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Abstract In zebrafish and other vertebrates, primordial germ
cells (PGCs) are a population of embryonic cells that give rise
to sperm and eggs in adults. Any type of genetically manip-
ulated lines have to be originated from the germ cells of the
manipulated founders, thus it is of great importance to estab-
lish an effective technology for highly specific PGC-targeted
gene manipulation in vertebrates. In the present study, we used
the Cre/loxP recombinase system and Gal4/UAS transcription
system for induction and regulation of mRFP (monomer red
fluorescent protein) gene expression to achieve highly effi-
cient PGC-targeted gene expression in zebrafish. First, we
established two transgenic activator lines, 7g(kop:cre) and
Tg(kop:KalTA4), to express the Cre recombinases and the
Gal4 activator proteins in PGCs. Second, we generated two
transgenic effector lines, Tg(kop:loxP-SV40-loxP-mRFP) and
Tg(UAS:mRFP), which intrinsically showed transcriptional
silence of mRFP. When Tg(kop:cre) females were crossed
with Tg(kop:loxP-SV40-loxP-mRFP) males, the loxP flanked
SV40 transcriptional stop sequence was 100 % removed from
the germ cells of the transgenic hybrids. This led to massive
production of PGC-specific mRFP transgenic line, Tg(kop:
loxP-mRFP), from an mRFP silent transgenic line, Tg(kop:
loxP-SV40-loxP-mRFP). When Tg(kop:KalTA4) females
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were crossed with 7g(UAS:mRFP) males, the hybrid embryos
showed PGC specifically expressed mRFP from shield stage
till 25 days post-fertilization (pf), indicating the high sensitiv-
ity, high efficiency, and long-lasting effect of the Gal4/UAS
system. Real-time PCR analysis showed that the transcription-
al amplification efficiency of the Gal4/UAS system in PGCs
can be about 300 times higher than in 1-day-pf embryos. More
importantly, when the UAS:mRFP-nos construct was directly
injected into the Tg(kop:KalTA4) embryos, it was possible to
specifically label the PGCs with high sensitivity, efficiency,
and persistence. Therefore, we have established two targeted
gene expression platforms in zebrafish PGCs, which allows us
to further manipulate the PGCs of zebrafish at different levels.

Keywords Gal4/UAS - Cre/loxP - Primordial germ cells -
Zebrafish

Introduction

In vertebrates, the primordial germ cells (PGCs) are the com-
mon ancestors of spermatozoa and oocytes. PGCs are distinct
from somatic cells during early embryonic development, and
they undergo dynamic migration, proliferation, and differenti-
ation, resulting in final formation of mature oocyte and sperm
in adults which could transmit genetic information between
generations through reproduction. By using the zebrafish as an
animal model, previous studies have shown that a batch of
factors contribute to the early specification and development of
PGCs. For instance, vasa was the first PGC-specific factor that
was found in zebrafish (Braat et al. 2000; Yoon et al. 1997),
nanos-related gene is required for the proper migration and
survival of zebrafish PGCs (Koprunner et al. 2001), and dead
end is necessary for zebrafish PGCs migration and survival
through mainly counteracting miRNA mediated silencing
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(Ketting 2007; Kedde et al. 2007; Weidinger et al. 2003; Liu
and Collodi 2010). Besides, the PGC-originated cells contrib-
ute to and are integrated in later gonad development (Slanchev
et al. 2005; Youngren et al. 2005). PGCs are ideal target cells
for genetic manipulation since they could be specifically
labeled, removed and isolated during early development
(Koprunner et al. 2001; Saito et al. 2008; Ciruna et al. 2002;
Weidinger et al. 2003). Most importantly, they will give rise to
adult gametes which provide genetic materials necessary to
form a whole organism. However, as an excellent model for
studies of vertebrate development and genetics, zebrafish still
lacks a highly efficient and highly specific PGC-targeted gene
expression platform under conditional control.

A group of DNA recombination induced activation sys-
tems, i.e., Cre/loxP, Flp/FRT and PhiC31 att/int systems,
utilizes tissue-specific expressed recombinases to direct re-
combination between pairs of recognition DNA targets and
to activate a gene-of-interest in specific tissues (Branda and
Dymecki 2004). Among those, the Cre/loxP system is the one
that was discovered the earliest and applied the most widely
(Abremski et al. 1983; Shaikh and Sadowski 1997; Hoess and
Abremski 1985). Cre/loxP system has been applied to genetic
modification and expression induction in various animals and
plants, including mice (Lakso et al. 1992; Gu et al. 1994),
Drosophila (Siegal and Hartl 1996) and Arabidopsis
(Vergunst et al. 1998). In 2005, functionality of the Cre/loxP
system in zebrafish was demonstrated by injection of Cre
mRNA in early embryos (Langenau et al. 2005; Pan et al.
2005). Since then, several Cre transgenic zebrafish lines have
been established using heat shock promoter (Yoshikawa et al.
2008; Thummel et al. 2005; Le et al. 2007) and promoters
specific for a few cell types or tissues, such as hematopoietic
progenitors (Wang et al. 2008), neural progenitors (Seok et al.
2010; Kroehne et al. 2011), and oocytes (Liu et al. 2008).
Those studies demonstrate that the Cre/loxP system works in
zebrafish either after heat shock or in certain tissues. Our
previous studies also demonstrated that a pair of mutated
loxP sites could be used for site-directed gene integration in
zebrafish (Liu et al. 2007). Nevertheless, there has been no
application of the Cre/loxP system in zebrafish PGCs, an ideal
cell type for genetic manipulation. By using monomer red
fluorescent protein (mRFP) as a reporter and askopos (kop)
promoter as an effective germ cell-targeted promoter (Blaser
et al. 2005), we report our use of the Cre/loxP system for
PGC-targeted manipulation of mRFP expression in zebrafish.

