
&p.1:Abstract Mutations causing a visible phenotype in the
adult serve as valuable visible genetic markers in multi-
cellular genetic model organisms such as Drosophila
melanogaster, Caenorhabditis elegansand Arabidopsis
thaliana. In a large scale screen for mutations affecting
early development of the zebrafish, we identified a num-
ber of mutations that are homozygous viable or semivia-
ble. Here we describe viable mutations which produce
visible phenotypes in the adult fish. These predominantly
affect the fins and pigmentation, but also the eyes and
body length of the adult. A number of dominant muta-
tions caused visible phenotypes in the adult fish. Muta-
tions in three genes, long fin, another long finand wanda
affected fin formation in the adult. Four mutations were

found to cause a dominant reduction of the overall body
length in the adult. The adult pigment pattern was found
to be changed by dominant mutations in wanda, asterix,
obelix, leopard, salz and pfeffer. Among the recessive
mutations producing visible phenotypes in the homozy-
gous adult, a group of mutations that failed to produce
melanin was assayed for tyrosinase activity. Mutations in
sandyproduced embryos that failed to express tyrosinase
activity. These are potentially useful for using tyrosinase
as a marker for the generation of transgenic lines of ze-
brafish.

&kwd:Key words Pigment pattern · Fin · Fish skeleton ·
Tyrosinase · Zebrafish&bdy:

Introduction

Visible hereditary traits such as eye or hair colour in hu-
mans are amongst the most obvious properties being
passed on to offspring over generations. Well-defined vis-
ible traits like seed shape and seed colour in peas allowed
Mendel to formulate the principles that form the basic
foundation for understanding genetic inheritance. The
discovery of a mutant strain of Drosophila melanogaster
with white eyes instead of red eyes stimulated Morgan
and his collaborators to collect a large number of mutants
with visible adult phenotypes (Morgan 1910; Morgan et
al. 1915). Since then, a large number of mutations caus-
ing visible phenotypes in adult Drosophilahave been ac-
cumulated (Lindsley and Zimm 1992). The availability of
such mutations has been very important for the develop-
ment of Drosophilaas a genetic model organism. Muta-
tions causing visible adult phenotypes are particularly
useful for genetic mapping experiments and as markers
on balancer chromosomes. Genetically marked balancer
chromosomes have enormously simplified the mainte-
nance of lethal and sterile stocks and allow sophisticated
genetic screens to be carried out in which a particular
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chromosome is followed throughout a breeding scheme.
These balancer chromosomes are usually marked by
dominant mutations, which makes it easy to identify
these chromosomes in heterozygous individuals.

In Caenorhabditis elegans, the availability of visible
genetic markers has been similarly important for its suc-
cess as a genetic model organism (Wood 1988). In C. el-
egans, visible markers are usually mutations affecting
the shape or behaviour of the larvae.

Visible genetic markers have become very useful in
generating transgenic animals. In Drosophila for exam-
ple, the rosyand whitegenes which affect eye colour are
frequently used as a visible marker for the successful
generation of transgenic individuals. The inserted DNA
includes the cloned gene for rosy or white leading to a
change of eye colour in the otherwise homozygous mu-
tant transgenic animal. In the mouse, more than 130 mu-
tations at more than 50 loci affecting coat colour and
pigmentation have been described (Hogan et al. 1986;
Silvers 1979). Mice homozygous for mutations at the al-
bino (c) locus have no pigment at all, neither in the skin
nor in the eyes. The gene encoding tyrosinase, which is a
key enzyme in melanin biosynthesis, was found to map
to the albino (c) locus (Kwon et al. 1987; Ruppert et al.
1988). Expression of tyrosinase from a transgene was
found to rescue the coat colour and eye pigmentation of
albino mice (Beermann et al. 1990; Tanaka et al. 1990).
In the medaka fish, Oryzias latipes, stable transgenes en-
coding the mouse tyrosinase resulted in wild-type pig-
mentation of an orange-coloured variant (Matsumoto et
al. 1992). An albino mutant lacking tyrosinase activity in
medaka was recently shown to be due to a transposable
element in the tyrosinase gene (Koga et al. 1995).

A number of transgenic lines of zebrafish have been
produced and recent progress has been made towards in-
sertional mutagenesis using a pseudotyped retroviral
vector (Lin et al. 1994a). For this purpose, a zebrafish
mutation that could be rescued by a tyrosinase encoding
transgene would be a very useful tool. It has been shown
that a mutation causing the lack of melanin can be used
as a visible genetic marker for the generation of germ-
line chimeras of the zebrafish (Lin et al. 1992).

