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It is estimated that (2500 genes are essential for the normal development of a zebrafish embryo. A mutation
in any one of these genes can result in a visible developmental defect, usually followed by the death of the
embryo or larva by days 5-7 of age. We are performing a large-scale insertional mutagenesis screen in the
zebrafish with the goal of isolating (1000 embryonic mutations. We plan to clone a significant fraction of the
mutated genes, as these are the genes important for normal embryogenesis of a vertebrate. To achieve this
goal, we prepared (86,000 founder fish by injecting blastula-stage embryos with one of two pseudotyped
retroviruses. We estimate that together these fish harbor between 500,000-1,000,000 proviral insertions in
their germ lines. The protocol we have devised and the size of our facility allow us to breed (80,000-150,000
of these insertions to homozygosity within 2 years. Because a pilot screen conducted earlier in our laboratory
revealed that the frequency of mutations obtained with this type of insertional mutagen is 1 embryonic lethal
mutation per 70-100 proviral insertions, screening 100,000 insertions should yield at least 1000 mutants. Here
we describe the protocol for the screen and initial results with the first of the two retroviral vectors used, a
virus designated F;. We screened an estimated 760 insertions among F,; progeny from 92 F, families and
obtained 9 recessive embryonic lethal mutations. Thus, the efficiency of mutagenesis with this viral vector is
approximately one-ninth that observed with the chemical mutagen ENU in zebrafish. We have also obtained
two dominant mutations, one of which is described here. As expected, mutated genes can be readily
identified. So far, genes mutated in four of the nine recessive mutants and one of the two dominant mutants
have been cloned. Further improvements to this technology could make large-scale insertional mutagenesis
screening and rapid gene cloning accessible to relatively small zebrafish laboratories.
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Introduction

Genetic screens have been the most successful approach
for identifying genes required for developmental pro-
cesses. Applied on a sufficiently large scale, a genetic
screen can identify all of the genes, which when mutated
one at a time impact the phenotype of interest. Genetic
screens make no assumptions about the genes involved
in the biological processes of interest and thus can reveal
novel genetic pathways underlying important pheno-
types.

Although it has long been the primary method for
identifying the genetic basis of phenotypes in inverte-
brate organisms, genetic screening is rarely performed in
vertebrate animals, and a saturation screen has never
been achieved in any vertebrate. This is because the
number of animals that must be raised, maintained, and
screened is hundreds of thousands for a moderate-sized
screen, and millions to achieve saturation. Nonetheless,
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many small-scale screens in zebrafish (Grunwald et al.
1988; Kimmel et al. 1989; Kimmel 1989) and mice
(Shedlovsky et al. 1986; Rinchik 1991; Vitaterna et al.
1994), have been highly successful, and two large-scale
screens have been carried out in the zebrafish (Driever et
al. 1996; Haffter et al. 1996). The genetic screens that
have already been performed in vertebrate animals hint
at the great potential of this approach. In zebrafish,
simple visual screens of embryos in the first 5 days after
fertilization can reveal mutations in genes essential for
the normal development of most of the major organ sys-
tems, including the nervous system, heart, blood, gut,
liver, jaws, eyes, and ears. Future screens should reveal
the genetic basis of many additional phenotypes impor-
tant in vertebrate development, physiology, and behav-
ior.

Simply identifying mutant phenotypes in a genetic
screen can be informative by revealing both the kinds of
phenotypes that can occur and the number of genes in-
volved in the process of interest. However, to understand
how genes specify a biological process, it is essential to
identify the mutated genes. Because high mutation fre-
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quencies can be obtained with chemical mutagens, most
large-scale genetic screens have used these agents (Grun-
wald et al. 1985; Mullins et al. 1994; Solnica-Krezel et al.
1994). Although the mutation frequency can vary widely
for different loci, chemical mutagens can induce muta-
tions in most genes. Despite these advantages, the
chemical mutagens that are commonly used are disad-
vantageous because cloning mutant genes is difficult, as
these chemicals usually cause point mutations. Decades
of work have made positional cloning of chemically in-
duced mutants feasible, but in vertebrate animals with
large genomes, cloning remains expensive and laborious.

An alternative approach to chemical mutagenesis that
greatly speeds the cloning of mutant genes is insertional
mutagenesis (Kidwell 1986; Gridley et al. 1987). The in-
tegration of exogenous DNA sequences into a genome
can be mutagenic, and the inserted DNA serves as a tag
to clone mutated genes. Insertional mutagens are usually
less efficient than chemicals, presumably because fewer
lesions are obtained per gemome. Furthermore, inser-
tional mutagens seldom, if ever, integrate entirely ran-
domly into host DNA (Spradling et al. 1995). Despite
these limitations, the development of insertional muta-
genesis by P elements in Drosophila revolutionized the
cloning of mutated genes, and even today, P-element-
induced alleles are preferred for cloning mutant fly genes
(Cooley et al. 1988). Insertional mutagens have also been
shown to work in mice. Both DNA and retroviruses have
been used successfully (Jaenisch 1988; Meisler 1992;
Moyer et al. 1994). Despite these successes and despite
the extraordinary potential of the method, however, the
cost of generating and breeding large numbers of trans-
genic mice makes the use of insertional mutagenesis
even more daunting than chemical mutagenesis for
large-scale screens in this organism.

Given the feasibility of performing large-scale genetic
screens in the zebrafish but the difficulty of identifying
genes mutated by chemicals, our laboratory has under-
taken to develop a method of insertional mutagenesis for
this vertebrate. This is a substantial undertaking because
the zebrafish genome is estimated to be 1.6 x 10° bp;
thus, to achieve saturation, one would have to screen on
the order of 500,000 randomly placed integrations.