Gain-of-function approaches are commonly used for ge-
netic analysis in animal models. Zebrafish is often manipulat-
ed at embryonic stage through injection the mRNA encoding
proteins of interest. However, it is difficult to confine the
mRNA expression in specific tissue and later developmental
stages of zebrafish. Thus, mRNA overexpression method is
inappropriate for gene function analysis in a tissue-specific
and long lasting manner in zebrafish. Fortunately, the use of

the Gal4/UAS system in zebrafish can overcome these two
shortcomings, as tissue-specific expression of Gal4 transcrip-
tional activator could restrict the expression of target gene in
specific tissues, and lasting activation of UAS sequence by
Gal4 protein could drive durable gene expression in target
tissues. The Gal4/UAS system usually utilizes two transgenic
animal lines, an activator line and an effector line. In the
activator line, tissue-specific promoter/enhancer is used to
drive expression of Gal4 transcriptional activator in given
types of cells. Whereas, in the effector line, upstream activa-
tion sequence (UAS) is used to drive the gene of interest, and
the UAS sequence could be merely recognized and activated
by the Gal4 transcriptional activator. Generally, the gene of
interest is transcriptionally silent in the effector line, and it will
be tissue specifically activated in the transgenic offspring once
the effector line is crossed with the activator line (Guarente et
al. 1982; Traven et al. 2006; Carey et al. 1989; Giniger et al.
1985; Phelps and Brand 1998). The Gal4/UAS system was
firstly utilized in the genetic studies of Drosophila and it has
been popularly used in this animal model. Until recently,
zebrafish has taken advantage of the Gal4/UAS system for
promoter trapping and for targeted gene expression in a few
tissues (Davison et al. 2007; Asakawa et al. 2008; Scott et al.
2007). In consideration of the activation efficiency and possi-
ble toxic effect of the heterogeneously expressed Gal4 protein,
the Gal4/UAS system was optimized in zebrafish (Distel et al.
2009). In Distel et al.’s study, a fusion construct containing
Kozak translational upstream sequence and a Gal4 protein
with attenuated repeats of the VP16 transactivator (TA) core
sequence, KalTA4, proved to be highly potent but low in
toxicity. In the present study, we utilized the optimized
Gal4/UAS system for targeted expression in zebrafish PGCs.
We will also compare and discuss the application range of the
Gal4/UAS and Cre/loxP systems in zebrafish PGCs.

Materials and Methods
Zebrafish

Embryos were obtained from the natural mating of zebrafish
of the 4B genetic background (from the China Zebrafish
Resource Center, Wuhan, China) and maintained, raised, and
staged as previously described (Kimmel et al. 1995;
Westerfield 1995). The experiments involving zebrafish were
performed under the approval of the Institutional Animal Care
and Use Committee of the Institute of Hydrobiology, Chinese
Academy of Sciences.

Preparation of DNA Constructs

The PGC-specific Cre expression construct, pTol2(kop-Cre-
UTRnosl, CMV-EGFP-SV40), is a Tol2 transposon-based,
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bipartite construct consisting of zebrafish askopos (kop) pro-
moter and nanosl (nosl) 3’ untranslated region (UTR)-
regulated Cre expression cassettes as well as a cis-linked
CMYV promoter and SV40 poly(A)-regulated EGFP reporter.
We amplified nos 3’UTR with primers of nos1-3’UTR-F and
nos1-3’UTR-R from the kop-EGFP-F-nosi-3’UTR vector
(Blaser et al. 2005) with introducing three enzyme sites
BsiWI, Mlul, and BspEl at the 5’-end of nos! 3° UTR, as well
as three enzyme sites X#hol, Apal, and Bg/II at the 3’-end for
subsequent insertion of other fragments, and subcloned it into
the pMDI18-T vector (TaKaRa). On the base of this con-
struct, firstly, we inserted the left arm of Tol2 amplified
with primers of TL-F and TL-R from pDestTol2pA2 (Urasaki
et al. 2006; Kwan et al. 2007) at the BsiWI and Mlul sites.
Secondly, we added kop promoter with one more enzyme site
Ascl at the 3°-end amplified with primers of kop-F and kop-R
from the kop-EGFP-F-nos1-3’UTR vector (Blaser et al. 2005)
at the Mlul and BspEI sites. Thirdly, we fused Cre open
reading frame (ORF) amplified with primers of Cre-F and
Cre-R from pBS185 CMV-Cre vector (Addgene) at the Ascl
and BspEl sites. Then the reporter cassette (CMV:EGFP:
SV40) amplified with primers of CES-F and CES-R from
pCMVEGFP (Liu et al. 2005) was inserted at Xhol and
Apal sites. Finally, the right arm of Tol2 amplified with
primers of TR-F and TR-R from pDestTol2pA2 (Urasaki
et al. 2006) was added at the Apal and Bg/Il sites. The
resulted DNA construct was herein named as pkop:Cre.

The loxP-containing construct, pTol2(kop-loxP-SV40-
loxP-mRFP-UTRnos1, CMV-EGFP-SV40), was constructed
by replacing the Cre ORF of pkop:Cre with two loxP sites
flanked SV40 poly(A) sequence and one mRFP ORF. The
loxP-flanked SV40 poly(A) fragment was obtained by PCR
amplification using the two primers, loxpSV40-F and
loxpSV40-R, containing synthetic loxP sequences, and was
subcloned into the pMD18-T vector (TaKaRa), resulting in
the pMD18-T-loxP-SV40-loxP construct. The loxP-flanked
SV40 poly(A) fragment and mRFP ORF were fused into a
strand of DNA with 4scl and BspEI at the two ends using four
primers, 1sl-mRFP-F, 1sl-mRFP-m-R, Isl-mRFP-m-F and lIsl-
mRFP-R, by overlap extension PCR (Horton et al. 1989). The
PCR product was cut with 4scl and BspEl and was inserted
into the pkop:Cre plasmid from which the Cre ORF was
removed, resulting in the pkop:loxP-SV40-loxP-mRFP
construct.

The PGC-specific Gal4 expression construct, pTol2(kop-
KalTA4-UTRnosl, CMV-EGFP-SV40), was also
constructed on the base of the pkop:Cre plasmid. We am-
plified KalTA4 ORF with primers of KalTA4-F and
KalTA4-R from the construct TK5xC (Distel et al. 2009)
with Ascl and BspEI at the ends, and replaced the Cre ORF
of pkop:Cre with Kal/TA4 ORF at the Ascl and BspEI sites,
resulting in the pkop:KalTA4 construct. The UAS effec-
tor construct, pTol2(UAS-mRFP-UTRnosl, CMV-EGFP-
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SV40), was constructed using a similar construction as
the pkop:loxP-SV40-loxP-mRFP construct. The 4x UAS
sequences and mRFP ORF were fused into a strand of
DNA with the addition of Mlul and BspEl at the ends
using four primers, UAS-mRFP-F, UAS-mRFP-m-R,
UAS-mRFP-m-F and 4UAS-mRFP-R, by overlap exten-
sion PCR, and the kop-Cre-nosl expression cassette of
pkop:Cre was replaced by the UAS-mRFP-nosl fusion
fragment at the Mlul and BspEl sites, resulting in the
pUAS:mRFP construct.