The common name of the zebrafish derives from the
striped pigment pattern displayed by the adult. A handful
of mutations causing a visible phenotype in the adult ze-
brafish are available in petshops or were fortuitously iso-
lated in the laboratory, which indicated the mutability of
the zebrafish genome. These include golden, brass, albi-
no, transparent, sparse, rose, leopardand long fin (John-
son et al. 1995; Kirschbaum 1975; Streisinger et al.
1986; University of Oregon Zebrafish group 1993; Tre-
snake 1981). The leopardmutant was long thought to be
a separate species termed Brachydanio frankei. Hybrids
were produced between the two strains and found to pro-
duce fertile progeny which indicated that B. frankei is a
spotted variant of Danio rerio (B. rerio; Frank and Zukal
1981; Frankel 1979; Petrovicky 1964, 1966)

In this paper, we describe a number of dominant muta-
tions affecting pigmentation, fins or overall body length
of the adult zebrafish. We also describe a number of re-
cessive mutations that are homozygous viable and display
visible phenotypes in the homozygous adults. One of
these is a mutation in a gene possibly encoding the zebra-
fish homolog of tyrosinase.

Materials and methods

Fish were maintained as described in Mullins et al. (1994). The
wild type strain was Tü (Haffter et al. 1996). leot1 lofdt2 double
mutants were obtained from a pet shop (Elias 1984; Johnson et al.
1995; Kirschbaum 1975) and outbred to wild type to obtain strains
carrying either of the two mutations individually. golb1, albb4,
spab5, brsb2, rseb140 and trab18 were kindly provided by C. Walker
and C. Kimmel from the University of Oregon (The University of
Oregon Zebrafish group 1993; Johnson et al. 1995; Streisinger et
al. 1986).

Segregation analysis between pairs of dominant mutations was
carried out by crossing double heterozygotes to wild-type and
counting the frequency of wild-type and mutant progeny. If all
progeny were mutant, the two mutations were assumed to be
linked. If 25% wild type, 25% of either single heterozygous and
25% of transheterozygous progeny occurred, the two mutations
were assumed to be unlinked. For segregation analysis involving
the recessive allele leot1, the transheterozygotes were crossed to
fish that were homozygous for leot1 and the absence of wild-type-
looking fish among the progeny was taken as evidence for linkage,

Table 1 Mutations affecting
body length of the adult&/tbl.c:&tbl.b: Gene Alleles Embryonic phenotype Dominant phenotype References

däumling (dml) dtn8 Dominant short, delayed Dominant short This paper
swim bladder formation

liliput (lil) dtc232 None Dominant short This paper
piggytail (pgy) ty40, tc227a, Dominant: loss of Dominanta short Mullins et al.

ta206, ti216c, ventral tail fina. 1996
tx223 Recessive: dorsalized

smurf (smf) dtf239 None Dominant short This paper
spine-stein (sps) to2e, th279b Material collecting Short, semiviable Brand et al.

in neurocoel 1996
swirl (swr) ta72a, tc24b, Dominant: loss of Dominant short, Mullins et al.

tc300a ventral tail fin. no tail fin 1996
Recessive: dorsalized

stöpsel (stp) dtl28d None Dominant short This paper

a Dominant phenotype in pgy
is variable and only found if the
mother is a heterozygous carri-
er too (Mullins et al. 1996)&/tbl.b:
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whereas the presence of wild-type fish was evidence for the lack
of linkage.

Skeletal stainings were done as described by Eeden et al.
(1996b).

Tyrosinase catalyses three reactions, the hydroxylation of tyro-
sine to 3,4-dihydroxyphenylalanine (dopa), the oxidation of dopa
to dopaquinone and oxidation of 5,6-dihydroxyindole, a later

Table 2 Mutations affecting
the adult fins&/tbl.c:&tbl.b: Gene Alleles Embryonic Adult phenotype References

phenotype

another long dty86d None Dominant: This paper;
fin (alf) long fins, tail Eeden et al.

hangs down 1996
blasen (bla) ta90 Bubbly fins Reduced fins, Eeden et al.

subtle 1996a
finless (fls) te370f None No fins This paper,

Eeden et al.
1996a

fransen (fra) tc17, tk219a, Fin necrosis Reduced fins, Eeden et al.
tr206b, tm55 subtle 1996a

frayed (fyd) tj2b Fin necrosis Reduced fins, Eeden et al.
subtle 1996a

frilly fins (frf) tf5, th42, tp34, Wavy fin edges Reduced fins, Eeden et al.
ty69, tp207, short 1996a
tm317a, tz252

ikarus (ika) tm127c No or tiny No or tiny Eeden et al. 
pectoral fins pectoral fins 1996a

krom (krm) tc227d curly pectoral Reduced Eeden et al.
fins pectoral and 1996a

pelvic fins,
semiviable

long fin (lof) dt2 None Dominant: This paper,
long fins Tresnake 1981;