Several years ago, our laboratory found that mouse ret-
roviral vectors pseudotyped with a VSV-G envelope
could infect the fish germ line following injection of vi-
rus into blastula-stage embryos at the 1000-2000-cell
stage (Zavada 1972; Emi et al. 1991; Burns et al. 1993; Lin
et al. 1994). Retroviruses were attractive candidates for
insertional mutagens, because they had been shown to
integrate into many different sites in mammalian and
avian chromosomes and to be effective mutagens in
mice (Withers-Ward et al. 1994; Jaenisch 1988). Impor-
tantly, they integrate without rearrangement of their
own sequences or significant alterations to host DNA
sequences at the site of insertion, essential features for
easily cloning genes disrupted by insertions (Varmus
1982). Although initially the number of proviral inser-
tions we could generate in the fish germ line was too low
to make a genetic screen feasible, further advances in our
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laboratory allowed us to achieve high transgenesis rates,
making it possible to generate hundreds of thousands of
insertions (Gaiano et al. 1996a). In a pilot screen, we
demonstrated that proviral insertions can induce muta-
tions in zebrafish and that mutated genes could be easily
cloned (Allende et al. 1996; Gaiano et al. 1996b). These
advances set the stage for a large-scale insertional muta-
genesis screen in the zebrafish.

We devised a strategy for the most efficient breeding
and screening of proviral insertions so that we could per-
form a large-scale screen. By breaking this multistep ex-
periment into component projects and designing a pro-
tocol for each, we established a workable method. Here
we describe the method and report on the first mutants
obtained in an ongoing screen and the rapid cloning of
the mutated genes.

Results

To generate founder fish, we injected virus among the
cells of embryos between the 1000- and 2000-cell stages
(Lin et al. 1994). Studies from our laboratory have sug-
gested that at this time there are four primordial germ
cells, which divide over the next several hours to pro-
duce 20-30 cells (Yoon et al. 1997). Analysis of proviral
insertions in F, progeny of founders has revealed that
different germ cells are infected independently, and with
high titer virus stocks they often have multiple integra-
tions. Any given insertion is transmitted mosaically to
between 1% and 40% of the F, progeny. Individual F,
fish can inherit multiple insertions, and proviral inser-
tions in F, fish are transmitted in a Mendelian fashion.

In a pilot screen, we had outcrossed founder fish, iden-
tified F, fish with single proviral insertions, generated an
F, family for each insertion, and then inbred transgenic
F, fish and examined F, progeny to identify mutations
(Gaiano et al. 1996b). This approach made it easy to de-
termine the mutation frequency and to clone mutated
genes, but it was far too inefficient for a large scale
screen because each insertion was inbred individually,
thus requiring its own F, family and a separate tank. To
screen many more insertions with a given number of
tanks, we took advantage of the fact that founders can
transmit multiple insertions to individual F; fish (Gai-
ano et al. 1996a). By crossing founders to each other, we
enrich for F, fish with multiple insertions and use these
to generate F, families in which many insertions can be
screened simultaneously. Figure 1 depicts the protocol
we devised for a large, diploid (F;) insertional mutagen-
esis screen.

The size of the screen is based on the number of F, and
F, families our facility could accommodate, taking into
account the rate at which fish reach sexual maturity and
thus can move through the facility. The protocol in Fig-
ure 1 is being carried out over 3.5 years to yield (11000
mutants. The critical determinant of the number of in-
sertions screened for a given number of F, families is the
average number of unique inserts in F; fish used to gen-
erate the F, families. Thus, it was necessary to have ex-
cellent founder fish and methods for selecting F, fish
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Figure 1. Schematic diagram of the protocol for the large-scale
screen. We have finished generating founder fish. As of 8/99,
3800 F, families have been born, 2500 have been genotyped by
fin clips, and 950 F, families have been born.

with the maximum number of unique inserts. Protocols
were devised to achieve these tasks reliably in a high
throughput manner.

Protocols for component tasks of a large-scale screen

1. Preparation of high titer stocks of F5 virus We used
two viruses to generate founder fish. Results with the
first virus, F5, are described in this work. The prepara-
tion of the second virus, designated GT, was by a differ-
ent and novel method and we have not yet begun to
screen for mutants induced by this virus. Preparation of
GT virus and results obtained with it in the screen will
be published separately (W.-B. Chen, S. Burgess, and N.
Hopkins, unpubl.).

To prepare a cell line producing high titer virus, we
obtained a packaging cell line 293 gp/bsr (Miyoshi et al.
1997), infected it with a virus, SFGnlslacZ (Gaiano et al.
1996a), and selected a clone of cells designated F5 that
yielded virus with high titer on both mouse 3T3 cells
and a fish cell line PAC2 (Culp 1994), as determined by
lacZ staining. Virus stocks were prepared by calcium
phosphate transfection (Graham and van der Eb 1973).
During the course of the work, we found that lacZ titer-
ing of viruses on PAC2 cells was unreproducible, so we
developed an assay to titer viruses on injected embryos.

Insertional mutagenesis in zebrafish

2. Injecting virus: monitoring successful injections
by the embryo assay To assess the efficiency with
which injected embryos are infected, we used either
quantitative Southern blotting or quantitative PCR. Two
to five days after every injection session, several injected
embryos were lysed and their DNA extracted for analy-
sis. Two genomic sequences were probed, a single-locus
gene RAG2 (Willett et al. 1997) and proviral sequences.
The ratio of these signals was normalized to signals from
DNA of a fish heterozygous for a single insertion. The
result, designated the embryo assay value, was used as a
measure of the average number of proviral integrations
per cell. Injected eggs that were raised were assumed to
have the same embryo assay value as those that were
sampled from the same injected batch.