For transient expression assay, the construct pUAS:
mRFP-SV40 was constructed by replacing the CMV pro-
moter of PCS2+ vector (Addgene) with UAS-mRFP
fusion fragment amplified with primers of UASmRFP-F
and UASmRFP-R from pUAS:mRFP construct at the
Sall and Xhol sites. The construct pCMV:loxP-SV40-
loxP-mRFP-SV40 was constructed by amplifying loxp-
SV40-loxp-mRFP fusion fragment with adding the
BamHI and Xhol sites at the ends with primers of
loxpmRFP-F and loxpmRFP-R from pkop:loxP-SV40-
loxP-mRFP, and the PCR product was inserted into
PCS2+ vector (Addgene) at the BamHI and Xhol sites.

Microinjection and Generation of Transgenic Zebrafish
Lines

To generate transgenic lines, zebrafish embryos were injected
with approximately 1 nL. of a DNA/RNA solution containing
25 ng/uL Tol2 transposase mRNA and 25 ng/uL Tol2-based
transgenic construct at one-cell stage (Urasaki et al. 2000).
The embryos showing EGFP expression were screened and
raised to adulthood and the 3-month-old fish (FO) were
crossed to wildtype fish for analyzing germline transmission
by screening the offspring under a fluorescence microscope
(Olympus MVX10). F1 embryos expressing EGFP were
raised to adulthood and were then screened in the same way
to establish stable transgenic lines. For transient expression
assay, DNA construct (25 ng/uL) was directly injected into
one-cell stage embryos, and the injected embryos were
allowed to develop at 28 °C for analysis of fluorescent protein
expression.

PCR Analysis and DNA Sequencing

To verify Cre-mediated recombination events in 7g(kop:
loxP-SV40-loxP-mRFP) after crossing with female
Tg(kop:Cre), PCR was performed with primers of kop-
mRFP-F1 (F1) from zebrafish kop promoter and kop-
mRFP-R1 (R1) from the mRFP ORF. To test the effi-
ciency of the recombination in different tissues of the
hybrid founder fish, a pair of primers were designed
and used for PCR analysis, primer kop-SV40-F2 (F2)
locating in zebrafish kop promoter and primer kop-
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SV40-R2 (R2) locating in the loxp-flanked SV40
poly(A) sequence. In addition, to confirm the presence
of Cre transgene fragment, genomic DNA from different
tissues was examined by PCR with Cre-specific primers,
Cre-F3 and Cre-R3. The following cycling conditions
were used: denaturation of the DNA template at 94 °C
for 5 min; 30 cycles of 94 °C for 30 s, 57 °C for 30 s,
72 °C for 1 min, and a final 72 °C extension for
10 min. All the PCR products were analyzed by agarose
gel electrophoresis. The PCR products resulting from
primers F1 and R2 were gel-extracted, subcloned into
the pMDI18-T vector (TaKaRa), and sequenced.

RNA Whole-Mount In Situ Hybridization

To generate Kal4TA4, Cre, and mRFP antisense RNA
probes for whole-mount in situ hybridization, we used three
forward primers: Kal4TA4-specific primer (Probe-KalTA4-
F), Cre-specific primer (Probe-Cre-F), mRFP-specific prim-
er (Probe-mRFP-F), and the same reverse primer of T3-nosl
3’UTR-R which introduced T3 promoter sequences in the
5’-end from nos! 3’UTR sequences, for PCR amplification
of partial sequences of Kal4TA4, Cre, and mRFP from
pkop:KalTA4, pkop:Cre, and pkop:loxP-SV40-loxP-mRFP,
respectively. The PCR products served as templates to syn-
thesize antisense RNA probes using the digoxigenin RNA
labeling kit (Roche) and T3 RNA polymerase (Promega),
and purified using mini-Spin Columns (Sigma). One-color
whole-mount in situ hybridization was carried out as previ-
ously described (Thisse et al. 2004) and NBT/BCIP sub-
strate solution (Roche) was used in the color reaction to
detect the probes.

Quantitative Real-Time PCR

Fifty embryos at 1 day post-fertilization (pf) from testing
lines were collected and homogenized in TRIZOL re-
agent (Invitrogen) to isolate total RNA. For the quantita-
tive RT-PCR analysis, 1 pug of total RNA was used as
templates for the first strand c¢cDNA synthesis with
oligo(dT) and Superscript II (Invitrogen). Then quantita-
tive real-time PCR was carried out with SYBR green dye
and TagMan analyses were performed using Applied
Biosystems 7900 Real-Time PCR System according to
the manufacturer’s directions. Relative expression levels
of EGFP or mRFP were calculated using 2'(-delta delta
C(T)) method with P-actin as the internal control.
Variance analysis (one-way ANOVA) was employed for
comparing the mean differences between the experimental
groups. A P value <0.05 was considered statistically
significant (Livak and Schmittgen 2001). The primer
sequences used to perform the PCR amplication are listed
in Table SI.

Results
Generation of Transgenic Lines for Cre/loxP System

In order to test the Cre/loxP system in zebrafish PGCs, we
first designed and constructed a PGC-specific Cre expres-
sion vector, pkop:Cre (Fig. 1a). The construct contains two
bicistronic expression cassettes, kop:Cre:nosl in which the
Cre recombinase gene is driven by germ cell-specific kop
promoter (Blaser et al. 2005) and nanos! 3’UTR (Koprunner
etal. 2001), and CMV:EGFP:SV40 in which enhanced green
fluorescent protein (EGFP) gene is driven by CMV promoter
and SV40 poly(A) signal. The CMV:EGFP:SV40 expression
cassette was used as a fluorescent reporter to facilitate
transgenic screening. Among 40 randomly selected trans-
genic founders, four produced EGFP-positive F1 embryos
(Table 1). We further raised one batch of transgenic F1 embry-
os to establish a homozygous transgenic line, Tg(kop:Cre)™”’.

To assay the expression of Cre mRNA in Tg(kop:Cre)
embryos, we fixed the transgenic embryos at different stages
and performed whole mount in situ hybridization using cre
antisense probe. As shown in Fig. lc, prominent signals were
visible in the germplasm at the cleavage planes in the four-cell
stage embryos. Later in development, cre-expressed cells dis-
tributed in four separate groups near the margin of shield stage
embryos (Fig. 1d), migrated to the dorsal side to form two
groups on both sides of the notochord during somitogenesis
(Fig. 1e), and located in future genital ridge of 1-day-pf em-
bryos (Fig. 11). These revealed that the 7g(kop:Cre) embryos
could specifically express Cre recombinase in the PGCs from
early stage during development.

