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ABSTRACT Mosaic expression of trans-
genes in the FO generation severely hinders the
study of transient expression in transgenic fish.
To avoid mosaicism, enhanced green fluorescent
protein (EGFP) gene cassettes were constructed
and introduced into one-celled zebrafish em-
bryos. These EGFP gene cassettes were flanked
by inverted terminal repeats (ITRs) from adeno-
associated virus (AAV) and driven by zebrafish
a-actin (pa-actin-EGFP-ITR) or medaka B-actin
promoters (pp-actin-EGFP-ITR). EGFP was ex-
pressed specifically and uniformly in the skeletal
muscle of 56% + 8% of the pa-actin-EGFP-ITR-
injected survivors and in the entire body of 1.3%
+ 0.8% of the pp-actin-EGFP-ITR-injected survi-
vors. Uniform transient expression never oc-
curred in zebrafish embryos injected with EGFP
genes that were not flanked by AAV-ITRs. In the
FO0 generation, uniformly distributed EGFP
could mimic the stable expression in transgenic
lines early in development. We established five
transgenic lines derived from pa-actin-EGFP-
ITR-injected embryos crossed with wild-type fish
and 11 transgenic lines derived from pp-actin-
EGFP-ITR-injected embryos crossed with wild-
type fish. None of these transgenic lines failed to
express the transgene, a result confirmed by
polymerase chain reaction analysis. Stable men-
delian transmission of the transgenes was
achieved in both a-actin and B-actin transgenic
lines without changing the patterns of expres-
sion and integration. Progeny inheritance test
and Southern blot analysis results strongly sug-
gest that transgenes flanked by AAV-ITRs were
integrated randomly into the genome at a single
locus with a concatamerized multiplier. Thus, in-
corporating AAV-ITRs into transgenes results in
uniform gene expression in the F0 generation
and stable transmission of transgenes in zebra-
fish. © 2001 Wiley-Liss, Inc.
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INTRODUCTION

Zebrafish (Danio rerio) have transparent embryos
that are easy to inject, easily controlled spawning, a
short generation time, and year-round breeding. These
traits make them excellent models for studying embry-
onic development, gene function, and the expression
and inheritance of transgenes in vertebrates (Ingham,
1997; Kimmel, 1989; Niisslein-Volhard, 1994; Vascotto
et al., 1997). A large quantity of expressed sequence
tags from fish have been identified and sequenced
(Gong et al., 1997; Douglas et al., 1999). Mapping the
spatial and temporal expression patterns of mRNAs
using in situ hybridization facilitates investigation of
the gene expression profile (Henrich and Wittbrodt,
2000). It is preferable to conduct functional analysis of
the regulatory elements of newly isolated genes in vivo
rather than in vitro. In zebrafish, transgenes contain-
ing an endogenous promoter and the green fluorescent
protein (GFP) gene have been used to map the cis-
acting elements of the promoter (Chen et al., 2001;
Drivenes et al., 2000; Meng et al., 1997, 1999). They
also have been used to target gene expression in spe-
cific tissues (Higashijima et al., 1997, 2000; Ju et al.,
1999; Long et al., 1997). In stable transgenic lines, the
dynamic expression patterns of genes are followed eas-
ily in real time in living fish, but because cleavage of
fish embryos is rapid, uneven distribution and late
integration of transgenes are common, and uniform
expression of the transgene in the FO generation is rare
(Gibbs and Schmale, 2000). Large numbers of embryos
should be analyzed during transient expression assays
to account for the expression patterns of endogenous
genes. Alternatively, stable transgenic lines must be
established, but limiting the number of regulatory se-
quences that can be tested.

Although many approaches have been tried to over-
come these limitations, they were only marginally suc-
cessful at reducing mosaicism in the FO generation.
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Transferring the foreign genes into the germinal vesi-
cle (Ozato et al., 1986; Tsai et al., 1995b) or sperm (Tsai
et al., 1995a; 1997) before fertilization still resulted in
mosaic and variegated patterns of transgene expres-
sion. Use of a homologous promoter also did little to
reduce mosaicism (Fu et al., 2000; Higashijima et al.,
1997; Ju et al., 1999). In zebrafish, mosaic expression of
the GATA2-GFP construct was reduced by a bacterial
artificial chromosome (BAC) clone harboring a 70—-80
kb promoter (Jessen et al., 1998). The BAC construct is
suitable for targeting gene expression, but it is not
always necessary for mapping promoter activity, be-
cause tissue- and stage-dependent cis-acting elements
may be located in the proximal region of the promoter.
Binding nuclear localization signal peptides to plasmid
DNA also enhanced transient expression and increased
the efficiency of gene transfer and germ-line transmis-
sion (Collas and Alestrom, 1998; Liang et al., 2000).
Reporter gene expression in the FO generation was still
mosaic, however, and the transgene was not expressed
in some transgenic progeny. A strong expression vec-
tor, constructed by fusing the carp B-actin promoter,
GFP c¢cDNA, ocean pout antifreeze protein terminator,
and putative boundary element, was developed to drive
uniform GFP expression in the FO generation in ze-
brafish (Gibbs and Schmale, 2000). Unfortunately, a
low percentage of embryos expressed GFP uniformly,
and the transgene was silent in more than half the
transgenic lines. Thus, we still need a simple and ef-
fective method for enhancing uniform expression of
transgenes in the FO generation and preventing the
silencing and unstable transmission of transgenes in
subsequent generations of transgenic fish.

Adeno-associated virus (AAV) type 2, a nonpatho-
genic human virus, has a single-stranded DNA genome
of approximately 4.7 kb with two characteristic in-
verted terminal repeats (ITRs) (Srivastava et al.,
1983). Each ITR consists of 145 nucleotides and forms
a palindromic hairpin (Samulski et al., 1989). Fu et al.
(1998) showed that inclusion of AAV-ITRs in plasmid
DNA significantly increased the efficiency and specific-
ity of transgene expression in Xenopus embryos. Be-
cause Xenopus has a long generation time, making
germ-line transmission and the pattern of integration
in the transgenic lines difficult to follow, we chose to
study the effect of AAV-ITR sequences on expression
and transmission of transgenes in zebrafish. We found
that incorporating AAV-ITRs into DNA constructs ef-
fectively reduced mosaic transgene expression and re-
sulted in stable transmission of transgenes.