Eeden et al. 1996a
mercedes tz209, tm305 Split tailfin Split tailfin, Hammerschmidt
(mes) only in tm305 et al. 1996a;

Kelsh et al. 1996;
Eeden et al. 1996a

nagel (nag) ta84, tb22, Fin necrosis Reduced fins, Eeden et al.
tl28b, tm42b, subtle 1996a
tm51, tm68,
tn3, tp41a, tr3,
ty58, tc8, tu27a,
tn210, tm147c,
tg254b, te335,
tj258a, tt231,
tq207, tq274,
tw234, tl246,
ty124b

pinfin (pif) tm95b, tj16, Bubbly fins Reduced fins, Eeden et al.
te226d, tr274 subtle 1996a

rafels (rfl) tb233b, tp66, Fin necrosis Reduced fins, Eeden et al.
tc228, tm235b, subtle 1996a
tq266c, tr240,
tc280b, tg308b,
tp266, te217,
tz245, te370b

stein und tq289a Reduced No pelvic fins, Eeden et al.
bein (sub) number of reduced dorsal fin 1996a; Whitfield

otoliths et al. 1996
wanda (wan) dty127 None Dominant: This paper

irregular pigment Eeden et al.
pattern, missing or 1996a
reduced fins

&/tbl.b:

product in the pathway (Hearing 1987; Hearing and Jiménez 1989;
Korner and Pawelek 1982). The subsequent reactions to form mel-
anin can proceed spontaneously. Tyrosinase activity was measured
by assaying for the conversion of dopa into melanin in fixed em-
bryos. The assay was a modification of one described by Waka-
matsu et al. (1984) as follows: approximately 48-h-old embryos
were washed with phosphate buffered saline (PBS) and cooled on
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Table 3 Mutations affecting
the adult pigmentation&/tbl.c:&tbl.b: Gene Alleles Embryonic phenotype Adult phenotype References

albino (alb) b4, ti9, tj20e, No melanin No melanin This paper
tm83a, ti225a, pigmentation pigmentation, Kelsh et al. 1996;
tr282a, tf31a red eyes Streisinger et al.

1986
asterix (ase) dtt269 None Dominant: fewer This paper

and wider stripes
bedimmed tc240 Dull iridophores Pale greenish- Kelsh et al. 1996
(bed) blue stripes
brass (brs) b2 Reduced melanin No melanin Kelsh et al. 1996;

pigmentation pigmentation Streisinger et al. 
in body 1986

brassy (bry) tm111 Reduced melanin No melanin Kelsh et al. 1996
pigmentation, pigmentation

red eyes
dropje (dro) tr256 expanded Expanded Kelsh et al. 1996

melanophores melanophores,
subtle

earache (era) tc288c Abnormal ear shape Expanded Whitfield et al.
melanophores 1996

fading vision th236a Reduced melanin Reduced Kelsh et al. 1996;
(fdv) pigmentation, melanin Heisenberg et al. 

degenerating retina pigmentation, 1996
small eyes

golden (gol) b1, tg271, Reduced melanin Reduced Streisinger et al.
ty213 pigmentation melanin 1986

pigmentation Kelsh et al. 1996
leopard (leo) t1, dto29, None Spotted This paper;

dtq270, dtw28 pigmentation Kirschbaum
1975

mustard (mrd) ta229c, tj204, No melanin No melanin This paper;
tp72i, tn215, pigmentation pigmentation, Kelsh et al. 1996
tk68b, tv41 red eyes

obelix (obe) dtd15, dty7, None Dominant: This paper
dtc271d fewer stripes,

wider
interstripes

obscure (obs) to2b small melanophores, Pinkish colour Kelsh et al. 1996
subtle

pfeffer (pfe) tc227b, tq211, Reduced number Dominant: This paper;
tg17, te220, of xanthophores interrupted stripes. Odenthal et al.
tm236b, tg283a Recessive: spotted 1996b;

pigmentation Kelsh et al. 1996
rose (rse) b140 Reduced number of Reduced The University

iridophores and iridophores of Oregon
xanthophores subtle and melanophores, Zebrafish group

fish appear pink 1993; Johnson et
al. 1995

salz (sal) tf34, tp71c, Reduced number Dominant: This paper
tm246b, of xanthophores interrupted stripes. Kelsh et al. 1996;
tf238b, tt254a, Recessive: spotted Odenthal et al.
tb213c, tl241. pigmentation 1996b

sandy (sdy) te326 ty79, No melanin No melanin This paper
tk20, tm118, pigmentation pigmentation, Kelsh et al. 1996
to102, to1 red eyes,