We then designed and constructed a loxP transgene con-
struct, pkop:loxP-SV40-loxP-mRFP, which also contains
two bicistronic expression cassettes (Fig. 1b). The first
expression cassette contains a loxP flanked SV40 poly(A)
signal between the kop promoter and the mRFP gene, while
the second one is a CMV:EGFP:SV40 fluorescent reporter.
Among 48 transgenic founders, we identified three that pro-
duced green fluorescent F1 embryos (Table 1). A homozygous
transgenic line, Tg(kop:loxP-SV40-loxP:mRFP)"*'°, which
carries the above construct was established. The transgenic
line showed strong EGFP expression in the whole body but no
mRFP expression in any tissue (data not shown).

High-Efficient PGC-Targeted Excision of SV40 Stop
Sequence in Cre/loxP Hybrid Fish

To determine whether Cre mediated loxP recombination in the
germ cells of zebrafish, we conducted cross-hybridization
between homozygous Tg(kop:Cre) females and homozygous
Tg(kop:loxP-SV40-loxP-mRFP) males for the maternal effect
of the kop promoter (Blaser et al. 2005). The hybrid embryos
were examined for EGFP and mRFP expression. Although all
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a kop:cre
4 kop cre | nosl M CMV> EGFP [ svao H TR >-
b kop:loxp-sv40-loxp-mRFP
oxP loxP.
-1 TL kop SV40 mRFP nosl CMV EGFP | SV40 TR>—

Fig. 1 Generation of transgenic zebrafish lines of the Cre/loxP system.
Schema of the kop:Cre construct (a). Schema of the kop:loxP-SV40-
loxP-mRFP construct (b). Spatio-temporal expression pattern of cre

the embryos were shown to be EGFP positive in the whole
body, no red fluorescence could be observed in those embry-
os, which should be due to the strict maternal activity of the
kop promoter that drives mRFP expression (Blaser et al.
2005). These hybrid embryos were raised to adulthood and
they were designated as the hybrid founders. The genomic
DNA from various tissues of the hybrid founders was pre-
pared, and PCR was carried out to examine the excision of
SV40 stop sequences between two 1oxP sites with primer pair
F1 and R1, which locate in the kop promoter and mRFP
coding region, respectively. The expected amplification bands
before and after Cre-mediated recombination are 841 bp and
599 bp, respectively (Fig. 2a). In all of the somatic tissues
examined, both the 841-bp pre-excision fragment and the 599-
bp post-excision fragment could be detected, suggesting Cre-
mediated recombination in the hybrid founders in various cell
types (Fig. 2b). In the sperm or oocyte samples, intriguingly,
only the post-excision fragment of 599 bp could be detected.
Sequencing of the 841-bp and 599-bp fragments revealed that
the loxP-flanked SV40 transcriptional stop sequences were
precisely excised from the transgenic loci in the germ cells
(Fig. 2¢). To confirm the excision efficiency of the Cre-
mediated recombination in the hybrid founders, additional
PCR was performed with primer pair F2 and R2, which locate

mRNA in four-cell stage (c), shield stage (d), early somite stage (e),
and 1 day pf (f) embryos of the Tg(kop:Cre) line. Arrows in c—f point to
the PGC specifically expressed cre mRNA signals

in the kop promoter and SV40 poly(A) sequence, respectively
(Fig. 2a). As expected, a 488-bp unexcised SV40 poly(A)
fragment existed in all types of somatic tissues, whereas no
specific amplicon could be obtained from the genomic
DNA of the sperm or oocyte (Fig. 2b). This confirmed
that the JloxP-flanked SV40 transcriptional stop sequence
was completely removed in the germ cells, and thus Cre-
mediated recombination achieved at an efficiency of
100 % in the germline of the hybrid founders. Therefore,
the hybrid founders reproduced from Tg(kop:Cre) females
and Tg(kop:loxP-SV40-loxP-mRFP) males could be consid-
ered as a special transgenic fish, which contains 7g(kop:Cre,
kop:loxP-SV40-loxP-mRFP) somatic cells and Tg(kop.cre,
kop:loxP-mRFP) germ cells (Fig. 3a). In contrast, Cre-
mediated recombination was not detected in the hybrid
founders resulted from the cross between male Tg(kop:
Cre) fish and female Tg(kop:loxP-SV40-loxP-mRFP)
fish (data not shown).

To verify the germline-specific excision of loxP-flanked
SV40 transcriptional stop sequence in Tg(kop.loxP-SV40-
loxP-mRFP) offspring, the mRFP silent hybrid founders were
incrossed, and the resulting embryos were checked for expres-
sion of mRFP in germ cells (Fig. 3a). Interestingly, although
the hybrid founders did not show PGC-specific expression of

Table 1 Generation of four

stable transgenic lines No. of No. of No. of PO No. of
injected hatchlings fish analyzed® germline
eggs transmitters®
aThe number of PO fish that Tg(kop:Cre) 510 102 (20 %) 40 4 (10 %)
crossed with wildtype zebrafish Tg(kop:loxp-SV40-loxp-mRFP) 490 123 (25 %) 48 3 (6 %)
"The number of PO fish that Tg(kop:KalTA4) 550 88 (16 %) 45 4 (9 %)
transmitted the transgene Tg(UAS:mRFP) 520 94 (18 %) 36 4 (11 %)

insertions to the F1 generation
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C

599-bp product: R TTRTAACTTCGTATAATGTATGCTATACGAAGTTAT— —_—
841-bp product: ATTRTALCTTCGTATAATGTATGC TATACGAAGTTATICGTATTACGTAGATCCAGACATGATAAGATAC

LS

& g§> N o
AR FENE

loxP SV40 poly(A)

50 360 370 380 390 400 410

420 430 440 450 460 470 480 490

ATTGATGAGTTTGGACAAACCACAACTAGAATGCAGTGALAAALATGCTTTATTTGTGALATTTGTGATGCTATTGCTTT]

