-(4-amidi-

nophenyl)-1H-indole-6-carboxamidine (DAPI; Sigma-

Aldrich). Microscopic observation was performed using

Leica TCS SP5 or Leica TCS SP8 microscopes (Leica

Microsystems) equipped with Hybrid Detector Leica
HyD using HC PL APO CS2 920 (numerical aperture

0.75) and 940 (numerical aperture 1.30) objectives

lens. Images were collected with LAS or Leica Applica-

tion Suite X (LASX) software.

Timelapse imaging

Fertilized eggs were collected immediately after
spawning and retained in 1% low-melting agar on the

cavity slide. Fluorescent images were captured every

30 s or 1 min using Leica MZ16FA (Leica Microsys-
tems) equipped with Leica DFC350 FX monochrome

digital camera. Images were collected with LAS

software.

Results

Generation of the transgenic medaka strain

A “PPPKRPRLD” amino-acid sequence was used as

an aNLS peptide in this study. The amino-acid

sequence is not identified in the vertebrate proteins,

including medaka, on the Protein BLAST search

(http://blast.ncbi.nlm.nih.gov/). To establish a trans-

genic line, we generated an indicator construct that

expresses an aNLS-LUC-EGFP fused to mCherry (a

mutant red fluorescence protein) via a 2A-peptide
under the regulation of the medaka beta-actin pro-

moter (Fig. 1A). The fusion protein is divided into an

aNLS-LUC-EGFP and an intact mCherry due to post-

translational cleavage of 2A-peptide. The intact

mCherry can be detected using a RFP filter as an

expression and cytoplasmic marker. The luciferase is a

molecular-weight stuffer to prevent a passive nuclear-

cytoplasm trafficking via a pore of nuclear membrane.
As a result of the transposon-mediated transgenesis,

we obtained four founder fish that expressed the

Fig. 1. Generation of transgenic medaka.

(A) DNA construction of the artificial

nuclear localization signal (aNLS) indicator.

(B) Fluorescence images of the Cab (WT)

and the mCherry-2A-aNLS-EGFP trans-

genic strain (TG) at hatching stage (Stage

39). The fluorescence observed in WT is

the autofluorescence of the pigment cells

(The arrowheads indicate representative

autofluorescence in both WT and TG).

Scale bar: 500 lm. (C) Confocal images

of the trunk region of the Cab and trans-

genic fry (blue squares in B). DAPI indi-

cates the nuclei. The transgenic fry in this

figure carried the transgene in homozy-

gous (TG/TG). Scale bar: 20 lm. BF,

bright field.
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transgenes. The strain that exhibited a strong expres-
sion of the GFP and RFP was selected for this study.

The isolated strain exhibited ubiquitous GFP and RFP

expression throughout the body (Fig. 1B). In somite

region, the GFP signals accumulated in the nuclei that

were visualized by DAPI, and the mCherry signals dis-

tributed throughout the cells (Fig. 1C). The transduced

character was inherited stably in a Mendelian fashion.

Transgene expression and distribution in reproductive

tissues

Next, we examined expressions and distributions of

GFP and RFP signals in gonads and gametes of the

transgenic fish. Transduced GFP and RFP were

expressed in the both of ovary and testis of the

transgenic fish. In particular, the GFP signal in the
ovary was accumulated in the center of the oocytes

(Fig. 2A). Confocal microscopy indicated that the GFP

and RFP signal accumulated in the yolk nucleus

(Fig. 2B). The yolk nucleus contains a large amount

of RNA, and is regarded as the site of production of

the ribonucleoprotein (RNP) particles for the maternal

contribution after the fertilization (Iwamatsu & Naka-

shima 1996). This result revealed that the unfertilized
oocyte carries the aNLS-LUC-EGFP and mCherry

proteins as a maternal component. In contrast, there

were no significant fluorescent signals in the sperma-

tozoa of the transgenic fish (Fig. 2C). Additionally, the

GFP and RFP signals were also detected in the

somatic population cells around the germ cells in

both female and male. In these cells, the GFP signals

accumulated in the nuclei labeled by DAPI, and the
RFP exhibited a subcellular distribution (Fig. S1).

These results suggested that the beta-actin promoter

expresses the transgene in the oocyte as a maternal

component.

Maternal contribution of the transgene

To confirm the maternal contribution of the beta-actin
promoter-driven GFP and RFP, the heterozygous

transgenic (TG/+) fish from the mating of the homozy-

gous transgenic (TG/TG) female and wild type (+/+)
male, or the reverse combination. The female-derived

transgene was expressed from immediately after fertil-

ization, and the nuclear accumulation of GFP signal

was observed in stage 4 (Fig. 3). In contrast, the male-

derived transgene expression was not detected in the
early stages. Previous report indicated that the zygotic

gene activation initiates after stage 8 (64-cell stage) in

medaka embryo (Kraeussling et al. 2011). In our strain,

male-derived fluorescence could be detected after

stage 18 (Fig. 3), thus it was estimated a zygotic gene

activation. The beta-actin promoter driven aNLS-LUC-
EGFP could be labeled the nuclei from the early cleav-

age stages via a maternal contribution.