RESULTS
Effects of AAV-ITRs on Transient Transgene
Expression

To verify the effect of AAV-ITRs on transient trans-
gene expression in zebrafish, enhanced green fluores-
cent protein (EGFP) gene cassettes were constructed
(Fig. 1) and introduced into one-celled zebrafish em-
bryos. These EGFP gene cassettes were flanked by
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AAV-ITRs and driven by a skeletal muscle—specific
promoter (zebrafish a-actin) or a ubiquitous promoter
(medaka B-actin). Another two EGFP gene cassettes
with the same construction but without flanking AAV-
ITRs also were performed for comparison. At 5 days
post-fertilization (dpf), the EGFP expression rate in
embryos injected with pa-actin-EGFP (93%, 67/72) did
not differ from that of embryos injected with pa-actin-
EGFP-ITR (98%, 268/273). EGFP expression was much
stronger, however, in pa-actin-EGFP-ITR-injected em-
bryos than in pa-actin-EGFP-injected embryos. More-
over, more than half (56% *= 8%) of the surviving pa-
actin-EGFP-ITR-injected embryos expressed EGFP
specifically and uniformly in skeletal muscle. This was
designated the uniform (U) expression pattern. In con-
trast, embryos injected with pa-actin-EGFP never ex-
hibited uniform expression (Fig. 2A). The EGFP ex-
pression rates in embryos injected with pp-actin-EGFP
and pB-actin-EGFP-ITR constructs were about the
same (93% and 88%, respectively), but about 1.3% =+
0.8% of surviving pp-actin-EGFP-ITR-injected em-
bryos expressed EGFP uniformly throughout their bod-
ies at 1 dpf. Embryos injected with pp-actin-EGFP
never exhibited uniform expression (Fig. 2B).

Because injection with pp-actin-EGFP-ITR alone
produced very few U-type survivors, DNA and prota-
mine, at mass ratios ranging from 1:0 to 1:9, were
co-injected into zebrafish embryos to test their ability
to enhance transient expression of the pp-actin-EGFP-
ITR transgene. The rate of uniform EGFP expression
increased as the DNA/protamine mass ratio decreased
from 1:0 to 1:3, but the rate decreased dramatically at
mass ratios less than 1:3 (data not shown). At the
optimal ratio of 1:3, EGFP was expressed uniformly in
the entire body of 14% of the pp-actin-EGFP-ITR-in-
jected survivors (Fig. 2B). Thus, incorporating AAV-
ITRs into transgenes greatly enhanced transient ex-
pression of the transgenes. This effect was increased by
adding precise amounts of protamine to the DNA frag-
ments.

Degrees of Transient Expression and the
Frequency of Germ-Line Transmission
of Transgenes

Embryos injected with pa-actin-EGFP-ITR and pg-
actin-EGFP-ITR were used to produce transgenic lines.
Putative founders were identified based on the pres-
ence of transgenes and green fluorescence in their F1
progeny. The germ-line transmission rates estimated
by polymerase chain reaction (PCR) and the EGFP
phenotype were the same, indicating that EGFP was
expressed in all transgenic lines. When pa-actin-
EGFP-ITR-injected fish were crossed with wild-type
fish, 8% (4/49) and 3% (1/32) of the founders exhibiting
uniform (U) and moderate to weak (M/W) expression,
respectively, transmitted the transgene to their prog-
eny. If the germ-line transmission rate of null expres-
sion (N type) embryos is assumed to be zero, the total
germ-line transmission rate of pa-actin-EGFP-ITR-in-
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Fig. 1. Plasmid constructs used for transgenesis. The thick lines
represent plasmid vectors. a-actin promoter, zebrafish a-actin promoter;
B-actin promoter, medaka B-actin promoter; B-act-pA, polyadenylation
signal of medaka B-actin gene; BGH pA, polyadenylation signal of bovine

jected founders was at least 6% (8% X 0.56 + 3% X
0.43 + 0% % 0.01). Of the founders derived from em-
bryos injected with a mixture of pBR-actin-EGFP-ITR
and protamine, 70% (7/10) and 8% (4/48) of those ex-
hibiting U and M/W expression, respectively, transmit-
ted the transgene to their progeny. The total germ-line
transmission rate of pp-actin-EGFP-ITR/protamine-in-
jected founders was at least 16% (70% X 0.14 + 8% X
0.73 + 0% X 0.13). Thus, there was no consistent
relationship between the degree of transient expres-
sion and the frequency of germ-line transmission of
transgenes flanked by AAV-ITRs in zebrafish. The cor-
relation was low in the a-actin transgenic lines, but it
was relatively high in the B-actin transgenic lines.

EGFP Expression in the FO and F1 Generations

After establishing a-actin and B-actin transgenic
lines, we determined whether the transient expression
pattern of transgenes flanked by AAV-ITRs could
mimic the stable expression pattern in transgenic
lines. The levels of EGFP expression in FO and F1

1 kb

growth hormone gene; EGFP, enhanced green fluorescent protein; ITR,
inverted terminal repeats of adeno-associated virus; SVin+pA, small t
antigen intron and polyadenylation signal of SV40 gene; SVpA, polyad-
enylation signal of SV40. Scale bar = 1 kb.

transgenic zebrafish derived from pa-actin-EGFP-ITR-
and pp-actin-EGFP-ITR-injected embryos were com-
pared at several developmental stages.

For pa-actin-EGFP-ITR-injected embryos, EGFP ex-
pression was initiated about 8 hr post-fertilization
(hpf) in both the FO and F1 fish. At the 5-somite stage
(12 hpf), the EGFP gene was expressed along the body
axis and in the head region of both FO (Fig. 3A-a) and
F1 fish (Fig. 3A-b). By the prim-5 stage (24 hpf), EGFP
expression gradually had become confined to the
somites of FO (Fig. 3A-c) and F1 fish (Fig. 3A-d). In the
swimming-up stage (5 dpf) FO fish, most skeletal mus-
cle in the trunk expressed EGFP strongly and uni-
formly, though small portions of skeletal muscle near
the eyes and lower jaw were not marked with EGFP
(Fig. 3A-e). At early developmental stages, the expres-
sion pattern in FO fish was almost identical to that of
F1 fish (Fig. 3A-f). At 30 dpf, the pattern of green
fluorescence was mosaic in the skeletal muscle of U-
type FO fish (Fig.3A-g) but uniform in F1 fish (Fig.
3A-h).



326

HSIAO ET AL.