To determine that the embryo assay was a good pre-
dictor of efficient germ-line transmission of proviral in-
sertions, founder fish from batches of injected embryos
with a range of embryo assay values were tested to de-
termine the amount of provirus they could transmit to
their F;. We outcrossed the founders and used the quan-
titative assay for RAG2 versus proviral sequences on
DNA extracted from pools of their F, progeny. Although
there was considerable variation between founders from
injections that had yielded the same embryo assay value,
there was a definite correlation between embryo assay
and average provirus transmission rate. Most founders
from injections with embryo assays below 2 did not
transmit well enough for our purposes, about half the
founders with embryo assays of 2-5 transmitted suffi-
ciently well, and nearly all founders with embryo assays
over 5 transmitted well with an average of greater than
one insert per gamete. At this transmission rate, we
found that a substantial proportion of F, fish inherit
multiple proviral insertions. With F5 virus, we kept
batches of embryos from injections in which the embryo
assay values ranged from 2 to 11.4. Injections to make
36,000 founder fish, of which (115,000 were made with F5
virus, were performed 5 days/week for 11 months by one
to two injectors per day. We estimate that [250,000 em-
bryos were injected, and hence the overall survival of
injected embryos to adulthood was [115%.

3. Generating F, families, selecting multi-insert F,
fish, and identifying dominant visible mutations To
generate F, families, we mate founder fish to each other.
There is considerable variation in the number of inserts
between fish in a single F, family, as well as between F,
families. To identify fish with the most nonoverlapping
inserts, 30 F, fish from each cross are raised for 8 to 12
weeks and then their tail fins are clipped (Westerfield
1995). The fish are held in individual cups while DNA is
extracted from the fin clips. A small amount of DNA is
analyzed by real time quantitative PCR (Heid et al. 1996)
to identify the eight fish with the greatest number of
inserts in each family, and the rest of the sample from
these eight fish is used for Southern blot analysis. As
shown in Figure 2, the F; fish with the greatest number
of inserts are often derived from the same germ cell(s)
and hence share proviral insertions. We keep fish that
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Figure 2. Southern analysis of the top eight fish from two dif-
ferent F, families. Note that in family A, the majority of the
insertions are the same from fish to fish, implying that most of
them came from the same germ cell from one of the founders. In
this case, we would keep fish 3 (seven inserts), fish 6 (three new
inserts), and no others, as none would give more than two new
inserts. Family B has much greater diversity of inserts. In this
case, we would keep fish 6 (nine inserts), fish 7 (seven new
inserts), and fish 2 (five new inserts).

have at least three unique insertions. For F, families bred
from F5-injected founders, we have kept an average of 2.4
F, fish per family and these fish have an average of 4.8
unique proviral insertions per fish.

Whereas only these selected insertions can be inbred
to screen for recessive mutations, the 30 fish originally
raised in each F, family represent 25-30 insertions that
can be screened for dominant viable phenotypes. So far,
we have limited such screening to simple visible pheno-
types, such as pigmentation and fin shape, and have
found two dominant mutations, which were confirmed
by outcrossing and finding the phenotype in half of their
progeny. In each case, a single proviral insertion (identi-
fied by Southern analysis) cosegregated with the pheno-
type (see Table 1).

4. Generating F, families, screening F, embryos, and
demonstrating that mutants are caused by proviral in-
sertions To generate F, families, multi-insert F, fish
are mated and 50-70 embryos from each pair are raised.
We perform sibling crosses of F, fish at 3 months of age
or older and examine their F; embryos in a dissecting
microscope to identify mutants. We examine embryos at
24 and 48 hr after fertilization and at 5 days of age (0120
hr after fertilization). At day 5, embryos are screened for
swimming behavior, then anesthetized, and visible
structures are examined for defects.

To identify which of 10 or so insertions segregating in
an F, family is linked to an identified mutation, South-
ern analysis is performed on DNA extracted from fin
clips of parents of all the crosses screened in the family.
A specific insert (Southern band) must be shared by both
parents of every cross that showed the phenotype, and
must be in only one or neither of the parents of all
crosses that did not show the phenotype. We also per-
form Southern analysis on DNA from individual mutant
embryos to look for the presence of this band. An un-
linked band would only be present in three-fourths of the
embryos, whereas a linked band must be in all of them.
Often one can tell from the relative intensity of the
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bands that the candidate band is homozygous in mutant
embryos. However, to obtain stronger evidence of tight
linkage, we use a probe to genomic DNA flanking the
candidate band.

Once a candidate band is identified, a junction frag-
ment from either or both sides of this insertion is (are)
cloned by inverse PCR (Ochman et al. 1988). The strat-
egy used to clone the correct junction fragment from
families with many inserts is shown in Figure 3. The
junction fragment is then used for two purposes: First, to
distinguish chromosomes with and without the putative
mutagenic insertion in Southern blots, and hence to de-
termine whether mutant embryos are invariably homo-
zygous for the mutagenic insert, whereas their wild-type
siblings never are. Table 1 shows the linkage data for the
nine recessive mutations obtained by this analysis. Sec-
ond, the junction fragment, when sequenced, may have
homology to a known gene or EST in the public database.

Phenotypes of insertional mutants

From the first 92 F, families screened, we obtained 9
recessive embryonic lethal mutations. Each F, family

Table 1. Linkage analysis of insertional mutants

Homozygotes observed in

Recessive phenotypic wild-type
mutants embryos embryos
no knack 31/31 0/110
bubble brain 31/31 0/105
nearly normal 142/145* 8/132*
bleached blond 68/68 0/299
hi37 30/30 0/66
hid3 63/63 0/73
hi61 18/18 0/54
hi63 28/28 0/59
hi9%6 34/34 0/81
Heterozygotes observed in
Dominant phenotypic wild-type
mutants fish fish
Hagoramo®? 54/54 0/61
hiD862 33/33 0/36