semiviable
shady (shd) ty82, tp218 Reduced number Reduced Kelsh et al. 1996

tc205, te295, of iridophores melanophores
te300, tf238c, and iridophores,
th219, tm46a, only in te295b
ti263c, ty9,
ty70, tj229e
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sparse (spa) b5, b134, th35c,Reduced number Mottled stripes Kelsh et al. 1996;
tm18b, tm63a, of melanophores Streisinger et al.
tp44, tm228, 1986
tm102c, tj245,
te237, to75b

tartar (tar) td9 Reduced xanthophore Reduced melanin Odenthal et al.
pigmentation pigmentation, 1996b

semiviable 
transparent b18 Reduced number Reduced The University
(tra) of iridophores iridophores of Oregon

and melanophores, Zebrafish group
fish appear 1993
transparent

wanda (wan) dty127 None Dominant: This paper
irregular pigment Eeden et al. 
pattern, missing 1996a
or reduced fins

(unresolved) dts37 None Interrupted stripes This paper

&/tbl.b:

Table 3 (continued)
Gene Alleles Embryonic phenotype Adult phenotype References

ice. The embryos were then fixed for 12 min in 12.5% glutaralde-
hyde in PBS on ice. Subsequently, the embryos were washed five
times for 2 min each with 0.3% Triton X-100 in 55 mM sodium
phosphate buffer (pH 6.8) followed by three 2-min washes with
55 mM sodium phosphate buffer (pH 6.8). The embryos were then
stained in 5 mM L-dopa, 5% sucrose in 55 mM sodium phosphate
buffer (pH 6.8) or, as a control, with the addition of 5 mM diethyl-
dithiocarbamic acid (a specific inhibitor of tyrosinase) at 37°C for
4–6 h.

Results

The adult zebrafish displays a collection of morphologi-
cal features that distinguish the adult from the larva and
that are subject to changes caused by viable mutations
(Fig. 1). We do not intend to describe the morphology of
the adult in detail, but instead give a brief account of the
traits we found to be most useful as visible genetic mark-
ers in the zebrafish. We have performed a large scale
screen for mutations affecting early development of the
zebrafish (Haffter et al. 1996). In addition to mutations

affecting early development, we identified a number of
dominant and recessive mutations causing a visible phe-
notype in the adult (Tables 1–4). These mutations affect
the body length, fins, eyes or pigmentation of the adult
fish. Dominant mutations affecting the adult were identi-
fied in the F2 generation of our breeding scheme (Haffter
et al. 1996) since the phenotype appeared in 50% of the
members of an F2 family.

Mutations causing reduced body length of the adult

The skeleton of a wild-type zebrafish (Tü-line; Haffter et
al. 1996) usually has 31 vertebrae. In some cases the
number is only 30 and in rare cases the number is in-
creased to 32. Posterior to the 4 most anterior vertebrae,
with which the Weberian apparatus is associated, are 10
rib-bearing vertebrae of the trunk followed by 17 verte-
brae of the tail with hemal arches protruding from the
ventral side of the centra. The Weberian apparatus is a

Table 4 Mutations affecting
the adult eyes&/tbl.c:&tbl.b: Gene Alleles Embryonic phenotype Adult phenotype Reference

bumper (bum) to20, tm127d, Lens degeneration Lens degeneration, Heisenberg et al.
tg413 expanded 1996

melanophores
fading vision th236a Reduced melanin Reduced melanin Kelsh et al. 1996;
(fdv) pigmentation, pigmentation, Heisenberg et al.

degenerating retina small eyes 1996
korinthe (kor) tm292b Lens degeneration Lens degeneration, Heisenberg et al.

expanded 1996
melanophores

rosine (rne) tm70h Small lens Small lens Heisenberg et al.
1996

yobo (yob) tk13, ty44d, Reduced Small eyes, Odenthal et al.
tc251 xanthophore maternal effect 1996b

pigmentation causing head
and tail truncations

&/tbl.b:
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Fig. 1 Adult male zebrafish (Tü-line) with normal body length, fins, eyes and pigmentation&/fig.c:

Fig. 2A–J Dominant mutations affecting body length of the adult
zebrafish. A–D Live photographs. E–J Skeletal stainings. A Wild-
type zebrafish. B smurfdtf239 heterozygote. C stöpseldtl28d heterozy-
gote. D däumlingdtn8 heterozygote. E skeleton of a stöpseldtl28d het-
erozygote (top) and wild-type sibling (bottom), showing the defects
in the thoracic region of the vertebral column in stöpseldtl28d hetero-
zygote. F däumlingdtn8 heterozygote (top) and wild-type sibling
(bottom), showing the defects in the posterior region of the verte-

bral column in däumlingdtn8 heterozygote. G Detail of the trunk
vertebrae of a wild-type sibling and H a stöpseldtl28d heterozygote,
showing the reduction in length of the vertebrae. I Detail of the tail
vertebrae of a wild-type sibling and J a däumlingdtn8 heterozygote,
showing the reduction in length of the vertebrae. Some of the verte-
brae are fused, with multiple hemal arches and neural arches (na
Neural arches, hahemal arches, ri ribs)&/fig.c:
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Fig. 3A–O Dominant mutations affecting the fins of the adult ze-
brafish. A–D Live photographs. E–O Skeletal stainings. A Wild-
type zebrafish. B long findt2 heterozygote with long fins that have
additional stripes of melanophore pigmentation. C wandadty127het-
erozygote, with reduction of all fins, especially the dorsal fin, and
an abnormal pigment pattern. D another long findty86dheterozygote
with longer fins. E Wild-type zebrafish skeleton. F Skeleton of
long findt2 heterozygote with long fin rays. G Skeleton of wan-
dadty127 heterozygote, with reduced pterygiophores and lepidotri-
chia. H Skeleton of another long findty86dheterozygote with longer

lepidotrichia. I Details of wild-type sibling and J wandadty127 het-
erozygote dorsal fins, showing the reduction of the pterygiophores
and lepidotrichia, which are mostly unsegmented. K Details of
wild-type sibling and L wandadty127heterozygote pelvic fins, show-
ing the rudimentary structures in wandadty127heterozygote. M Tail-
fin of long findt2, which has an increased number of segments in the
lepidotrichia compared to the tailfin of a wild type (N). In another
long finty86d, the lepidotrichia of the tailfin are highly irregular in
length and segmentation pattern&/fig.c:



series of small bones used by teleosts to communicate
waves from the swim bladder to the ear. The 27-rib or
hemal-arch-bearing vertebrae have neural arches extend-
ing from the dorsal side of the centra. We identified 4
dominant mutations, liliput (lil ), smurf (smf), stöpsel
(stp) and däumling(dml), which lead to a reduced adult
body length (Fig. 2A–D). lil dtc232 and smfdtf239 show no
obvious skeletal abnormalities and the reduced body
length phenotype seems to be due to reduced growth (da-
ta not shown). Skeletal staining of stpdtl28d and dmldtn8

adult fish revealed that the short body length of these two
mutants is associated with abnormalities of the axial
skeleton (Fig. 2E–J). In stp, the trunk vertebrae and the
anterior vertebrae of the tail are most severely affected
and dramatically reduced in length (Fig. 2E, H). As a re-
sult, stp is not only reduced in overall body length, but
also displays a peculiar body shape (Fig. 2C). In dml, in
contrast, the posterior half of the vertebral column is
most severely affected. The number of centra is reduced
to between 23 and 25, and the vertebrae are frequently
fused or reduced in length (Fig. 2F, J). In both mutants,
stpand dml, the number of ribs, neural arches and hemal
arches is normal. The fusion of centra in dml therefore
shows vertebrae with multiple arches (Fig. 2J). In addi-
tion, the number of fin rays of the anal fin is slightly re-
duced. dml also displays a subtle reduction in overall
body length at larval stages and causes delayed swim
bladder formation.

dml is only semiviable and up to 50% of dml carriers
die before reaching adulthood. The other three dominant
mutants with an adult short body length, lil , smf and stp
have no dominant or recessive embryonic or larval pheno-
type and are fully viable. All four mutants (including dml)
seem to have a reduced mating efficiency. Incrosses of all
four mutants and intercrosses among several of these mu-
tants have been raised, but obvious homozygous or double
heterozygous individuals were not noted among the prog-
eny of these crosses. Allelism among these four mutations
has not been determined yet and their assignment to sepa-
rate genes is therefore preliminary.

Mutations in two genes (piggytail, swirl) cause a dor-
salization phenotype in homozygous embryos and loss of
ventral tail fin structures in heterozygotes (Mullins et al.
1996). The loss of ventral tail fin structures leads to short
adults, some of which lack the tail fin. Mutations in
spine-steincause an embryonic phenotype in the neural
tube, which also leads to short adults (Brand et al. 1996).

Mutations affecting the adult fins

The adult zebrafish has two sets of paired fins and three
median fins (Fig. 1). The paired fins are the pectoral and
pelvic fins. The median fins are the dorsal, caudal and
anal fins. All fins are supported by skeletal elements. Lo-
cated in the lobes are exoskeletal lepidotrichia. These are
paired rods that are segmented in a proximo-distal direc-
tion. On the proximal end, the lepidotrichia articulate
with endoskeletal fin supports which are referred to as
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pterygiophores in the paired, dorsal and anal fins and
hypuralia in the caudal fin. We have identified a number
of dominant and recessive mutations resulting in defects
in the adult fins (Table 2).