A . pa-actin-EGFP-ITR
I p-actin-EGFP
100 T
=

— 80
s
& 60 T
3 - T
=
3 40 i
8

20

0 '
U M/W N
Expression level

Fig. 2. Effect of AAV-ITRs on transient expression of transgenes in

zebrafish embryos. A: Transient EGFP expression in pa-actin-EGFP-
ITR- and pa-actin-EGFP-injected embryos. B: Transient EGFP expres-
sion in pB-actin-EGFP-ITR- (+ protamine) and pB-actin-EGFP-injected
embryos. From 30 to 100 injected embryos were used in each experi-
ment. The results from three to five independent experiments on each

For pB-actin-EGFP-ITR-injected embryos, EGFP ex-
pression was initiated at about 5 hpfin both FO and F1
fish. At the 90% epiboly stage (9 hpf), EGFP was ex-
pressed evenly and strongly in FO (Fig. 3B-a) and F1
fish (Fig. 3B-b). At the 5-somite stage (12 hpf), EGFP
was expressed evenly along the body axis of FO (Fig.
3B-c) and F1 fish (Fig. 3B-d). At the prim-5 stage (24
hpf), nearly the entire body of FO (Fig. 3B-e) and F1 fish
(Fig.3B-f) was fluorescent green. At 30 dpf, green fluo-
rescence still appeared throughout the body of U-type
FO fish, but it was highly mosaic (Fig. 3B-g). In con-
trast, F1 progeny (30 dpf) expressed EGFP uniformly
throughout the body (Fig. 3B-h). Therefore, in F0O zebra-
fish derived from embryos transferred by foreign genes
flanked by AAV-ITRs, EGFP expression was uniform
at the early embryonic stages but not later in develop-
ment.

Germ-Line Transmission of Transgenes

The transgene inheritance rates of founders derived
from pa-actin-EGFP-ITR- and pp-actin-EGFP-ITR/
protamine-injected embryos are summarized in Table
1. Five transgenic lines, four from U-type embryos (a2,
al7, a28, a50) and one from M/W-type embryos (ma6),
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construct were pooled and analyzed. Embryos were photographed at 5
dpf for pa-actin-EGFP derivatives and at 1 dpf for pp-actin-EGFP deriv-
atives. EGFP expression in transgenic embryos was classified as uniform
(U), moderate to weak (M/W), or null (N). Film exposure times were 16
sec for U embryos and 60 sec for M/W and N embryos. Scale bar = 1
mm.

were produced by founders derived from pa-actin-
EGFP-ITR-injected embryos. Transgene inheritance
rates in F1 «-actin transgenic lines ranged from 7% to
16%. Eleven transgenic lines, seven from U-type em-
bryos (B1, B3, B4, B5, B7, B9, B11) and four from M/W-
type embryos (mB7, mB34, mpB47, mpB60), were pro-
duced by founders derived from pp-actin-EGFP-ITR/
protamine-injected embryos. Transgene inheritance
rates in F1 B-actin transgenic lines ranged from 0.5%
to 49%. This broad range of inheritance rates indicates
that the germ cells of transgenic founders were highly
mosaic. Thus, AAV-ITRs cannot facilitate the integra-
tion of transgenes into the zebrafish genome soon after
microinjection.

To measure the transgene inheritance rate in F2
fish, fish from four transgenic lines (a2, 28, «50, ma6)
derived from pa-actin-EGFP-ITR-injected founders
and fish from seven transgenic lines (31, B3, B4, B5, B7,
B9, B11) derived from pR-actin-EGFP-ITR/protamine-
injected founders were crossed with wild-type fish (Ta-
ble 2). From 44% to 59% of the F2 progeny of a-actin
and B-actin transgenic F1 males crossed with wild-type
females were EGFP positive after the gastrula stage (5
hpf). In contrast, all F2 progeny of B-actin transgenic
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Fig. 3. Comparison of transient and stable EGFP expression patterns in transgenic embryos. A,B: EGFP expression patterns in transgenic
embryos generated with pa-actin-EGFP-ITR and pB-actin-EGFP-ITR, respectively. The developmental stage of FO and F1 embryos is indicated on
the left. The U-type transient expression pattern of EGFP in pa-actin-EGFP-ITR-injected embryos (A-a,A-c,A-e) mimicked the stable expression
pattern noted in embryos from «-actin transgenic lines (A-b,A-d,A-f) up to 5 dpf. Injected U-type embryos exhibited a mosaic expression pattern in
skeletal muscle at 30 dpf (A-g), but expression continued to be uniform in embryos from the stable line (A-h). The U-type transient expression pattern
of EGFP in pB-actin-EGFP-ITR-injected embryos (B-a,B-c,B-e) mimicked the stable expression pattern seen in embryos from B-actin transgenic lines
(B-b,B-d,B-f) up to 1 dpf. At 30 dpf, injected U-type embryos exhibited a mosaic expression pattern throughout their bodies (B-g), but expression
continued to be uniform in embryos from the stable line (B-h). Film was exposed 180 sec for A-a—A-d; 60 sec for B-g and B-h; 16 sec for
A-e,A-f,B-a—B-d. Film was exposed for 4 sec for A-g,A-h,B-e,B-f. Scale bar = 1 mm.

F1 females crossed with wild-type males were EGFP
positive at the one-cell stage, but about half progeny
faded their EGFP gradually after 14 dpf (data not
shown). Sibling crosses of F2 progeny in the seven
B-actin transgenic lines (B1, B3, B4, B5, B7, B9, B11)
were done to determine the transgene inheritance rate
in the F3 generation. In all B-actin transgenic lines
tested, the ratio of transgenic F3 progeny to non-trans-
genic progeny was 3:1 (data not shown). This finding
suggests that transgenes flanked by AAV-ITRs were
transmitted in a mendelian manner.

Accumulation of High Concentrations of EGFP
in the Female Gonads

In the B-actin transgenic lines, the initiation and
duration of EGFP expression were dependent on the
sex of the founder. Transgenic F1 progeny derived from
male founders (lines B7, B9, B1l1l) began expressing

EGFP after the gastrula stage. The intensity of EGFP
expression did not decline with age. From 1% to 67% of
the F1 progeny derived from female founders were
EGFP positive in the one-cell stage, but in 44—66% of
the EGFP-positive embryos, EGFP fluorescence had
faded 2 weeks later. In contrast, F1 progeny derived
from male and female a-actin transgenic founders were
never positive for EGFP before the gastrula stage.