500 510 520 530 540 550 560 570

ATTTGTAACCATTATAAGCTGCAATAAAC AAGTTAACAACALCAATTGCATTCATTTTATGTTTCAGGTTCAGGGGGAGH

520 E30 640 650

WATCGTCGACCTGCAGGCATGCAAGCTTGG

TGTGGGAGGTTTTTTIATAACTTCGTATAATGTATGC TATACGAAGTTATRATCGTCGACCTGCAGGCATGCAAGCTTGG

loxP
660 670 680 690

700 710 720 730 N

CACTGGCCGTCGTTGCTAGCCGCCACQATGGCCTCCTCCGAGGACGTCATCAAGGAGTTCATGCGCTTCAAGGTGCGC

-CACTGGCCGTCGTTGCT&GCCGCCRCCATGGCCTCCTCCGAGGLCGTCLTCAAGGAGTTCATGCGCTTCAAGGTGjij:}

mRFP ORF

Fig. 2 Cre recombinase mediates efficient excision of SV40 stop
signal in zebrafish germline. a Schema of the polymerase chain reac-
tion primer positions and product size. b Cre-mediated recombination
in transgenic fish was detected by PCR analysis. PCR was performed
for different tissues of the hybrid founders, Tg(kop:cre, kop:loxP-
SV40-loxP-mRFP), using primers F1 and R1 with expected sizes of
PCR products before and after Cre-mediated excision. Primers F2 and
R2 amplified 488-bp unexcised SV40 poly(A) fragment. Presence of
Cre DNA was also amplified by PCR using a pair of Cre-specific
primers. The 599-bp recombined fragment and 841-bp full-length
transgene fragment of kop:loxP-SV40-loxP-mRFP existed in all types
of somatic cells in Tg(kop:cre, kop:loxP-SV40-loxP-mRFP). However,

in the oocyte and sperm samples, only the 599-bp recombined frag-
ment can be detected but not 841-bp full-length transgene fragment and
488-bp unexcised SV40 poly(A) fragment. PCR was also performed to
check the presence of the kop:Cre transgene fragment, using Cre-
specific primers, Cre-F3 and Cre-R3. Samples: DL2000 DNA marker
(Fermentas); tail fin; muscle; eye; gills; heart; liver; air bladder; in-
testines; brain; spleen; skin; oocyte; sperm; positive (PCR control with
pkop:loxP-SV40-loxP-mRFP or pkop:Cre plasmids); negative
(wildtype embryos). ¢ Sequence traces from genotyping. After excision
by Cre recombinase, the stop signal and one loxP site was precisely
excised from the genomic DNA in the hybrid embryos
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Fig. 3 Conditional activation a
——

of PGC-specific mRFP
expression in the transgenic (%
zebrafish by the Cre/loxP Fw-
system. a The schema for the Tg(kop:cre)
genotype of the Cre/loxP
system. The genotype is
Tg(kop:Cre, kop:loxP-mRFP)
in the germ cells of progeny
from a cross between female
Tg(kop:Cre) and Tg(kop:loxP-
SV40-loxP-mRFP) males. b—e
mRFP expression in the hybrid
founders and the hybrid
offspring resulted from the
Cre/loxP system. Neither
PGC-specific mRFP protein (b,
b’) nor mRFP mRNA (c) was
detected in the hybrid founder
at 1 day pf. Weak PGC-specific
expression of mRFP proteins
(d, d’) and mRFP mRNA (e)
was observed in the hybrid
offspring at 1 day pf. Arrows
point to the PGC specially
expressed mRFP proteins (d)
or mRNA signals (e)

hybrid offspring

Hybrid founder

Hybrid offspring

mRFP by fluorescent observation (Fig. 3b, b’) and RNA in
situ hybridization (Fig. 3¢), the hybrid offspring showed PGC-
specific expression of mRFP at both protein and mRNA levels
(Fig. 3d, d’, e). Therefore, through a germline targeted
Cre/loxP system, we were able to achieve massive production
of transgenic embryos, Tg(kop:loxP-mRFP), from a transgen-
ic silent line, Tg(kop:loxP-SV40-loxP-mRFP).

Generation of Transgenic Lines for Gal4/UAS System

In order to realize the PGC-targeted expression in zebrafish
embryos by Gal4/UAS system, we first designed and
constructed a PGC-specific Gal4 expression vector, pkop:
KalTA4 (Fig. 4a). The construct contains two bicistronic ex-
pression cassettes, kop:KalTA4-nosl, in which the KalTA4
activator protein gene is driven by germ cell-targeted kop
promoter and nanos! 3’UTR, and the fluorescent reporter
CMV:EGFP-SV40. Among 45 randomly selected transgenic
founders, four produced EGFP-positive transgenic F1 embryos
(Table 1). We further raised one batch of transgenic F1 embryos
and set up a homozygous line of Tg(kop.‘KalTA4)ihb8. The
expression of KalTA4 mRNA in Tg(kop:KalTA4) embryos
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Tgfkop:cre, kop:loxp-sv40-loxp-mREP)

INCross

r - = =
- e
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Fig. 4 PGC-specific mRFP expression in the embryos induced by the P>
Gal4/UAS system. a Schema of the kop:KalTA4 construct. b Schema
of the UAS:mRFP construct. ¢—f Weak expression of EGFP was
observed in progeny of Tg(kop: EGFP) females from early somite stage
(c), at 1 day pf (d), 3 days pf (e), but not at 9-day-pf embryos (f). g-n
mRFP expression in the embryos from a cross between Tg(kop:
KalTA4) female and Tg(UAS:mRFP) male. Strong expression of mRFP
was detectable under a fluorescence microscope, from shield stage in
PGCs (g, g’). Strong mRFP expression could be visualized at 1 day pf
(h, h*), 3 days pf (i, i’), 9 days pf (j, j°). At 18 days pf, mRFP
expression continued strongly in most gonad cells of some larvae (k,
k’), and in a few gonad cells of other larvae (1, I’). mRFP expression
was still detectable by 25 days pf in a few larvae (m, m’), and was
undetectable by 30 days pf in all of the embryos (n, n’). 0 Comparison
of mRFP and EGFP mRNA expression levels at 1 day pf among
Teg(kop:EGFP) embryos, Tg(kop:Cre, kop:loxP-SV40-loxP-mRFP)
embryos, and a cross between Tg(kop:KalTA4) female and Tg(UAS:
mRFP) male by real-time PCR, using {3-actin mRNA as internal
control. The mRFP mRNA expression levels of embryos from incross
of Tg(kop:Cre, kop:loxP-SV40-loxP-mRFP) and Tg(kop:EGFP) were
similar (P>0.05) to each other. Significant difference (P<0.001) of
mRFP mRNA expression levels was found between embryos from a
cross between female 7g(kop:KalTA4) and male Tg(UAS:mRFP) with
others. Arrows point to PGC specifically expressed EGFP or mRFP
signals
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was exactly similar to the expression of Cre mRNA in
Tg(kop:cre) embryos as shown in Fig. lc, d (data not shown).