Dominant mutations in three genes, long fin (lof), an-
other long fin(alf) and wanda(wan) result in abnormali-
ties of the adult fins (Fig. 3). None of these mutations af-

Fig. 4A–D Recessive mutation affecting the fins of the adult. A
stein und beintq289a lacks the pelvic fins on the ventral side and the
dorsal fins of the fish (arrows). B Dorsal view of long findt2 with
pectoral fins for comparison with a long findt2, ikarustm127c, double
mutant, which lacks the pectoral fins (C). D finlesste370f, which
lacks all the adult fins&/fig.c:

Fig. 5A–P Mutations affecting the adult pigmentation of the ze-
brafish. A Wild type. B asterixdtt269 heterozygote with fewer and
broader melanophore stripes. C obelixdty7 heterozygote with fewer
melanophore stripes and broader interstripes. D obelixdty7 homozy-
gote with a further reduction in the number of melanophore stripes.
The stripes are also interrupted and irregular in width. E leop-
arddto29 heterozygote with a spotted pigment pattern. F leoparddto29

homozygote with very few tiny spots of melanophore pigmenta-
tion. G salztt254aheterozygote with interrupted melanophore stripes.
H salztt254ahomozygote with an antero-posterior gradient of residu-
al fine spotted melanophore pigmentation. I sparseb5 homozygote
with an abnormal melanophore pigment pattern. J goldenb1 homo-
zygote with reduced melanophore pigmentation. K albinob4, L
mustardtv41, and (M ) sandytk20 homozygotes which lack melanin
pigmentation. N shadyte295 homozygote with reduced number of
iridophores and reduced melanophore pigmentation. O fading vi-
sionth236a homozygote with reduced melanophore pigmentation,
very small eyes and tumorous outgrowth from the eyes. P yobotc251

homozygote with a small pupil&/fig.c:

▲
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Fig. 5 For legend see page 267
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fect the fins of the embryo or early larvae. lofdt2 is a
spontaneous dominant mutation, which results in length-
ening of all adult fins (Fig. 3B) compared to wild type
(Fig. 3A). In addition, an increased number of stripes is
seen in the pigment pattern of the anal and caudal fins.
Skeletal staining revealed that the lengthening of the fins
is due to increased length of the lepidotrichia (Fig. 3F),
whereas the pterygiophores are unaffected. The segments
of the lepidotrichia are increased in number (Fig. 3M),
but the length of each segment is unchanged and the ar-
rangement of the segments is as regular as the in wild
type (Fig. 3N).

In mutants heterozygous for alfdty86, all fins are longer,
but the tail fin has lost its symmetrical appearance and
hangs down (Fig. 3D). The pigmentation stripes on the
fins are not increased in number as in lofdt2, but instead
appear irregular and less prominent. The pterygiophores
of alfdty86 heterozygotes look essentially normal, whereas

the lepidotrichia are very irregular (Fig. 3H). The length
of the individual segments is very variable and individual
lepidotrichia are frequently interrupted and irregularly
forked (Fig. 3O). alfdty86 was found to segregate indepen-
dently of lofdt2. Double heterozygotes for lofdt2 and alfdty86

look identical to alfdty86 heterozygotes and when crossed
to a wild type result in 25% wild-type progeny, 25% lofdt2

heterozygotes and 50% that are either alfdty86 heterozy-
gotes or alfdty86, lofdt2 double heterozygotes.

The dominant mutation wandty127 causes variable re-
duction or absence of adult fins and a change of the adult
pigment pattern (Fig. 3C). In contrast to lofdt2 and alfdty86,
wandty127 also affects the pterygiophores of the fins
(Fig. 3G). The number of pterygiophores and lepidotri-
chia is reduced and, in severe cases, only malformed rudi-
ments are seen (Fig. 3 K, L). The fin rays of wandty127

heterozygotes, if present, are frequently unsegmented and
look similar to the unbranched anterior fin rays. In addi-
tion, the number of vertebrae is in most cases reduced by
one or two. The pigmentation defect in wandty127 hetero-
zygotes is best described as a reduction in number and
width of melanophore stripes combined with abnormal
branching of the stripes (Fig. 3C). Besides the visible
phenotype in the adult, wandty127 mutant fish seem to
mate less efficiently than wild type, which may make it
somewhat less useful as a genetic marker. No obvious ad-
ditional phenotypes corresponding to homozygous indi-
viduals were found among the progeny of incrosses of
lofdt2, alfdty86 or wandty127. However the presence of ho-
mozygotes in these populations was never confirmed.