To investigate EGFP fading in progeny derived from
B-actin female founders, we selected transgenic line B4
for further detailed study. At sexual maturity, the
green fluorescence in the oocytes of transgenic line B4
was so bright that it could be seen by fluorescence
microscopy in living zebrafish (Fig. 4A,B). All unfertil-
ized eggs appeared green. The intensity of green fluo-
rescence in primary-growth-stage oocytes (indicated by
the arrowhead in Fig. 4C), which were less than 100
pm in diameter (Selman et al., 1993), was stronger
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TABLE 1. Inheritance of Transgenes Flanked by AAV-ITRs by F1 Progeny*

Embryonic stage (3 dpf)

Adult stage (60 dpf)

Founders Sex EGFP(+)/total® EGFP(+) (%) EGFP(+)/total? EGFP(+) (%) Inheritance rate® (%)
a2 f 161/1,360 12 109/109 100 12
al7 f 15/197 8 10/10 100 8
a28 m 34/501 7 16/16 100 7
ab0 f 65/406 16 39/39 100 16
mo6 f 62/405 15 10/10 100 15
g1 f 28/883 3d 8/18 44 1
B3 f 875/1,302 674 111/201 55 37
B4 f 195/514 384 28/47 60 23
B5 f 1054/1,908 554 71/108 66 36
B7 m 182/511 36 3/3 100 36
B9 m 95/215 44 80/80 100 44
p11 m 21/43 49 11/11 100 49
mp7 f 153/424 364 23/42 55 20
mp34 f 5/494 14 2/4 50 0.5
mp47 f 104/384 274 32/64 50 14
mB60 f 39/141 284 2/4 50 14

*AAV-ITRs, adeno-associated virus inverted terminal repeats; EGFP, enhanced green fluorescent protein.

aNumber of EGFP-positive embryos/number of survivors at 3 dpf.

PNumber of EGFP-positive adult fish/number of survivors that fluoresced green as embryos.

“Inheritance rate = [EGFP(+)/total® X EGFP(+)/total’] X 100%.

YEGFP faded after 14 dpf in about half the EGFP-positive embryos derived from female founders generated with pp-actin-

EGFP-ITR.

TABLE 2. Inheritance and Expression of Transgenes Flanked by AAV-ITRs in F2 Progeny*

Embryonic stage (3 dpf) EGFP content? Transgene Normalized EGFP content
Lines Sex? EGFP(+)/total® EGFP(+)° (%) (ug/mg) copy number? (ug/mg/copy)
a2 m 101/203 50 50.9 30 1.7
a28 m 241/484 50 18.3 20 0.9
ab0 m 125/255 49 90.8 100 0.9
mab m 74/148 50 21.6 3 7.2
B1 m 190/392 48 4.1 5 0.8
B3 m 47/79 59 6.7 3 2.2
B4 m 36/69 52 7.2 30 0.2
B5 m 22/43 51 6.3 10 0.6
B7 m 33/75 44 4.0 20 0.2
B9 m 464/956 49 12.4 7 1.8
p11 m 137/277 49 6.5 14 0.5

*AAV-ITRs, adeno-associated virus inverted terminal repeats; EGFP, enhanced green fluorescent protein.

2Male F1 progeny were crossed with wild-type females to calculate the inheritance rate of transgenes in F2 progeny.
dNumber of EGFP-positive survivors/total number of survivors at 3 dpf.

“This value is equal to the transgene inheritance rate, because F2 progeny derived from male F1 transgenic fish show no

maternal EGFP accumulation.

YEGFP content and the number of transgene copies were estimated for the F1 a-actin and F2 B-actin transgenic lines.

than in maturing oocytes (indicated by the arrow in
Fig. 4C). By the swimming-up stage (5 dpf), all F2
progeny derived from F1 transgenic females were
EGFP positive and expressed EGFP equally (Fig. 4D).
At 14 dpf, some F2 fish still expressed EGFP through-
out their bodies (Fig. 4E), but others expressed EGFP
only in the muscles and eyes (Fig. 4F). Using PCR
analysis, EGFP-positive F2 progeny derived from
transgenic F1 males proved to have the transgene,
whereas those that were EGFP negative lacked the
transgene (Fig. 5A). About half the EGFP-positive
3-day-old F2 progeny derived from transgenic F1 fe-
males, however, proved to be transgene negative (Fig.
5B). EGFP expression and transgene transmission

were not persistent in the progeny of wild-type fish
mated with F1 fish in which EGFP expression faded
(data not shown). This finding suggests that maternal
EGFP in the oocyte, but not the transgene per se, was
transmitted into non-transgenic progeny. Over time,
the maternal EGFP degraded and EGFP faded in non-
transgenic progeny of B-actin transgenic lines.

Levels of EGFP Expression and Transgene
Copy Number

To determine whether AAV-ITR sequences were in-
sulators, which allow transgene expression to be inde-
pendent of its point of insertion, male F1 progeny de-
rived from four a-actin (a2, a28, 50, ma6) transgenic
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Fig. 4. High concentrations of EGFP were present in female germ
cells of B-actin transgenic zebrafish. A,B: Lateral views of a 90-day-old
female fish from transgenic line B4 in a bright field (A) and dark field (B)
through a fluorescence microscope. The arrow indicates the ovary.
C: Unfertilized eggs dissected from F1 progeny derived from transgenic
line B4. All the oocytes were EGFP positive, and EGFP in the primary
oocytes (arrowhead) was brighter than in maturing oocytes (arrow). D: F2

lines and male F2 progeny derived from seven B-actin
(B1, B3, B4, B5, B7, B9, B11) transgenic lines were
selected for detailed studies. Male transgenic adult fish
were selected for measuring EGFP content and trans-
gene copies, to minimize the variations derived from
different degrees of EGFP accumulation in developing
oocytes of B-actin transgenic females. Exogenous EGFP
ranged from 18.3 to 90.8 ng/mg (EGFP/total body pro-
tein) in the a-actin transgenic lines and from 4.0 to 12.4
ng/mg (EGFP/total body protein) in the B-actin trans-
genic lines (Table 2). The number of transgene copies,
as determined by dot blot analysis, ranged from three
to 100 in the a-actin transgenic lines and from 3 to 30
in the B-actin transgenic lines (Table 2).

Normalizing EGFP content by the number of trans-
gene copies, we found that the level of EGFP expres-
sion did not correlate closely with the number of trans-
gene copies. For example, even though transgenic line
ma6 contained only three copies of the transgene, the
normalized EGFP expression level was extremely high

progeny derived from transgenic line B4 females crossed with wild-type
fish. All F2 progeny were EGFP positive and exhibited the same level of
EGFP expression at 5 dpf. E: EGFP expression showed no signs of
fading in transgenic F2 progeny at 14 dpf. F: Non-transgenic F2 progeny
displayed only trace amounts of EGFP in the muscles and eyes at 14 dpf.
Scale bar = 1 mm.