We then designed and constructed a UAS-dependent
transgene construct, pUAS:mRFP, which also contains two
bicistronic expression cassettes (Fig. 4b). The first expres-
sion cassette UAS:mRFP-nosl contains a four Gal4-
binding-site (4*xUAS)-driven mRFP and nanosl 3’UTR,

while the second one is a CMV:EGFP-SV40 fluorescent
reporter. Among 36 transgenic founders, we screen out four
which could produce EGFP-positive F1 embryos (Table 1).
A homozygous transgenic line, Tg(UAS:mRFP)™"°  that
carries the above construct, was established. The transgenic
line showed strong EGFP expression but no mRFP expres-
sion (data not shown).
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High-Efficient PGC-Targeted Expression in Hybrid
Embryos of Tg(UAS-mRFP) and Tg(kop:KalTA4)

Due to the maternal effect of the kop promoter (Blaser et al.
2005), the hybrid embryos resulted from 7Tg(kop:Cre) fe-
males, and Tg(kop:loxP-SV40-loxP-mRFP) males did not
show PGC-specific mRFP expressions, although the
loxP-flanked SV40 stop signal was removed from the trans-
gene in the PGCs with high efficiency. Thus, we were curious
about the hybrid embryos which resulted from 7g(kop:KalT4)
and Tg(UAS:mRFP). Prior to testing this, we first generated
several Tg(kop:EGFP)™* lines that carried the kop:EGFP-
nosl expression construct (a gift of Prof. Raz) (Blaser et al.
2005). In all of the Tg(kop:EGFP) lines we tested, the PGC-
specific EGFP expression was only detectable from early
somite stage and lasted to 3 days pf under the fluorescent
microscope in our lab (Fig. 4c—f). Given the activation poten-
tial of the Gal4/UAS system to amplify the expression of
target genes downstream which has been used in many organ-
isms, we were interested whether the Gal4/UAS system could
drive and even amplify mRFP expression in zebrafish PGCs.
In the embryos from a cross between Tg(kop:KalTA4) females
and Tg(UAS:mRFP) males, intriguingly, PGC-specific mRFP
expression was detectable under the same fluorescent micro-
scope at as early as shield stage (Fig. 4g, g’), and the expres-
sion tended to be stronger and stronger along development
(Fig. 4h—j, h’—”). Strong mRFP expression could be visual-
ized specifically in PGCs of the hybrid embryos from 1 day pf
and lasted till 15 days pf. Later, the intensity of mRFP varied
among different larvae from a few fluorescent cells in the
gonad to almost whole fluorescing gonad at 18 days pf.
mRFP was still detectable by 25 days pf in most embryos,
and is undetectable by 30 days pf (Fig. 4m, m’, n, n’).

In order to compare the transcriptional levels among dif-
ferent activation systems, i.e., the Cre/loxP and Gal4/UAS
systems, the mRFP transcriptional levels at 1 day pf among
embryos from Tg(kop:Cre, kop:loxP-SV40-loxP-mRFP)
female and a cross between female Tg(kop:KalTA4) and male
Tg(UAS:mRFP) were compared with the embryos of Tg(kop:
EGFP) female by real-time PCR. When f-actin was used as
an internal control, as expected, mRFP mRNA expression
levels of the embryos from incross of Tg(kop:Cre, kop.loxP-
SV40-loxP-mRFP) was similar to the embryos of Tg(kop:
EGFP) (P>0.05), since both types of embryo were driven
by the kop promoter and the nanosi 3’UTR. Interestingly, we
found that the mRFP RNA transactivation level in the embry-
os from a cross between Tg(kop:KalTA4) females and
Tg(UAS:mRFP) males were about 300-fold stronger than that
in the Tg(kop: EGFP) embryos or the embryos from incross of
Tg(kop:Cre, kop:loxP-SV40-loxP-mRFP) (P<0.001) (Fig.
40). These demonstrate that the Gal4/UAS system could not
only activate the gene expression but also dramatically ampli-
fy the expression level in zebrafish PGCs.
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mRFP mRNA Spatio-temporal Expression Pattern
in Cre/loxP and Gal4/UAS Hybrid Fish

The detection of mRFP in PGCs under a fluorescence mi-
croscope is not indicative of how early the PGC-specific
Gal4 protein can drive transcription of mRFP under UAS,
since accumulation of sufficient mRFP protein for visual
detection is delayed with respect to initial mRFP transcrip-
tion. Besides, it is possible that sites of mRFP expression are
missed because mRFP expression level is undetectable by
the eyes under a fluorescence microscope. To determine
more accurately the spatio-temporal distribution of mRFP
in the Cre/loxP- and Gal4/UAS-activated embryos, we ob-
served the mRFP transcripts by whole-mount in situ hybrid-
ization on embryos from incross of Tg(kop:Cre, kop:loxP-
SV40-loxP-mRFP), and a cross between female Tg(kop:
KalTA4) and male Tg(UAS:mRFP), and utilized the vasa
expression as a control to mark the location of germplasm
and PGCs (Fig. 5a—e). In the embryos from the incross of
Tg(kop:Cre, kop:loxP-SV40-loxP-mRFP), the mRFP tran-
scripts were provided maternally and enriched in the distal
end of the first two cleavage furrows of the four-cell stage
embryos (Fig. 5f), indicating that the kop promoter was
already activated during oogenesis of the hybrid founders
and the loxP flanked S740 stop sequences were completely
excised in the germline genome of the hybrid founders. The
PGC-specific expression of mRFP was obvious in the fol-
lowing developmental stages (Fig. 5g—j). Whereas, in the
embryos from a cross between Tg(kop:KalTA4) females and
Tg(UAS:mRFP) males, the germplasm-specific mRFP
mRNA was undetectable at the four-cell stage (Fig. 5k),
and PGC-specific mRFP expression was only detectable
starting at the sphere stage in four separate groups in the
hybrid embryos (Fig. 51). The mRFP-positive cells in all the
testing embryos migrated and formed to four separate clus-
ters, spaced around the embryo, and generally near the
margin at shield stage (Fig. Sh, m), and then clustered into
two groups on either side of notochord at somite stage
(Fig. 51, n). At 1 day pf, the mRFP transcripts located
bilaterally where the yolk ball meets the yolk tube (Fig. 5j, o).
The expression pattern of mRFP transcripts in both Cre/loxP
and Gal4/UAS hybrid fish resembles that described for the
zebrafish vasa mRNA, which is a specific marker for germ
cells. These strongly supported that mRFP was expressed in
PGCs of the hybrid embryos resulted from the two systems.