Fig. 6A–I Details of the phenotypes caused by mutations affecting
the adult pigment pattern. A Wild type. B asterixdtt269 heterozygote
with fewer and broader melanophore stripes. C obelixdtc271dhetero-
zygote with fewer melanophore stripes and broader interstripes. D
leopardt1 heterozygote with slightly wavy melanophore stripes, re-
sulting in thinner interstripes. E leopardt1 homozygote with a spot-
ted pigment pattern. F leoparddto29heterozygote with a spotted pig-
ment pattern similar to leopardt1 homozygote. G leoparddto29 ho-
mozygote with very few tiny spots of melanophore pigmentation.
H pfeffertq211cheterozygote with interrupted melanophore stripes. I
pfeffertq211chomozygote with an antero-posterior gradient of resid-
ual fine spotted melanophore pigmentation&/fig.c:
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Most recessive mutations producing defects in the
adult fins were identified by the embryonic fin phenotype
they cause (Eeden et al. 1996a). Surprisingly, one mutant,
stein und bein(sub), which lacks the pelvic and dorsal
fins was identified by the lack of otoliths in the embryo
(Fig. 4A; Whitfield et al. 1996). However, since only one
allele of subwas identified, it cannot be excluded that the

different phenotypes in the larvae and the adult are due to
two separate, but closely linked mutations. Mutations in
seven genes (blasen, fransen, frayed, frilly fins, nagel,
pinfin, rafels) with obvious fin phenotypes in the embryo
result only in a comparatively mild reduction of the adult
fin. Two mutations, ikarus and krom, which specifically
affect the pectoral fins of the larvae also affect the pecto-
ral fins in the adult (Fig. 4C). A mutation in the gene fin-
less (fls) results in the absence of all fins in the adult
(Fig. 4D; Eeden et al. 1996a). This mutant was found for-
tuitously in an incross performed for the maintenance of
another mutation, and it is expected that more recessive
mutations with visible phenotypes in the adult will be dis-
covered in the background of our mutant stocks.

Mutations affecting the adult pigment pattern

The pigment pattern of the adult zebrafish consists of
three types of pigment cells, the black melanophores, the
yellow xanthophores and the iridescent iridophores
(Fig. 1). The black melanophores mainly contribute to

Fig. 7A–L Anal fins, showing details of the phenotypes caused by
mutations affecting the adult pigmentation. A Wild type. B gold-
enb1 homozygote with reduced melanophore pigmentation. C
sandytk20 homozygote which lacks melanin pigmentation. D aster-
ixdtt269heterozygote with fewer and broader melanophore stripes. E
obelixdty7 heterozygote with fewer melanophore stripes and broader
interstripes. F obelixdty7 homozygote with a stronger phenotype
than the obelixdty7 heterozygote. G leopardt1heterozygote with
slightly wavy melanophore stripes, resulting in thinner interstripes.
H leopardt1 homozygote with a spotted pigment pattern. I leop-
arddto29 heterozygote with a spotted pigment pattern similar to
leopardt1 homozygote. J leoparddto29 homozygote with very few ti-
ny spots of melanophore pigmentation and very little xanthophore
pigmentation. K pfeffertq211cheterozygote with interrupted melano-
phore stripes. L pfeffertq211chomozygote with residual fine spotted
melanophore pigmentation&/fig.c:
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the dark stripes, whereas the xanthophores mainly con-
tribute to the lighter interstripes that separate the melano-
phore stripes. The iridophores contribute to both stripes
and cause the iridescent reflection of the fish. A number
of genetic loci, which participate in the formation of the
adult pigment pattern have been described (Johnson et al.
1995; Kirschbaum 1975; Streisinger et al. 1986).

In addition to wandty127(see above), we identified dom-
inant mutations in five other genes (asterix, obelix, leop-
ard, salz, pfeffer), which change the striped pigment pat-
tern of the adult (Figs. 5–7). In asterix(ase), asedtt269, the
dominant phenotype is a broadening and a reduction in the
number of melanophore stripes in the body and anal and
tail fins (Figs. 5B, 6B, 7D). asedtt269 homozygous fish
show a stronger phenotype, with a further reduction in the
number of melanophore stripes (data not shown). A simi-
lar phenotype is caused by mutations in obelix (obe), of
which we identified three alleles of varying strength. The
strongest allele is obedtd15, obedtc271d is intermediate in
strength and the weakest allele is obedty7. The dominant
phenotype of obeis a reduction in the number of melano-
phore stripes with some interruptions and a broadening of
the white interstripes (Figs. 5C, 6C, 7E). Fish that are ho-
mozygous for obeor transheterozygous for two different
alleles of obedisplay a further reduction in the number of
melanophore stripes, which are irregular in width and in-
terrupted (Figs. 5D, 7F). If strong alleles of obeare com-
bined, the stripes do not extend over the entire length of
the body. In a swimming group of fish, obeor asedtt269 in-
dividuals are most easily identified by the lack or reduc-
tion of the middle melanophore stripe in the tail fin.