(7.2 pg/mg/copy). Thus, the expression level of trans-
genes flanked by AAV-ITRs was independent of the
number of transgene copies. In both a-actin and B-actin
transgenic lines, however, transgenic progeny derived
from the same founder always exhibited equal levels
and identical patterns of EGFP expression. The only
major phenotypic difference between transgenic lines
was the relative intensity of EGFP expression. Within
any given transgenic line, the pattern and intensity of
EGFP expression were predictable and did not change,
even after passing through the germ line (data not
shown). These results suggest that AAV-ITR sequences
are only partial insulators.

Transgene Integration Pattern

To analyze the integration pattern of transferred
genes, Southern blot analyses were used to character-
ize DNA fragments from the F1 progeny of six B-actin
transgenic lines (B1, B3, B4, B5, B9, B11). Genomic
DNAs were restricted by Ncol and hybridized with an
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Fig. 5. Polymerase chain reaction (PCR) detection of the transgene in
F2 progeny derived from transgenic line B4. A: PCR was used to detect
the transgene in genomic DNA extracted from EGFP-positive (green) and
EGFP-negative (non-green) 3-day-old F2 progeny of transgenic line 34
(Tg) males crossed with wild-type (WT) females. B: PCR was used to
detect the transgene in genomic DNA extracted from EGFP-positive

EGFP-specific radioisotope probe. Concatamerization
of transgenes that are theoretically possible is illus-
trated in Fig. 6A. An 8-kb signal, suggesting a head-
to-tail (HtT) or tail-to-tail (TtT) concatamer (indicated
by arrows), and some positive bands larger than 4 kb,
possibly junction fragments (indicated by asterisks),
were found (Fig. 6B). The putative junction fragments
in each transgenic line differed in size, and their rela-
tive intensity was fainter than that of the putative
concatamers. These results clearly indicate that trans-
genes flanked by AAV-ITRs were integrated randomly
into the zebrafish genome in the B-actin transgenic
lines. Southern blot analyses of the Scal-digested DNA
fragments yielded positive signals for 8-kb (indicated
by arrows) and 13-kb (indicated by arrowheads) frag-
ments in transgenic lines 81, B4, B5, B9, and B11. This
finding suggests that the transferred DNA fragments
were organized into HtT or head-to-head (HtH) con-
catamers (Fig. 6B). In line B3, only the HtT concatamer
was proposed, because the 13-kb HtH concatamer was
absent. We also examined the possibility of forming a
TtT concatamer by using the full-length plasmid as a
hybridization probe. A 3-kb hybridization signal was
found in some transgenic lines, indicating that a TtT
concatamer may exist (data not shown).

To determine whether there were any modifications
in the terminal nucleotides of transgenes within con-
catamers, genomic DNAs were digested with PstI, a
restriction enzyme used to linearize the plasmid for

« Transgene
4 Internal control

(704 bp)
(450 bp)

(green) 3-day-old F2 progeny of transgenic line B4 (Tg) females crossed
with wild-type (WT) males. PCR products with molecular masses of 704
bp and 450 bp represent the EGFP transgene and ZF-21 gene (internal
control), respectively. DNA markers (M) are shown on the left; sizes are
given in bp.

microinjection. A positive 8-kb band (indicated by ar-
rows) was present in all transgenic lines except 31 (Fig.
6B), indicating that, except in line p1, the PstI ends of
the transgene within the concatamer had not been
modified. Fragments smaller than predicted (indicated
by number symbols) also were seen in some transgenic
lines. For example, in line B3, cleavage with Ncol
yielded a 2.3-kb positive fragment, and in lines 3 and
B11 cleavage with PstI produced 6.8-kb and 6.5-kb
fragments, respectively (Fig. 6B). These fragments
may have resulted from rearrangement or partial de-
letion of the injected plasmid. Some a-actin transgenic
lines also yielded fragments that were smaller than
expected (data not shown).

Genomic DNAs from transgenic line B4 F1, F2, and
F3 progeny were digested with Scal, and the fragments
were characterized using Southern blot analysis. The
hybridization patterns were the same in each genera-
tion (Fig. 6B), indicating that the transgene flanked by
AAV-ITRs was integrated stably into the zebrafish
genome. Similar results were obtained using different
transgenic lines and restriction enzymes. We also eval-
uated the homogeneity of the transgene integration
pattern in the gonads of founders injected with trans-
genes flanked by AAV-ITRs. The genomic DNA of F1
progeny derived from the same transgenic founder was
digested with Ncol and characterized using Southern
blot analysis. Progeny derived from the same founder
always had the same hybridization pattern (data not
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Fig. 6. Southern blot analysis of the integration pattern of transgenes
in B-actin transgenic lines. A: Diagram shows the expected sizes of DNA
fragments produced by digestion of head-to-tail (HtT), tail-to-tail (TtT),
and head-to-head (HtH) concatamers with Pstl, Ncol, or Scal. Hatched
box, zebra fish genomic DNA; gray box, medaka B-actin promoter; black
box, EGFP cDNA; open box, vector sequences. Arrows indicate the
orientation of the gene construct. B: Genomic DNAs from six F1 B-actin
transgenic lines (B1, B3, B4, B5, B9, and B11l) generated with pp-actin-
EGFP-ITR were digested with Ncol, Scal, and Pstl. Southern blot anal-

shown). Thus, although founder germ cells were mosaic
for the transgene, in the F1 progeny the integration
pattern of transgenes flanked by AAV-ITRs was homo-
geneous.

DISCUSSION
Flanking AAV-ITRs Enhance Transgene
Expression

Mosaic and variegated expression of transgenes in
the FO generation severely hinders the study of tran-
sient expression in transgenic fish. Interpretations of
transgene transient expression assays must carefully
consider ectopic gene expression and the effects of cis-
acting elements on gene expression. In this study, we
clearly showed that in zebrafish the transient expres-
sion of transgenes driven by two strong promoters («-
actin and B-actin promoters) was enhanced by AAV-
ITRs. Uniform transgene expression was achieved
easily in the FO fish, and it mimicked the stable expres-
sion of transgene lines. This finding was consistent
with the enhancement by AAV-ITRs of transgene ex-
pression in Xenopus (Fu et al., 1998). Thus, incorpora-

ysis with an EGFP-specific radioisotope probe was used to identify the
resulting DNA fragments. Genomic DNAs from three successive gener-
ations (F1, F2, and F3) derived from transgenic line B4 were digested
with Scal and analyzed. The arrow indicates DNA fragments from HtT or
TtT concatamers; the arrowhead indicates DNA fragments from HtH
concatamers. *, putative junction fragments; #, putative fragments from
rearrangements or deletions of the transgene. DNA markers are shown
on the left; sizes are given in kb. The film was exposed for 9 days.

tion of AAV-ITRs into transgenes is an effective
method for dissecting promoter activity and targeting
uniform gene expression in FO generation zebrafish.
We are investigating whether this strategy will be ef-
fective for analyzing weakly expressed and develop-
mentally regulated gene promoters.