Transient PGC-Targeted Expression of mRFP by Direct
Injection of Different Expression Constructs

Since both the Cre/loxP and Gal4/UAS systems could spe-
cifically activate targeted gene expression in PGCs of the
hybrid embryos, we then asked whether it is possible to
activate mRFP expression in the activator embryos, i.e.,
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Control

Cre/loxP

Gal4/UAS

Fig. 5 Spatio-temporal expression pattern of mRFP mRNA in the
embryos resulted from Cre/loxP and Gal4/UAS systems. a Whole-
mount in situ analysis was performed to determine the distribution of
vasa (a—e) mRNA and mRFP mRNA in embryos from incross of
Tg(kop:Cre, kop:loxP-SV40-loxP-mRFP) (f-j) and a cross between

Tg(kop:KalTA4) embryos or Tg(kop:Cre) embryos, by di-
rect injection of effector constructs, such as UAS:mRFP-
nosl and UAS:mRFP-SV40, or CMV:loxP-SV40-loxP-
mREFP-SV40. As expected, by injecting kop:EGFP-nosl
construct directly into wildtype embryos, it was impossible
to observe PGC-specific expression of EGFP due to the
maternal effect of the kop promoter (Fig. 6a). However, it

a UAS:mRIFP-SV40 b

Tg(kop:KalTA4) female and Tg(UAS:mRFP) male (k—o) from four-cell
stage to 1 day pf stage. The developmental stages are: four-cell stage
(a, f, k), sphere stage (b, g, 1), shield stage (c, h, m), early somite stage
(d, i, n), and 1 day pf (e, j, 0), respectively. The arrows point to the
transcripts enriched to the cleavage furrows and the PGCs, respectively

was very efficient to label the PGCs of the host embryos
with mRFP expression by injecting UAS:mRFP-nosI or
UAS:mRFP-SV40 constructs into 7g(kop:KalTA4) embryos,
with the former one of PGC-specific expression of mRFP
(Fig. 6b, red arrowhead) and the latter one of some ectopic
expression of mRFP other than PGC-specific expression
(Fig. 6¢, white and red arrowhead). These indicate that the

CMV:loxP-SV40-loxP-mREFP-SV40

loxP loxP
w mRFP [ sva0 — —] CMV>|>| sv40 [>>{ mRFP | svdo |—

Tg(kop:Kall44)| @

UAS:mRFP-nos! inj}1 dpf

Fig. 6 Transient expression of fluorescent proteins in zebrafish em-
bryos by injection of different expression constructs. a Schema of
construct UAS:mRFP-SV40. b Schema of construct CMV:loxP-SV40-
loxP-mRFP-SV40. ¢ EGFP could not be detectable in wildtype embry-
os by injecting kop:EGFP-nosl construct. d, g—j mRFP was visualized
strongly and specifically in the PGCs of Tg(kop:KalTA4) embryos after
direct injection of pUAS:mRFP vector from early somite stage (g) to

UAS:mRFP-nosl inj) 3 dpf

Te(kop:KallA4) f

}Jlg’f}':_ (4 rllu_',ﬁc'h'

UAS:mRFP-nosl inj.|9 dpf UAS:mRFP-nosl inj.

9 days pf (j). e mRFP was not only detected in the PGCs but also in
other somatic cells after injection of pUAS:mRFP-SV40 vector into
Tg(kop:KalTA4) embryos. f mRFP was observed in PGCs and other
types of cells in Tg(kop:Cre) embryos after injection of pCMV:loxP-
SV40-loxP-mRFP-SV40 construct. The red arrows mark the PGC-
specific mRFP expression, and the white arrows show the ectopic
expression of mRFP in somatic cells
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KalTA4 activator proteins were maternally expressed and
thus could possibly activate the mRFP expression in somatic
cells when UAS:mRFP-SV40 construct was injected. When
CMV:IoxP-SV40-loxP-mRFP-SV40 was injected into
Tg(kop:Cre) embryos, PGC-specific expression of mRFP
could be detected in all of the injected embryos, but most
embryos showed ectopic expression of mRFP in somatic
cells other than PGCs (Fig. 6d, white and red arrowhead).
This result was consistent to the fact that cre mRNA was
expressed maternally in the 7g(kop:Cre) embryos and thus it
was only restricted to the PGCs during later developmental
stages (Fig. 1c—f). The PGC-specific expression of mRFP in
the Tg(kop:KalTA4) embryos injected with UAS:mRFP-
nosl was then analyzed in detail. The PGC-specific red
fluorescence was visualized strongly and exclusively in
PGCs from early somite stage in the injected embryos
(Fig. 6¢). With the embryonic development, mRFP was still
specifically and strongly expressed in the PGCs of the
injected embryos from 1 day pf to 9 days pf (Fig. 6f-h),
indicating that by using the Gal4/UAS system, it is possible
to visualize the zebrafish PGCs with high sensitivity and
persistence by direct injection of a certain DNA construct.

Discussion

Germ cells are unique and important for sexually reproduc-
ing eukaryotes, since they are the only cell population which
could inherit genetic materials between generations. To
study the development of germ cells has long been one of
the focuses of cell and developmental biologists. Besides
this, any type of genetically manipulated lines originated
from the germ cells of the manipulated founders, thus it is of
great importance to establish an effective technology for
highly specific PGC-targeted gene manipulation in verte-
brates. Cell type-specific genetic modification using the
induction system is an invaluable tool for studies of distinct
cell lineages. In the present study, we utilized two induction
systems, the Cre/loxP recombination system and Gal4/UAS
transcription system, and mRFP gene as a reporter, to realize
high-efficient PGC-targeted gene expression, in the notable
animal model, zebrafish.