For recessive mutants, heterozygotes were crossed, embryos
were sorted as phenotypic or wild-type, and DNA was extracted
from individual embryos and analyzed by Southern analysis for
genotyping. For dominant mutants, heterozygotes were crossed
to wild-type fish, juvenile fish were sorted by phenotype, and
DNA was extracted from fin clips and analyzed by Southern
analysis or PCR *In the case of nearly normal, because the sole
embryonic phenotype is the lack of a swim bladder and some-
times embryos can fail to develop swim bladders for nongenetic
reasons, we believe that the three “phenotypic” embryos that
were not homozygous for the insertion are phenocopies, not
recombinants. Additionally, the eight wild-type mutants ana-
lyzed that were homozygous appear to be due to incomplete
penetrance of the embryonic phenotype; all observed surviving
homozygotes (in other crosses) grew up to be about one-fourth
the size of their siblings (see text and Fig. 4).
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Perform inverse PCR with appropriate primers: for the 5’ side, primer 1 plus primer 3 (Bg/II) or
primer 5 (Ncol or BamHI); for the 3' side, primer 7 plus primer 2 (PszI), primer 4 (BgIII) or primer
6 (Ncol). Isolate the PCR product of the appropriate size.

Subclone PCR fragment (optional). Test the fragment as a probe on a Southern blot with DNA
from identified carriers and non-carriers to confirm that it hybridizes to a novel band in carrier
DNA only, and thus is the correct junciton fragment. The fragment can now be used on Southern
blots with DNA from wild type and mutant embryos to establish linkage, and be sequenced to begin
to identify the mutated gene. Additional flanking sequence can be obtained by further rounds of
inverse PCR with primers designed from the genomic sequence, eliminating the complication of
other proviruses.
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Figure 3. Isolation of genomic sequence flank-
ing mutagenic insertions from multiple insert
families. The schematic at top indicates the
structure of the provirus along with the posi-
tion of Southern blot probes and PCR primers.

contains on average 9.6 unique proviral insertions. We
obtained on average 8 pair matings/family; therefore, we
estimate that 760 insertions were screened and calculate
our mutant frequency for these families at [B5 insertions
per embryonic lethal mutation, or 1 embryonic mutation
per 9 families screened. In large chemical mutagenesis
screens, the frequency was [l embryonic lethal muta-
tion per F, family. We also identified two dominant mu-
tations induced by F5 virus.

The phenotypes of the nine recessive embryonic lethal
mutants obtained in the large screen to date are shown in
Figure 4 and summarized in Table 2. As found in large
chemical mutagenesis screens, many embryonic lethal
mutations are relatively nonspecific. At least some of
these may be caused by mutations in genes expressed
widely in the embryo and required for cell survival or
growth. Some mutants display highly specific defects.

For example, nearly normal mutant embryos appear nor-
mal at 5 days of age, except that in the majority of ho-
mozygotes, the swim bladder fails to inflate and the em-
bryos die. As discussed below, this very specific pheno-
type results from a mutation in a widely expressed
housekeeping type gene EF1vy. Interestingly, up to 10%
of nearly normal homozygotes develop a swim bladder,
although a day later than their siblings. If these fish are
raised, they are small in relation to their siblings and
weigh only one-fourth as much at 2 months of age (Fig.
4). bleached blond mutant embryos have striking spe-
cific defects in the appearance of pigmentation in their
melanocytes and in the pigmented epithelium in the
retina, apparently due to a mutation in the gene encod-
ing the Ac45 subunit of the vacuolar ATP synthase.
They must have other defects as well, however, because
the majority of embryos fail to develop a swim bladder
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Figure 4. Photographs of wild-type vs. mutant em-
bryos or adult fish for 9 of the 11 insertional mutants
described. (A) Ten-week-old wild-type (top) vs. domi-
nant mutant hiD862 with long fins. (B) Wild-type
(Ieft) vs. bubble brain at day 2. (Arrowhead) Region of
enlarged ventricle in mutants. (C) Wild-type (top) vs.
two no knack mutant embryos at day 4. (D) Nine-
week-old wild-type (top) vs. a nearly normal sibling,
one of (10% of the homozygotes that survived. (E)
Wild-type (top) vs. hi37 mutant at day 4. (F) Wild-type
(top) vs. hi43 at day 5. (Arrowhead) Liver that is ab-
normal in the mutant. (G) Closer view of wild-type
(top) vs. hi43 liver region. (H) Wild-type (top) vs. hi63
mutant at day 3. (I) Wild-type (left) vs. hi96 mutant
embryo at day 4. (Arrowhead) Unusual edema with
pooled blood around eye. Edema around body of mu-
tant is also visible. (J) Wild-type (left) vs. bleached
blond mutant at day 4. (K) Closer view of eyes of
bleached blond at day 4 showing mottled appear-
ance.

J

and those that do develop one fail to thrive, although
they can survive for many days. hi43 mutant embryos
are generally normal, for example, head and jaw struc-
tures appear well developed, unlike most pleiotropic mu-
tants; however, the liver is clearly abnormal, appearing
dark and lacking circulation, and the gut appears com-
pressed, although it is unclear whether or not this is a
consequence of the degree of unconsumed yolk.