Protamine sulfate is a small, arginine-rich peptide
(4,000—-4,250 d) that quickly folds and compacts DNA.
Because naked plasmid DNA has a short half-life
(50-90 min) in the cytosol (Lechardeur et al., 1999),
protamine sulfate is used widely for gene delivery (Ar-
casoy et al., 1997; Sorgi et al., 1997). In this study, 14%
of the pp-actin-EGFP-ITR/protamine-injected survi-
vors and only 1% of the pp-actin-EGFP-ITR-injected
survivors exhibited uniform expression as embryos. We
think that protamine sulfate prevents degradation of
transferred DNA by digestive enzymes and prolongs its
half-life in the cytosol. When the protamine-to-DNA
ratio exceeded 1:3, however, uniform expression rates
declined. This finding suggests that excess protamine
abolishes transgene expression by masking the cis-
acting elements that bind transcription factors.
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Because zebrafish have a short generation time, it is
easy to follow germ-line transmission and the integra-
tion pattern of transgenes flanked by AAV-ITRs in
transgenic lines. In transgenic fish, the germ-line
transmission rate for plasmid DNAs without flanking
AAV-ITRs ranged from 1% to 20% (Higashijima et al.,
1997, 2000; Linney et al., 1999; Long et al., 1997;
Takagi et al., 1994). In this study, the germ-line trans-
mission rate was at least 6% for pa-actin-EGFP-ITR-
injected embryos and 16% for pR-actin-EGFP-ITR/pro-
tamine-injected embryos. These rates were not
significantly higher than those for plasmid DNAs that
lacked AAV-ITRs. Based on these observations, we be-
lieve that the AAV-ITR sequences facilitate even dis-
tribution of the transgenes in dividing cells during
cleavage but that they do not improve the frequency of
genomic integration and germ-line transmission in ze-
brafish.

Higashijima et al. (1997) tested three DNA con-
structs and reported that the highest correlation be-
tween levels of transient expression and transgene
germ-line transmission frequency was 50%. Likewise,
in the U-type pa-actin-EGFP-ITR- and pB-actin-EGFP-
ITR/protamine-injected founders, we found no consis-
tent correlation between levels of transient expression
and transgene germ-line transmission frequency. The
correlation for U-type embryos in the pa-actin-EGFP-
ITR injection group was only 8%, but it was 70% for
embryos in the pp-actin-EGFP-ITR/protamine-injected
group. Phenotypes that express EGFP uniformly will
not necessarily be capable of germ-line transmission.
One of the most plausible reasons is that uniform ex-
pression of transgenic EGFP results from even distri-
bution of the AAV-ITRs-flanked transgene, not from
transgene integration. In addition, because EGFP is
water soluble, it might diffuse into surrounding cells
that do not express the EGFP gene (Ikawa et al., 1998;
Kato et al., 1999). Adding protamine to the DNA frag-
ments used to transfer the transgene greatly increased
the percentage of embryos exhibiting U-type EGFP
expression. Most U-type embryos are able to transmit
the transgene to the next generation. Thus, protamine
seems to facilitate the integration of transgenes
flanked by AAV-ITRs into the zebrafish genome.

Stable Transmission of Transgenes Flanked by
AAV-ITRs

Although many transgenic fish lines have been es-
tablished, many problems must be overcome, including
transgene modification, silencing, and loss during
germ-line transmission (Bayer and Campos-Ortega,
1992; Caldovic et al., 1999; Gibbs et al., 1994; Gibbs
and Schmale, 2000; Patil et al., 1994; Sato et al., 1992).
Cytoplasmic microinjection of transgenes results in
highly mosaic founder gonads and low germ-line trans-
mission rates. Thus, many progeny must be screened
by dot blot or PCR to find transgenic founders (Stuart
et al., 1988; Culp et al., 1991; Liang et al., 2000). A
reporter gene helps reduce the screening effort and
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makes it possible to monitor the expression pattern of
the transgene noninvasively. The luciferase gene,
driven by an exogenous or viral promoter, sometimes
exhibits variegated expression and can be silent in the
F1 and F2 generations (Collas and Alestrom, 1998;
Gibbs et al., 1994; Patil et al., 1994; Sato et al., 1992).
Even with the use of the strong expression vector FRM,
which fused the GFP reporter gene with a carp B-actin
promoter, some transgenes were silent after passage
through the germ line (Gibbs and Schmale, 2000).

In this study, however, none of transgenic lines cre-
ated with transgenes flanked by AAV-ITRs failed to
express the transgene. Mendelian transmission of
transgenes flanked by AAV-ITRs, without changes to
phenotypic expression and integration patterns in the
F1, F2, and F3 generations, showed that the trans-
genes were stably integrated into the zebrafish ge-
nome. They were passed, without modification,
through several generations. Sibling F2 fish were
crossed to create F3 homozygotes of the a-actin and
B-actin transgenic lines. These EGFP-marked homozy-
gotes will greatly aid analyses of cell lineages and cell
fates by providing a vital marker for cell transplanta-
tion, the creation of chimeric fish, and the screening of
expression-based mutagenesis.

In zebrafish, plasmid DNA flanked by border ele-
ments could prevent the position effect. The transgene
expression level is correlated with the number of inte-
grated copies (Caldovic et al., 1999). We found that the
pattern of EGFP expression in different transgenic
lines, all of which were derived from the same DNA
construct flanked by AAV-ITRs, was predictable and
very similar. The level of EGFP expression within
transgenic lines was consistent but not closely related
to the number of transgene copies. Thus, we believe
that AAV-ITRs can serve as incomplete insulators of
transgenes in zebrafish.