Live imaging of pronuclear fusion and cleavage

By the maternal contribution, the aNLS-LUC-GFP was

expressed in the fertilized eggs before the first cleavage

division. Furthermore, the GFP signal accumulated in
the pronuclei rather than cytoplasm at stage 1 (Fig. 4A).

The haploid pronuclei migrate closely and fused into

diploid nucleus. Then, the nuclear GFP disappeared

during the cleavage because of diffusion of the accu-

mulated molecules on breakage of the nuclear mem-

brane at stage 2, and reappeared immediately upon

cleavage at stage 3 (Fig. 4A, See also MovieS1). In

contrast, the SV40NLS-LUC-GFP was also expressed
from stage 1, however, the GFP signal could not label

the nucleus in the early stage (Fig. 4A, See also Movie

S2). The SV40NLS-LUC-GFP came to exhibit a nuclear

localization later stage (Fig. S2). In any case, the RFP

signals exhibited whole-cellular distribution or nuclear

accumulation weaker than the GFP. Thus, the aNLS is

preferable as a nuclear visualization probe than the

SV40NLS. Then, we demonstrated fine capture of the
fusion process of female and male pronuclei.

The pronuclei could not be observed immediately after

the fertilization because of a nuclear envelope lacking

or a deactivation of the aNLS (Fig. 4B, 20 mpf). The

GFP-labeled pronuclei appeared at the animal pole

(Fig. 4B, +5 min), and moved close to each other

(Fig. 4B, +10–20 min). The haploid pronuclei fused into

a diploid nucleus, and then a subsequent cleavage pro-
ceeded (Fig. 4B, 25 min, also see Movie S3). The GFP

signals were verified to be in the pronuclei or the fused

nuclei by DAPI staining of double-strand DNA (Fig. 4C).

The RFP signals also exhibited a pronuclear accumula-

tion although weaker than the GFP. These data suggest

that the aNLS possesses a strong and early activity to

transport the target proteins into diploid nuclei as well

as haploid pronuclei.

Discussion

We generated a transgenic medaka strain that

expresses an aNLS-LUC-EGFP fused to mCherry via a

2A-peptide under the regulation of the medaka beta-

actin promoter, and visualized the nucleus and cyto-

plasm with different colored fluorescent proteins. The
fused protein is translated from a coupled transcript,

and then it is cleaved into aNLS-LUC-EGFP and

mCherry proteins. The GFP signal is accumulated in

the nuclei by NLS activity, and the RFP signal is

retained in the cytoplasm.
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We used “PPPKRPRLD” sequence, which is an arti-

ficial NLS motif that possesses strong nuclear localiza-

tion activity in yeast. In this study, we demonstrated

that the motif has an activity for nuclear transport of a
LUC-EGFP fusion protein in medaka as well. In the

somatic population cells, the GFP signals were accu-

mulated in the nuclei. We also checked the expression

and distribution of the aNLS-LUC-EGFP protein in the

germ cells. In the ovary, we indicated that the GFP

accumulation in the developing oocytes denotes the

yolk nuclei. This might be the first report of visualiza-
tion of yolk nuclei in live ovaries without biochemical

manipulations. This method can be applied in microin-

jection or nuclear transplantation using unfertilized

Fig. 2. Transgene expressions in reproductive tissues. (A) Fluorescence images for the aNLS-EGFP (GFP) and mCherry (RFP) expres-

sion in the ovary and testis of the Cab (WT) and mature mCherry-2A-aNLS-LUC-EGFP transgenic fish (TG). The GFP accumulation in a

center of the oocytes indicates yolk nucleus (arrowheads). The autofluorescence in the both WT and TG is indicated by asterisks. Scale

bar: 2 mm. (B) Confocal image of yolk nucleus in the transgenic oocyte. Bright field indicates a fragment of the oocyte, which was dis-

sected physically. The GFP and RFP signals indicate the yolk nucleus. The red dotted line in the BF image indicates the shape of the

fluorescent protein-expressed area. Scale bar: 100 lm. (C) Confocal images of the spermatozoa derived from wild type (WT) or trans-

genic strain (TG) male fish. There were no fluorescent signals in the transgenic sperm in comparison to wild type. All transgenic fish in

this figure carried the transgene in homozygous (TG/TG). Scale bar: 10 lm. BF, bright field.
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eggs. However, we have not verified that the GFP sig-

nal actually indicates the yolk nuclei using molecular
biology methods. Thus, the transgene expression in

the yolk nuclei was inherited to the offspring as a

maternal contribution. However, the previous study

reported that the beta-actin promoter induces mater-

nal contribution of the transgene in zebrafish, but not

medaka (Kinoshita et al. 2003; Yoshinari et al. 2012).