Interestingly, one of the two dominant mutations,
Hagoramo, induced by F5 virus represents a second in-
sertional allele of a gene mutated in our pilot screen. The
insertions cause a disruption of the stripe pattern in
adult fish. K. Kawakami and N. Hopkins (unpubl.)
cloned the gene responsible and showed that the inser-
tions lie within 10 kb of each other within the fifth in-
tron of a gene that would encode a protein of unknown
function containing WD repeats. The possible implica-
tions of this result for the randomness of proviral inte-
gration is discussed below. The second dominant muta-
tion we identified displays long fins in adult fish (Fig.
4A), a phenotype identified many years ago in the ze-
brafish and reisolated in large screens, also as dominant
mutations.
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Identification of genes mutated in four of nine
recessive embryonic lethal insertional mutants
and one of two dominant mutants

The proviral insertion responsible for each mutation was
identified as described above, except in the case of long
fin. Only 3 (of 30) F, fish with the long fin phenotype
were found initially, and each had multiple insertions
that yielded closely migrating bands on Southern blots,
complicating the identification of a candidate insert.
Thus, we outcrossed these fish, raised their progeny, and
at 8 weeks of age identified a common insertion in the
50% of the fish that displayed the long-fin phenotype.
Following the protocol outlined in Figure 3, we readily
obtained a junction fragment linked to each of the inser-
tional mutants, and following protocols established in
our pilot screen, we cloned the genes from 5 of the 11
mutants described here (see Table 3). In Table 3, we have
also included the 7 mutants obtained in our pilot screen
and have grouped all 18 insertional mutants studied to
date in our laboratory on the basis of the type of gene
function underlying the mutant phenotypes, if the func-
tion of the gene is known. As expected, the genes in-
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Table 2. Phenotype of insertional mutants isolated in the large-scale screen

Name Allele Phenotype Visible onset
Recessive Insertional mutants
no knack nok" reduced circulation, edema around heart, bent body, jaw does day 3
not form, sb~
bubble brain bbri10 enlarged brain ventricle; yolk disappears from yolk extension, late day 1
and later development is impaired; embryo dies by day 4-5
nearly normal nan™? appears normal except swim bladder does not inflate; not day 5
completely penetrant; embryos that develop a swim bladder
grow up small
hi37 reduced head structures; eyes look wide apart, reduced day 3
circulation, edema around heart at day 4; jaw does not form;
sb~
hi43 liver structure is defective, blood does not appear to circulate day 4
normally through liver, and it darkens; gut tube abnormal,;
swim bladder fails to inflate but embryos are still alive at 1
week; sb~
hi61 generally underdeveloped; sb™ day 5
hi63 small head structures including eye and ear; jaw does not late day 3
develop; sb™
hi9%6 multiple and unusual edemas including around eyes; heart and day 4
finally embryo appears as if atop a huge ball; reduced
circulation; sb™
bleached blond bbIhi112 pigmentation is defective in both the eyes and the melanocytes; day 2
eyes appear mottled; sb*/~
Dominant insertional mutants
hiD862 all fins are abnormally long young adult
Hagoramo Hagh'P2 stripes are interrupted in body region; this is second insertional young adult

allele in this gene

sb~, lacks swim bladder at day 5; sb*/~, some embryos develop a swim bladder, but most do not.

volved represent diverse categories of functions. A num-
ber of the genes are novel.

Analysis of the RNA expression of the candidate genes
mutated by insertion in each of the four recessive mu-
tants described above, by RT-PCR (no knack, nearly nor-
mal), Northern blot (bubble brain, bleached blond),
and/or in situ hybridization analysis (no knack, nearly
normal), shows that expression is either significantly re-
duced or undetectable in homozygous mutant embryos.

In the case of bleached blond, there were two inser-
tions linked to the mutation. One of them is inserted in
the gene for a vacuolar ATPase subunit. Although we
cannot prove that the other insertion does not also con-
tribute to the mutation, the fact that expression of the
V-ATPase gene is knocked out in mutant embryos im-
plies that the mutation is caused by the disruption of
this gene.

Discussion

We have described the production of transgenic ze-
brafish, which together harbor (600,000-1,000,000 pro-
viral insertions in their germ lines, and a protocol for
breeding [0100,000 of these insertions to homozygosity.
Although difficult to set up initially, our screen runs
smoothly now. Barring problems of fish husbandry, we
should achieve our goal within a total of 3.5 years, com-
pleting the task [ years from the date of this report. The

total number of insertions we will screen and the num-
ber of mutants we will obtain remain uncertain. As
noted above, the results in this report pertain to fish
derived from founders made with F5 virus. About 60% of
the founders were made with GT virus. These founders
had higher embryo assay values on average and, as dis-
cussed below, GT virus also contains a gene trap se-
quence (Gossler et al. 1989; Friedrich and Soriano 1991).
How these two differences will impact the mutagenic
frequency of GT virus relative to F5 virus remains to be
seen.

Despite the labor-intensive nature of this screen, the
extraordinary ease of cloning the mutated genes could
make the method a powerful complement to chemical
mutagenesis and even potentially an attractive replace-
ment. The most important question in deciding the ul-
timate utility of this technology is whether retroviral
proviruses integrate at random into the fish genome. P
elements, for example, can readily mutate only about
one-third to one-half of the genes required for embryonic
development of the fly (Kidwell 1986; Spradling et al.
1995). Although still extraordinarily useful, this pre-
cludes the use of insertional mutagenesis in flies to
achieve saturation.

Many experiments have addressed the question of
whether proviral insertions occur randomly. Some re-
sults argue for, and some against, random integration,
although the bulk of the evidence suggests that whereas
many sites are available for integration, the frequency
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Table 3. Insertional mutants and their genes

Mutant Allele Phenotype Gene
Transcription
not really finished nrhisooa photoreceptor layer in eye dies transcription factor (NRF-1P/IBR®)
no arches narhd multiple defects, apoptosis polyadenylation factor®/RNase’
Translation
bubble brain bbrhito enlarged ventricle in brain 60S ribosomal protein-L44#
nearly normal nan™? [(P0% no swim bladder, translation factor-EF1y"
10% small adult

Other cell biology
no knack nok"s edema, poor circulation protein sorting factor-aNAC!
bleached blond bbbtz pigment defects in eye and body vacuolar ATP synthase, Ac45 subunit’

Novel EST (expressed sequence tag)
pescadillo peshizk some organs smaller BRCT mofit!
not really started nrshi8oIm yolk degenerates possible transporter
dead eye dyehi¥k CNS apoptosis possible nuclear pore protein™
Hagoramo HaghiP1.b2o stripes interrupted in body region F-box/WD-40 repeat protein®
(dominant)