The a-actin promoter is skeletal muscle specific, and
EGFP is not expressed in the oocytes. Thus, the fre-
quency of occurrence of EGFP in embryos from trans-
genic lines harboring the a-actin promoter and male
transgenic lines harboring the B-actin promoter pro-
vides an accurate estimate of the germ-line transmis-
sion rate. It was difficult to distinguish, however,
transgenic and non-transgenic progeny derived from
female B-actin transgenic lines based on the appear-
ance of EGFP before 14 dpf. This phenomenon was
caused by the large accumulation of EGFP in the oo-
cytes during oogenesis, even after meiotic division,
when half the oocytes did not harbor transgenes. Al-
though maternal inheritance of EGFP in oocytes was
noted in transgenic zebrafish (Gibbs and Schmale,
2000; Linney et al., 1999), large accumulations of ex-
pressed EGFP in the oocytes were reported in our B-ac-
tin transgenic zebrafish. It was this store of EGFP that
was responsible for the longer persistence of EGFP in
non-transgenic progeny. In addition, oocytes with high
EGFP intensity were common in our B-actin transgenic
lines with different integration sites. Therefore, large



TRANSGENE EXPRESSION AND TRANSMISSION IN ZEBRAFISH

accumulations of EGFP in oocytes were independent of
the location on the chromosome where the transgenes
were integrated. Based on these observations, we be-
lieve that transgenic zebrafish harboring a transgene
driven by the medaka B-actin promoter and flanked by
AAV-ITRs will be useful bioreactors for producing tar-
get gene products in oocytes.

Integration Pattern of Transgenes Flanked by
AAV-ITRs

Transgenes flanked by AAV-ITRs were present in
extra-chromosomal form in Xenopus (Fu et al., 1998).
Southern blot, dot blot, and progeny inheritance tests,
however, strongly indicated that several copies of
transgenes flanked by AAV-ITRs were randomly inte-
grated into the zebrafish genome at a single locus and
that this construct was stably transmitted. The inte-
gration pattern of transgenes flanked by AAV-ITRs is
consistent with the random integration of recombinant
AAV in vitro in the absence of Rep and Cap proteins
(Ponnazhagan et al., 1997; Miao et al., 1998).

Transgenes flanked by AAV-ITRs tend to form ran-
dom concatamers, including HtH, HtT, and TtT. Sim-
ilar complex organization of transgene copies also has
been found in Xenopus (Kroll and Amaya, 1996) and
fish (Chong and Vielkind, 1989; Cretekos and Grun-
wald, 1999; Iyengar and Maclean, 1995). Concatamer-
ization could result from end-joining of DNA fragments
in zebrafish zygotes and early embryos (Hagmann et
al., 1998). Rearrangements, partial deletions, and ter-
minal modifications of transgenes were frequent in cell
lines after transduction with recombinant AAV vectors
(Nakai et al., 1999; Zhang and Fuleihan, 1999). We
found similar transgene modifications and think that
they may be responsible for the unpredictable expres-
sion level of EGFP in transgenic lines with different
numbers of transgene copies.

In all transgenic lines, F'1 progeny derived from the
same founder always exhibited the same integration
pattern, indicating that the integration pattern of the
transgene flanked by AAV-ITRs was homogeneous in
all F1 progeny. This differs from the results of other
studies, in which transgenes often had multiple inte-
gration patterns in F1 progeny derived from the same
founder (Alam et al., 1996; Culp et al., 1991; Liang et
al., 2000; Penman et al., 1991). This clonal integration
pattern makes it much easier to establish stable ho-
mozygotes. Without examining the integration status
of the transgenes, important and useful genetic traits
can be fixed rapidly in the F2 generation by F1 sibling
crosses. Because the generation time of cultured fish is
much longer than that of model fish, this strategy will
be especially useful for establishing stable transgenic
lines of economically valuable, cultured fish. In conclu-
sion, we believe that a transgene flanked by AAV-ITRs
can be used effectively to analyze promoter activity and
specificity in assays of transient and stable transgene
expression.
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EXPERIMENTAL PROCEDURES
Plasmid Constructions

pa-actin-EGFP (ap-G-BS, 8 kb; Higashijima et al.,
1997) contained a zebrafish «-actin promoter, EGFP
cDNA, and the bovine growth hormone polyadenyla-
tion signal. A 0.74-kb, blunted HindIII/NotI fragment
of EGFP ¢cDNA obtained from pEGFP-1 (Clontech) was
inserted into Stul-digested pCS2ITR (5 kb; Fu et al.,
1998). The resultant plasmid, pCMV-EGFP-ITR (5.8
kb), contained a cytomegalovirus (CMV) promoter
fused with EGFP ¢cDNA followed by an SV40 polyade-
nylation signal, and the entire gene cassette was
flanked by AAV-ITRs. A 3.9-kb Sall/Ncol fragment of
zebrafish «-actin promoter obtained from pa-actin-
EGFP was ligated with a 4.2-kb Sall/Ncol fragment
obtained from pCMV-EGFP-ITR. The resultant plas-
mid, pa-actin-EGFP-ITR (8.1 kb), was driven by ze-
brafish a-actin promoter fused with EGFP ¢cDNA fol-
lowed by an SV40 polyadenylation signal, and was
flanked by AAV-ITRs.

pB-actin-EGFP (pOBA-hGFP1, 10.6 kb; Hamada et
al., 1998) contained medaka B-actin promoter, EGFP
cDNA, the intron of t antigen, and the medaka B-actin
gene polyadenylation signal. A 3.8-kb Sall/Ncol frag-
ment of the medaka B-actin promoter was released
from pp-actin-EGFP and ligated with a 4.2-kb Sall/
Ncol fragment released from pCMV-EGFP-ITR. The
resultant plasmid, pp-actin-EGFP-ITR (8 kb) was
driven by medaka B-actin promoter fused with EGFP
cDNA followed by an SV40 polyadenylation signal, and
was flanked by AAV-ITRs.

Plasmid Preparation for Microinjection

Plasmids containing AAV-ITR sequences were am-
plified in Escherichia coli STBL2 cells. Plasmids pa-
actin-EGFP-ITR and pp-actin-EGFP-ITR were linear-
ized by Pstl, and plasmids pa-actin-EGFP and pp-
actin-EGFP were linearized by Sall. Linearized
fragments were separated by 0.8% agarose gel electro-
phoresis, purified with a gel elution kit (Viogene), and
resuspended at a final concentration of 10 pg/mL in
0.25 mol/L: KCl1 with 0.1% (v/v) phenol red. Protamine
sulfate from salmon sperm (Sigma) was added only to
the injection solution containing the pp-actin-EGFP-
ITR vector. Plasmid and protamine sulfate mixtures
were mixed at mass ratios of 0:1, 1:1, 1:3, 1:5, 1:7, and
1:9. The mixtures were kept at 4°C for at least 30 min
and then injected into zebrafish embryos.