On the other hand, we have obtained unpublished

transgenic medaka strains that exhibit a maternal
expression of the beta-actin promoter-driven transge-

nes other than two strains described in this study. We

suggest that these differences are caused by a regula-

tory environment of the genomic integration sites. In

the testis, the GFP signal could not be detect in the

germ line cells. In previous study, the CMV promoter-

driven H2B-GFP protein could be labeled germ cells in

the testis but not oocyte (Iwai et al. 2009). This might
be caused by tissue specificity of the promoters.

Therefore, our validation revealed that the beta-actin

promoter is suitable for a transgene expression in

oocytes and fertilized eggs as a maternal component.

We also revealed that the P2A-peptide could be

cleaved in somatic cells of medaka. The aNLS-LUC-
GFP and mCherry exhibited different cellular distribu-

tion under a common regulatory element except

fertilized eggs before cleavage. The RFP signal also

accumulated in the pronuclei rather than the cytoplasm

similar to the GFP at immediately after the fertilization.

These suggest that post-translational modification of

P2A-peptide is uncompleted until the pronuclear fusion

(stage 1), and then become activated before the first
cleavage (~stage 2). This is the first demonstration of

active 2A-peptide in medaka.

Time-lapse imaging revealed the pronuclear fusion

process in the transgenic medaka eggs. This is the

first report demonstrating nuclear dynamics immedi-

ately after fertilization, using live fluorescence imaging

in medaka. Previous studies reported the pronuclear

migration under a bright field or phase contrast micro-
scopy (Iwamatsu 1998). For a fluorescent nuclear

observation, the marker proteins should be expressed

in fertilized eggs before the zygotic gene activation.

The beta-actin promoter was suitable for this

Fig. 3. Maternal contribution of transge-

nes in embryogenesis. Fluorescence

image of the embryo obtained from an

inbreeding of the Cab (WT), a cross

between the mCherry-2A-aNLS-LUC-

EGFP transgenic (TG) female and Cab

male and a cross between the Cab female

and transgenic male. Time-course pic-

tures were captured at 4-cell stage (Stage

4), late neurula stage (Stage 18), 18–19

somite stage (Stage 25) and 35 somite

stage (Stage 35). The yellow spots indi-

cate an autofluorescence of the pigment

cells (arrowheads). Scale bar: 500 lm.

BF, bright field.
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Fig. 4. Timelapse imaging of nuclear dynamics in fertilized eggs. (A) Time-lapse observation of the GFP and RFP signals from activated

egg stage (Stage 1) to early morula stage (Stage 8) in the mCherry-2A-aNLS-LUC-EGFP (aNLS) or mCherry-2A-SV40NLS-LUC-EGFP

(SV40NLS) transgenic eggs. The accumulated GFP signal in the aNLS transgenic embryo indicates the haploid pronuclei (arrowheads)

or diploid nuclei (arrows). The nuclear accumulation of the fluorescent signals was not observed in the SV40NLS transgenic embryo.

Scale bar: 200 lm. (B) Time-lapse observation of the pronuclear fusion in the aNLS-EGFP transgenic egg. The images were stacked

from GFP and bright field images. The accumulated GFP signal indicates the haploid pronuclei (arrowheads) or diploid nucleus (arrows).

Scale bar: 50 lm. (C) Confocal image of haploid pronuclei or diploid nucleus stained by DAPI. All transgenic eggs in this figure carried

the transgene in homozygous (TG/TG). Scale bar: 10 lm. BF, bright field. mpf, minutes post-fertilization.
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requirement. In our transgenic fish, the marker protein
expressed in fertilized eggs is derived from a maternal

contribution. In addition to that, to visualize pronuclei,

the marker protein should include a nuclear localization

signal, which possesses as activity at immediately after

the fertilization. According to our observation, the mar-

ker protein in the yolk nucleus defuses to the cytoplas-

mic in fertilized eggs. Then, the protein transports into

the both of female- and male pronuclei driven by
nuclear transport activity. Our demonstration revealed

that the aNLS satisfies this requirement, but not

SV40NLS. Therefore, the aNLS is a potent tool to ana-

lyze nuclear dynamics of fertilized egg in live condi-

tions. In studies using fish models, various probes

other than NLS have been developed and are currently

available to visualize the cell cycle, microtubule struc-

ture, calcium entry, actin dynamics, or other vital activ-
ities (Sugiyama et al. 2009; Asakawa & Kawakami

2010; Muto et al. 2011; Phng et al. 2013). With a

combination of these technologies, our methods might

enable multi-colored live imaging during the pronuclear

migration to reveal the cellular and molecular mecha-

nisms. This would be a breakthrough in understanding

early development of vertebrates.
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cent signals in the SV40NLS transgenic medaka.

Data S1. pDs-mCherry2A-aNLS-Luc-GFP.

Data S2. pDs-mCherry2A-aSV40NLS-Luc-GFP.

Movie S1. Time-lapse imaging of the aNLS trans-

genic.

Movie S2. Time-lapse imaging of the SV40NLS trans-

genic.

Movie S3. Time-lapse imaging of pronuclear fusion.
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