In vertebrates, only a few germ cell-specific Cre trans-
genic lines have been established in the mouse model,
which allow germ cell-specific genetic modifications to
harbor visual markers to detect germ cells in vivo and to
conduct conditional knockout in germ cells (Gallardo et al.
2007; Hammond and Matin 2009; Lomeli et al. 2000;
Ohinata et al. 2005; Suzuki et al. 2008). However, the
recombinant efficiencies induced by germ cell-expressed
Cre in mice were varied between 25 % (for Nanos3-Cre)
and 60 % (for TNAP-Cre). In zebrafish, although Cre-
mediated global excision has been demonstrated by
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injection of cre mRNA into the zygotes of some transgenic
lines, such as Tg(mylz2:loxP-EGFPloxP)¢* (Pan et al.
2005) and Tg(rag2-loxP-dsRED2-loxP-EGFP-mMyc)
(Langenau et al. 2005), there is no report of PGC-specific
Cre lines and PGC-specific Cre-mediated recombination.
The only germ cell type Cre transgenic zebrafish line is
Tg(zp3:cre krt8:rfp), which was constructed using oocyte-
specific zp3 promoter and not suitable for studying the
development of zebrafish PGCs and conducting PGCs ma-
nipulation (Liu et al. 2008). In the present study, we utilized
an upstream kop promoter and a downstream 3’UTR of the
nanosl gene, which confer specific EGFP expression in
PGCs in the Tg(kop:EGFP) transgenic embryos (Blaser et
al. 2005), to drive PGC-specific expression of Cre in
Tg(kop:cre). As a result, we observed the exquisite speci-
ficity of the cre mRNA expression pattern in the PGCs of
the transgenic embryos. This PGC-specific Cre transgenic
line of zebrafish will provide a platform to perform PGC-
conditional gene function analysis and PGC-targeted gene
modifications. In addition, to verify the function of PGC-
specifically expressed Cre recombinase in Tg(kop:cre), we
established a loxP transgenic line, Tg(kop.loxP-SV40-loxP-
mRFP). By crossing the Tg(kop.cre) females and Tg(kop:
loxP-SV40-loxP-mRFP) males, we demonstrated that the
PGCs specifically expressed Cre provided by Tg(kop:cre)
is capable of conditional activation of loxP-blocked genes in
the hybrid embryos. In our study, the efficiency of Cre-
mediated germline recombination achieved 100 %, which
was strongly supported by two types of PCR analysis. In all
of the previously described PGC-specific Cre transgenic
mouse lines, the Cre-mediated recombination happened in
other tissues besides the germ cells (Suzuki et al. 2008;
Gallardo et al. 2007; Lomeli et al. 2000; Ohinata et al.
2005). In our study, Cre-meditated recombination was also
detected in other somatic tissues, which was due to the
maternal expression of Cre mRNA, just similar to the study
of Tg(zp3:crekrt8:rfp) (Liu et al. 2008). Nevertheless, we
have generated a PGC-specific Cre transgenic line in
zebrafish and demonstrated a PGC-specific recombination
with an effeciency of 100 %. In future studies, it is possible
to use a drug-inducible Cre®™® ™ (John et al. 2008) to elim-
inate the maternal effect of Cre recombinase in Tg(kop:Cre).

Although many stable transgenic lines were established
that express Gal4 in a tissue-specific manner with the de-
velopment of an enhancer trapping system, which enabled
investigators to regulate gene expression in specific cell
types and tissues (Davison et al. 2007), no PGC-specific
Gal4 transgenic line has been reported in zebrafish. In
Drosophila, using the promoter and 3° UTR of the
nanos RNA, the nos—Gal4-VP16 transgene was generated
for the activation of a germline-specific expression of targets
(Van Doren et al. 1998). In the present study, we generated
the Tg(kop:KalTA4) transgenic line, in which the KalTA4
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activator was driven by the kop promoter and nanosl
3’UTR, and KalTA4 mRNA was expressed specifically in
PGCs. To date, researchers have generated transgenic lines
to label the PGCs in live embryos of zebrafish (Blaser et al.
2005; Fan et al. 2008; Knaut et al. 2002; Krovel and Olsen
2002). Nevertheless, these transgenic constructs and/or ap-
proaches still did not provide ideal tools for labeling, isola-
tion, and genetic manipulation of zebrafish PGCs, because
(1) direct injection of these constructs into zygotes could not
distinctly label the PGCs, (2) the germ cell targeted promot-
er used in those studies is rather large in size and it is not
convenient to use them for genetic manipulations, (3) the
expression levels of fluorescent proteins driven by these
constructs were not elevated enough for genetic manipula-
tion (from our own experiments). In the present study, by
utilizing the transcriptional amplification speciality of the
Gal4/UAS system, we demonstrated the hybrid embryos
resulted from Tg(kop:KalT4) females and Tg(UAS:mRFP)
males showed germ cells specifically expressed mRFP from
shield stage till 25 days pf. Interestingly, the level of PGC-
specific mRFP expression in 1-day pf embryos is as high as
300 times in the Gal4/UAS hybrid embryos, so that strong
mRFP expression could be visualized specifically in PGCs
of the hybrid embryos resulted from the Gal4/UAS system.
Although the expression delay of transgene induced by the
Gal4/UAS system in zebrafish was demonstrated in a pre-
vious study (Zhan and Gong 2010), here we observed that
mRFP mRNA could be detected in PGCs at sphere stage,
close to the time when PGCs segregated (2.75 h pf), which
suggests that it did not required a long recovery time for
transcriptional activation when the Gal4/UAS system was
used in zebrafish PGCs. Moreover, compared with that, the
PGC-specific mRFP expression cannot be detectable at 9 days
pf in the embryos of transgenic lines Tg(kop:EGFP), the
hybrid embryos showed germ cell-specific mRFP expression
from shield stage till 25 days pf, indicating the high sensitivity,
high efficiency, and long-lasting effect of this system. More
importantly, by direct injection of the UAS:mRFP-nosl con-
struct into the Tg(kop:KalTA4) zygotes, it was possible to
label the PGCs of host embryos with mRFP from early
somite stage till 9 days pf. To our knowledge, it is the
first time that zebrafish PGCs could be exclusively and
distinctly labeled by direct injection of an expression
construct. Moreover, the small size of the UAS regulatory
region (<100 bp) allows the expression cassette to be
conveniently used as a genetic marker or a selection tool
for further PGC manipulations.

In conclusion, we have established two induction sys-
tems, Cre/loxP recombination system and Gal4/UAS tran-
scription system, to realize high-efficient PGC-targeted gene
expression in zebrafish. These transgenic zebrafish lines will
provide powerful tools to conduct conditional gene activa-
tion and inactivation systems for studies of gene function in

PGCs. In addition, they have some other obvious applica-
tions. First, Tg(kop:Cre) would be useful to develop some
conditional transgenic lines that may display early defects or
mortality because of the global overexpression of certain
functional genes. Second, as the Cre-mediated excision
achieved an efficiency of 100 % in germ cells of the
Cre/loxP hybrid founders, Tg(kop.:Cre) can serve as a trans-
genic fish model to investigate the feasibility of self-
excision of transgenes from transgenic fish to address the
proprietary issue as well as ecological concerns on transgene
contamination. As demonstrated in transgenic plants (Luo et
al. 2007), it is possible to engineer transgenic fish to retain a
beneficial phenotype from the transgene while the transgene
is programmed to be excised from the germline by the
germline-specific Cre/loxP system; thus the released trans-
genic fish will not be able to produce transgenic offspring
even if they accidently escaped to a natural body of water.
Third, owing to the strong and specific mRFP expression in
PGCs of the hybrid embryos which resulted from Tg(kop:
KalT4) and Tg(UAS:mRFP), it offers a useful tool for track-
ing and manipulating germ cells during zebrafish develop-
ment. Finally, the expression cassette, UAS:mRFP-nosl,
would be useful to facilitate screening of the candidates
for germ line-transmitting founders if Tg(kop:KalTA4) zy-
gotes are used for microinjection.
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