Transient Expression of EGFP Gene

Zebrafish were maintained as described by Wester-
field (1995). The leopard variant (D. rerio leo) was used,
because it has less pigmentation than the AB strain
(McClure, 1999). Fertilized eggs were harvested within
20 min of spawning, and 10° copies of linearized DNA
were injected into the cytoplasm of one-cell embryos.
Injected embryos were cultured in embryonic solution
at 28.5°C. The transient expression of each construct
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was evaluated four to five times using 30—-100 embryos
in each test. About half the injected embryos died or
exhibited abnormalities before the swimming-up stage.
Only survivors with normal morphologic characteris-
tics were scored.

Transient expression was determined at 5 dpf for pa-
actin-EGFP- and pa-actin-EGFP-ITR-injected embryos
and at 1 dpf for pp-actin-EGFP- and pB-actin-EGFP-ITR-
injected embryos. The developmental stages of zebrafish
were determined using the criteria of Kimmel et al.
(1995). Based on the intensity and distribution of green
fluorescence, expression was classified as U, M/W, or N.
For expression to be considered uniform, 90-100% of the
skeletal muscle tissue (pa-actin-EGFP derivatives) or the
entire body (pB-actin-EGFP derivatives) had to be EGFP
positive. Expression was M/W if less than 90% of the
skeletal muscle tissue (pa-actin-EGFP derivates) or less
than 90% of the entire body (pp-actin-EGFP derivatives)
was EGFP positive.

Identification of Germ-Line Transmission

After mating with wild-type fish, founders capable of
transmitting the EGFP gene were identified, along with
their progeny, by both PCR analysis and green fluores-
cence detection. Three-day-old embryos derived from
each potential founder were pooled in batches of 50—100.
Their genomic DNA was extracted as described by
Westerfield (1995). PCR analysis was done using forward
primer, 5'-ATGGTGAGCAAGGGCGAGGA-3' (1-20 nu-
cleotides of EGFP ¢cDNA), and reverse primer, 5'-TCCAT-
GCCGAGAGTGATCCC-3' (685-704 nucleotides of the
anti-sense strand of EGFP ¢cDNA). Forward primer, 5'-
TGCTATTTTGCAGGCACGTC-3’, and reverse primer,
5'-AGCTTGCTGTCGCATAATCG-3’, designed to am-
plify the ZF-21 gene (Njglstad et al., 1988), served as
internal controls. PCR was done on 50 pL of solution
containing about 100 ng genomic DNA extract, 50
mmol/L KCI, 2.5 mmol/L, MgCl,, 0.025 mg gelatin, 0.45%
NP 40, 0.45% Triton X-100, 250 pmol/L dNTPs, 0.25 U
Tag DNA polymerase, and 10 mmol/L Tris-HCI (pH 8.6).
PCR was conducted for 35 cycles with an initial denatur-
ation at 94°C for 3 min, followed by incubation at 94°C,
60°C, and 72°C for 30, 30, and 60 sec, respectively. The
final extension step was performed at 72°C for 10 min.

To determine the pattern and extent of each em-
bryo’s fluorescence, 3-day-old embryos from each po-
tential founder were observed under a dissecting stereo
microscope (MZ12; Leica) equipped with a GFP2 filter.
Photographs were taken using an MPS60 camera
(Leica) and ASA 400 film (Fujicolor).

Quantitation of EGFP in Transgenic Lines

The amount of EGFP produced by F1 and F2 progeny
derived from a-actin and B-actin transgenic lines was
measured. The entire body of a 60-day-old male trans-
genic fish was frozen in liquid nitrogen and homoge-
nized in a solution containing 0.5 mol/L Tris-HCI (pH
7.0), 0.5 N NaCl, 5 mmol/L. EDTA, and 1 mmol/L phe-
nylmethyl sulfonyl fluoride. After the homogenate was
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centrifuged at 10,000g for 10 min at 4°C, the total
soluble protein concentration in the supernatant was
measured with a protein assay kit (BioRad) using bo-
vine serum albumin as a standard solution. After the
total protein concentration was normalized at 100 ng/
mL, the intensity of fluorescence was measured by
fluorescence spectrophotometer (F-2000; Hitachi) us-
ing 488 nm for excitation and 509 nm for emission. The
amount of EGFP in the samples was calculated based
on a standard curve using recombinant EGFP (Clon-
tech) dilution series.

Southern Blot Analysis

Caudal fins were removed from 60-day-old F1 and F2
zebrafish derived from the a-actin and B-actin trans-
genic lines. The fins were digested directly in DNA
extraction buffer (25 mmol/LL EDTA, 0.5% sodium do-
decyl sulfate [SDS], 10 mmol/L. NaCl, 200 pg/mL pro-
teinase K, and 10 mmol/LL Tris-HC] at pH 8.0) and
incubated overnight at 55°C. After phenol-chloroform
extraction and ethanol precipitation, 3-5 pg genomic
DNA was digested by 50-100 U restriction enzyme.
Samples were precipitated with ethanol and resus-
pended in TE buffer before electrophoresis on 0.8%
agarose gel. Following electrophoresis, the DNA was
blotted onto a Hybond N+ membrane (Amersham)
with a vacuum transfer apparatus. After UV cross-
linking, hybridization was carried out overnight at
65°C in the presence of a [*?P]|dCTP-labeled probe. The
probe was a 704-bp, PCR-amplified product from EGFP
cDNA. After hybridization, membranes were washed
twice in 2X SSC (1X SSC: 150 mmol/L sodium chloride
and 15 mmol/L sodium citrate at pH 7.0) and 0.1% SDS
(37°C, 30 min each wash), twice in 1X SSC and 0.1%
SDS (65°C, 30 min each wash), and once in 0.1X SSC
and 0.1% SDS (65°C, overnight). Autoradiographs were
developed from X-ray film (BioMS; Kodak) that was
exposed for 3-10 days at —70°C.

Dot Blot Analysis

The number of transgene copies in the genomic DNA
of 60-day-old F1 and F2 zebrafish derived from a-actin
and B-actin transgenic lines were determined by dot
blot analysis. Genomic DNAs were purified as de-
scribed earlier herein for Southern blot analysis. Three
micrograms of genomic DNA was denatured under al-
kaline conditions (Kafatos et al., 1979) and blotted onto
a Hybond N+ membrane (Amersham) using a Schlei-
cher and Schuell minifold IT apparatus. The blot was
hybridized with EGFP-specific probe and washed as
described for Southern blot analysis. Positive signals
were quantitated by comparing their intensities with
those of signals from known amounts of plasmid DNA.
A haploid zebra fish genome is estimated to have 1.7 X
10° bp (Hinegardner and Rosen, 1972). We calculated
that a single copy of the transgene in a haploid genome
would be equivalent to 12 pg of transgene in 3 pg of
genomic DNA.
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