Not yet cloned
hiD862 long fins (dominant)
hi37 reduced head structures
hi43 liver defects
hi61 lethal
hi63 little head, no jaw
hi%6 multiple edemas
hiSOA multiple defects

aBecker et al. (1998); "Evans and Scarpulla (1990); “Gomez-Cuadrado et al. (1995); YGaiano et al. (1996b); “Barabino et al. (1997); ‘Bai and
Tolias (1996); #Davies et al. (1986); ®Cormier et al. (1991); ‘Wiedmann et al. (1994); 'Supek et al. (1994); *Allende et al. (1996); 'Bork et
al. (1997); ™M. Allende, H. Wang, S. Marty, S. Lin, and N. Hopkins, (unpubl.); "Grandi et al. (1993); °K. Kawakami and N. Hopkins

(unpubl.); PBai et al. (1996).

with which viruses integrate into different sites varies
(Withers-Ward et al. 1994). Evidence for integration hot
spots and for preferred integrations into the 5’ ends of
actively transcribed genes have been obtained (Vijaya et
al. 1986; Rohdewold et al. 1987; Mooslehner et al. 1990;
Scherdin et al. 1990). We obtained two hits in the Hag-
oramo gene and the two insertions are 10 kb apart. These
insertions cause dominant mutations and are seen in F,;
fish. This seemed surprising at first; however, the prob-
ability of obtaining a second insertion within 10 kb of
one already in hand is 1 in 80,000, and (60,000 F, fish,
representing perhaps 50,000-60,000 insertions, have al-
ready passed through our laboratory. In any case, inser-
tional hot spots, like hot spots for chemical mutagens,
are not problematic. Rather, it would be the inability to
hit a substantial fraction of genes that could limit the
usefulness of this approach. However, given the diffi-
culty of achieving saturation in a vertebrate with any
mutagen, if retroviruses integrate into a substantial frac-
tion of the genes, insertional mutagenesis should still be
at least a powerful complement to chemical mutagen-
esis.

Prospects for improving the efficiency of this method

Technical innovations could lead to significant increases
in the efficiency of this methodology. The simplest to
achieve are probably improvements to the viral muta-
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gen. We have already improved our technology consid-
erably, primarily by obtaining higher-titer, less-toxic vi-
rus stocks. When we first observed transmission of ret-
roviral proviruses through the fish germ, the number of
insertions transmitted to the F, generation averaged one
for every seven founder fish (Lin et al. 1994). With F5
virus, we estimate that every founder fish transmits on
average 20 insertions to its F, progeny. With GT virus,
the number may prove to be higher. Furthermore, GT
virus stocks were less toxic than F5 stocks. Higher titer
and reduced toxicity reduced the total time needed to
generate founder fish with an estimated 500,000-
1,000,000 insertions from 14 months when we began
this experiment, to about 2 months had we used GT
virus from the start. If increased transgenesis rates with
GT virus allow the production of F, families with 15-20
unique inserts instead of 10 as obtained with F5 virus,
the number of F, families needed to isolate a given num-
ber of mutants should drop significantly as well.

In mice, proviral insertions induce mutations at a fre-
quency of [ per 20 insertions (Jaenisch 1988). Our fre-
quency of 1 mutation per 85 insertions is considerably
lower. An increase in mutant frequency per insert would
have a dramatic impact on the efficiency of our method.
Given the smaller size of the fish genome, the lower
mutation frequency we observe was unexpected and the
reasons for it remain unknown. It is possible that fewer
genes are required to produce a viable 5-day-old fish em-
bryo than a mouse that survives through birth. It is also



possible that the genome duplication observed in tel-
eosts (Amores et al. 1998; Aparicio 1998) could have re-
sulted in fish having more loci with functional redun-
dancy than mice. Another possibility is that retroviral
proviral insertions occur preferentially into genes in the
mouse but not in the fish, increasing the mutant fre-
quency per insert in mice. Another possibility is that the
particular viral vectors we have used are not as muta-
genic as those that have been used in mice. For example,
in Hagoramo mutants, proviral integrations in a large
intron and in the same transcriptional orientation as the
gene fail to significantly perturb detectable transcripts,
and the mechanism by which the insertion causes the
mutation remains unclear (K. Kawakami, unpubl.). Fur-
thermore, the proviral insertions that induced a number
of our embryonic lethal mutations, and that do impact
transcription dramatically, reside in the first intron of
the genes they mutate. This could reflect a bias in inte-
gration site, or it could be that insertions in the first
intron are more likely to result in a strong mutant phe-
notype than insertions that occur in subsequent introns,
as in the case of Hagoramo. GT virus contains a gene
trap sequence, and this might influence its impact on
gene expression when integrated into a wider array of
introns and hence impact its mutagenic frequency.

The availability now of transgenic zebrafish with GFP-
labeled organs (Higashijima et al. 1997; Long et al. 1997),
and our ability to generate 1,000,000 proviral insertions
in the zebrafish germ line in only [8-12 weeks, suggest
that specific and relatively rapid, large-scale insertional
mutagenesis screens may now be possible. Haploid
screens of F; embryos from founders would allow one to
screen a very large number of different insertions, al-
though the clone size for most insertions would range
from [(B% to [20%. Possibly such screens could allow
one to process a saturation number of insertions and this
might be achieved more easily than the diploid screen
described here.

Biological goals of this experiment

Because of the demanding nature of this experiment, we
have chosen not to incorporate more sophisticated
screening into the protocol for now but, instead, to limit
the screen to visual observation of F; embryos in a dis-
secting microscope. We plan to keep all of the mutants
we isolate and to rescreen them with a battery of probes
and assays to look for specific defects that might be
missed otherwise, an approach known as a shelf screen.
Shelf screens have proven fruitful in flies and should
prove useful in fish. Consistent with this statement, in
the zebrafish, when more sophisticated screens have
been used to identify mutants, the majority of mutants
found have proven to be lethal. For example, most mu-
tants found by in situ hybridization screening of em-
bryos (D. Yelon and D. Stainier; N. Trede and L. Zon;
both pers. comm.), by screening for axons with aberrant
projections from retina to tectum (Baier et al. 1996), or by
screening for larvae with vision defects (Brockerhoff et
al. 1995) have proven to be lethal, usually by 5-6 days of
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age, and therefore would be detected and kept in our
screen. Thus, whereas many fascinating mutants will
undoubtedly be missed, the vast majority of mutants
that have ever been found in zebrafish screens (and many
others like them that have been missed) would be found
with our simple strategy. In gathering a large collection
of embryonic visible and lethal mutations, one is in re-
ality carrying out a collection of specific screens. The
results of the large chemical mutagenesis screens sug-
gest that among the 1000 mutants we hope to obtain, we
might expect [25%-30% to have specific defects in the
development of particular organ systems.

Although we have isolated only a small number of
insertional mutants so far, several appear biologically in-
teresting. not really finished, bleached blond, hi43, and
the dominant mutants Hagoramo, and the one with the
long fin phenotype would be kept in screens for specific
developmental mutations of the zebrafish. The finding
that a small fraction of EFly~/~ fish survive and grow
slowly to be miniature adults is of interest in terms of
whole animal growth control. Among the hundreds of
mutants we hope to isolate, there should be many more
that will reveal novel and important aspects of verte-
brate development including some with relevance to un-
derstanding human development and possibly human
diseases. In addition, given the size of our screen, we
should obtain groups of mutants with defects in any par-
ticular developmental processes, and analysis of these
should help to elucidate the molecular basis of organo-
genesis for many of the embryonic organs.

Materials and methods

Animals

Zebrafish were raised and maintained as described previously
(Culp et al. 1991), with the following exceptions. Synchronized
eggs for injection were obtained by placing four females and two
males (which had been separated the night before) in a 4-liter
mating chamber for 10-15 min. Pair matings for raising F, and
F, fish and for screening F; embryos were performed in 1-liter
mating chambers as in Mullins et al. (1994). Paramecia fed to fry
were counted and delivered in measured amounts three times a
day; a total of (00 paramecia per fry a day were required be-
tween days 5 and 7 and 800 paramecia per fry a day between
days 8 and 11 to allow fish to reach a size at which they could
eat brine shrimp.

Founder fish were generated from embryos from either of two
lethal-free lines that were obtained as follows: We crossed out-
bred fish originally from Tiibingen but carried in our laboratory
for [b years with AB*, a line selected by C. Walker (University
of Oregon) as highly suitable for use in haploid and early pres-
sure screens. We raised families from each of 15 pair matings.
Sibling matings within each family were performed to identify
families with no embryonic lethal mutations. Two lines, desig-
nated TAB-5 and TAB-14, were identified (no embryonic muta-
tions seen in 18 matings from TAB-5 or in 22 matings from
TAB-14) and used to obtain embryos for virus injections.

Virus preparation and injection

A packaging cell line 293 gp/bsr (Miyoshi et al. 1997), grown in
Dulbecco’s modified Eagle medium supplemented with 10%
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fetal calf serum, penicillin, streptomycin, and fungisome, was
infected with SFGnlslacZ virus (Gaiano et al. 1996a) at three
multiplicities of infection (M.O.Ls), 0.05, 0.5, and 5. Four days
later, cells were trypsinized and stained with the vital stain
fluorescein di-B-D-galactopyranoside (FDG; Nolan et al. 1988),
and passed through a cell sorter. Moderate and highly fluores-
cent cell populations from each of the three cell populations
were selected, grown for 1 week, and then cloned. A total of 46
clones were screened to identify the one capable of producing
the highest titer of virus following calcium phosphate-mediated
transfection with the plasmid pHCMV-G (Yee et al. 1994),
which encodes the envelope protein of vesicular stomatitis vi-
rus. Medium was changed 24 hr after transfection, and collec-
tions of supernatant were made at 48, 72, 96, and 120 hr and
titered on mouse 3T3 cells. Titers ranged from 0 to 5.4 x 10°
CFU/ml. The 10 best lines were selected and viral supernatants
titered on a fish cell line PAC2. Two lines gave higher titers
than the others, but one line proved difficult to work with. The
F5 line, derived from an infection at M.O.L. = 5 and harboring a
single proviral genome, was selected and used to produce F5
virus for the experiment. Large virus stocks were prepared by
calcium phosphate transfection of F; cells that had been seeded
1 day earlier on fifteen 15-cm tissue culture plates treated with
0.01% poly-L-lysine. A total of 50 ng of pHCMV-G DNA per
plate were used in the transfection. Media were changed at 24-
hr post-transfection. Media collected at 48, 72, and 96-hr post-
transfection were filter sterilized (0.2 pm filter) and concen-
trated by centrifugation at 21,000 rpm with a SW28 rotor for 1.5
hr at 4°C (Burns et al. 1993). Viral pellets were resuspended in 30
ul of PBS, titered, and used fresh or frozen at -80°C for future
use. Virus was injected as described previously. We estimate
that (250,000 embryos were injected on [230 days over a period
of 12 months.

Embryo assay

To determine whether viral stocks had high titers on embryos
and to ensure that founder fish that were raised were efficiently
infected, we determined the proviral DNA content of several
injected embryos from every batch injected using an assay des-
ignated the embryo assay.

For the bulk of the project, this assay was performed by quan-
titative Southern analysis. Ten injected embryos were lysed as
five pools of two at 3-5 days of age in 100 mm Tris (pH 8.3), 200
mm NaCl, 5 mm EDTA, 0.4% SDS, 100 pg/ml proteinase K and
lysed overnight. DNA was precipitated with ethanol, resus-
pended, and digested with Pvull, which cuts several times in the
viral sequence. The samples were then electrophoresed through
0.8% agarose and Southern blotted along with a reference con-
trol from a fish with one proviral insert. Blots were then hybrid-
ized with probes to the provirus and to the zebrafish RAG2
gene. Bands corresponding to each probe were quantitated with
a Molecular Dynamics Phosphorlmager, the virus/RAG2 ratio
calculated and normalized to the internal reference = 1. Subse-
quently, the embryo assay was performed by real time quanti-
tative PCR. Single embryos were lysed at 2 days of age and
processed as described below for the fin clips.

Identification of multi-insert F, fish

We raised 30 fish per F, family. To identify fish with at least
three unique proviral inserts, we proceeded as follows. At 8-10
weeks of age, fish were anesthetized and placed on a small piece
of parafilm, and the end of their caudal fins were amputated
with a scalpel and placed in wells of a 96-well plate. The fish
were stored in disposable 16-0z (473 ml) cups while the fin clips
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were processed. DNA was extracted by incubation in 50 pl of
ELVIS lysis buffer (50 mm KCl, 10 mm Tris at pH 8.5, 0.01%
gelatin, 0.45% NP-40, 0.45% Tween 20, 5 mm EDTA, 200 ng/
ml proteinase K) for at least 2 hr at 55°C. Proteinase K was then
inactivated by placing the samples at 96°C for 15 min.

Approximately 1 pl from each sample served as template
for real time quantitative PCR with a Perkin-Elmer 7700
Sequence Detector (Heid et al. 1996). Primers and the probe
used to amplify viral sequences are as follows: SFG F, 5'-
CGCTGGAAAGGACCTTACACA-3'; SFG R, 5-TGCGAT-
GCCGTCTACTTTGA-3’, and SFG probe, 5-FAM-CTGCT-
GACCACCCCCACCGC-TAMRA-3'. A separate primer/probe
combination was utilized for an internal reference amplicon
to amplify the RAGI1 locus (RAG F, 5-ATTGGAGAAGTC-
TACCAGAAGCCTAA-3'; RAG R, 5-CTTAGTTGCTTGTC-
CAGGGTTGA-3’, RAG probe, 5'-JOE-GCGCAACGGCGGC-
GCTC-TAMRA-3’). The SFG primers and RAG primers were
used at final concentrations of 74 and 150 nMm, respectively,
whereas both RAG and SFG probes were used at 200 nm. Each
reaction was carried out in a final volume of 12.5 ul with Per-
kin-Elmer Master Mix. The cycling profiles were 2'@50°C,
10'@95°C, and 30x (15‘@95°C, 1'@60°C). Each 96-well run con-
tained six wells of a reference control from a fish with six in-
serts. At the end of each run, the RAG and SFG Cts (threshold
cycle; the cycle at which the amount of product passed a certain
threshold in the linear amplification range) were calculated for
each sample and a ACt value was defined by subtracting the SFG
Ct from the RAG Ct. The larger the ACt, value the greater the
number of viral insets for any given sample. By subtracting the
average six-insert fish ACt from each sample’s ACt, we calculate
the AACt, which can then be used in the following formula to
estimate the number of inserts per fish: n = 6 x 244C¢,

The top eight fish (i.e., the eight with the highest ACt values)
from each F, family were further analyzed by Southern blot to
allow selection of fish with the most unique inserts relative to
one another. The remainder of the fin clip samples for these fish
were digested with BgIII, which cuts only once in the provirus,
and electrophoresed through 0.8 % agarose for (1200 volt hr, and
Southern blotted. Blots were probed so as to yield one band per
insert. Only fish with at least three unique inserts were kept
and used to generate F, families.

Identification of mutagenic insertions and gene cloning

The protocol shown in Figure 3 was followed to identify the
mutagenic insert and determine the correct digest(s) to use for
inverse PCR. Inverse PCR was carried out as described in Al-
lende et al. (1996). Sequences were compared with the public
database with BLAST (Altschul et al. 1990), and when signifi-
cant homologies were found (usually to zebrafish ests), expres-
sion of those genes were analyzed in mutant and wild-type em-
bryos by Northern analysis, RT-PCR, and/or in situ hybridiza-
tion as described in Allende et al. (1996).

Acknowledgments

This research was supported by grants from Amgen and from
the National Center for Research Resources. We thank Bob Bos-
selman for his support and interest, which made this project
possible. We thank a number of individuals who made very
significant contributions to this work including Marcello
Antonelli, who performed in situ hybridization on no knack and
nearly normal mutant embryos; Paul de Figueiredo, who per-
formed all of the lacZ titering; Craig Nelson, who did the ex-
periments that first showed that quantitative PCR could be



used to distinguish fish with multiple insertions; Mary Laplante
for her ability to collect newly fertilized eggs day after day; and
Wade Huber for helping to design methods for storing individual
fish and for other technical support. Our fish are maintained by
an exceptional staff including Tom Such, Jennifer Mugg, Jason
Anderson, Tim Angelini, Kate Coughlin, Sean Fuss, and Megan
Geotis. We thank our skillful tail-clipping team of Erin Flynn
and Jennifer Montgomery, Mr. Ellis London of Tropic Isle for his
excellent advice on maintaining our fish facilities, and Katie
Douglas and Bethany Sutton of Amgen for their speedy sequenc-
ing assistance. The support of our staff, Julie Barrett and, more
recently, Sarah Heany, is most gratefully acknowledged.

The publication costs of this article were defrayed in part by
payment of page charges. This article must therefore be hereby
marked ‘advertisement’ in accordance with 18 USC section
1734 solely to indicate this fact.

Note added in proof
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