A spontaneous mutation in the gene leopard (leo),
leot1, is commonly available in pet shops as a homozy-
gote which displays a spotted adult pigment pattern in-
stead of stripes (Figs. 6E, 7G). As a heterozygote, this al-
lele also causes slightly irregular melanophore stripes
which make the bright interstripes appear thinner
(Figs. 6D, 7H). Howeve, since the dominant phenotype is
so subtle, we generally refer to this allele as recessive. We
have isolated as dominants three stronger alleles of leo,
which all display clearly discernible dominant pheno-
types. The allelic series of leomutations shows increasing
allele strength in the following order: leot1, leodtw28,
leodtq270, leodto29. Fish that are heterozygous for the

Fig. 8A–D Mutations affecting the eye of the adult. A Eye of a
wild type. B Red eye of sandytk20 which lacks melanin pigmenta-
tion. C Small pupil of yobotc251. D Adult eye of bumpertm127d,which
suffers from lens degeneration&/fig.c:

Fig. 9A–H Images of 2-day-old live embryos or fixed embryos as-
sayed for tyrosinase activity by the conversion of the substrate 3,4-
dihydroxyphenylalanine (dopa) into melanin. A, C, E, G Embryos
incubated with dopa for tyrosinase activity. B, D, F, H Live images,
showing the degree of melanin pigmentation. A, B Wild-type con-
trol, with normal tyrosinase activity and normal melanin pigmenta-
tion. C, D albinoti225 has tyrosinase activity, although it lacks mela-
nin pigmentation. E, F mustardtp72i shows strong tyrosinase activity
in the eyes, but weak tyrosinase activity in the body. It lacks mela-
nin pigmentation in the entire embryo. G, H sandytk20 lacks mela-
nin pigmentation and tyrosinase activity in the entire embryo
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strongest allele, leodto29, have a spotted pigment pattern
(Figs. 5E, 6F, 7I) similar to that of leot1 homozygotes,
whereas fish that are homozygous for leodto29 only have
very tiny spots of melanophore pigmentation and a reduc-
tion in xanthophore pigmentation (Figs. 5F, 6G, 7J). Fish
that are transheterozygotes for any two alleles of leo usu-
ally present a phenotype that is very close to the homozy-
gous phenotype of the stronger allele (data not shown).

Combinations of mutations in ase, obe or leo show
additive effects. For example a leodtq270, obedtd15 double
heterozygote has spots that are wider apart. Double het-
erozygotes could therefore easily be identified to test for
linkage between two mutations by segregation analysis
(Materials and methods). Neither ase, obenor leo cause
any obvious phenotype at embryonic or larval stages.
One dominant mutation causing slight interruptions of
the melanophore stripes in the adult (dts37) has not been
tested in segregation analysis and is listed as unresolved
among the dominant mutations in Table 3.

Heterozygous carriers for mutations in salz (sal) or
pfeffer (pfe) have a subtle phenotype in the adult, in

which the melanophore stripes are interrupted (Figs. 5G,
6H, 7 K). Due to the subtle character of the dominant
phenotype, these mutations were given recessive allele
designations (Table 3). Fish that are homozygous for mu-
tations in sal or pfe have no or very few visible xantho-
phores. Furthermore, the extent of the area covered by
melanophores is strongly reduced and only a few patches
of melanophores are visible. The number of these mela-
nophore patches decreases in an antero-posterior gradi-
ent (Figs. 5H, 6I, 7L). In sal or pfe homozygous larvae
the number of xanthophores is specifically reduced (Ke-
lsh et al. 1996; Odenthal et al. 1996b).

Most of the recessive mutations with adult phenotypes
affect pigmentation in the embryo and/or larva (Kelsh et
al. 1996; Odenthal et al. 1996b). A few examples of ho-
mozygous mutations causing adult pigmentation pheno-
types are shown in Fig. 5. We have identified new alleles
of the genes sparse, goldenand albino, which have all
been previously identified (Streisinger et al. 1986). Muta-
tions in sparse (spa) result in mottled melanophore
stripes in the adult (Fig. 5I), whereas golden(gol) affects
the intensity of melanophore pigmentation in the embryo
and adult (Figs. 5J, 7B; Kelsh et al. 1996; Streisinger et
al. 1986). Mutations in albino (alb), mustard (mrd) or
sandy(sdy) lack melanin pigmentation in the embryo and
adult, resulting in yellow fish with red eyes (Figs. 5K–M,
7C, 8B; Kelsh et al. 1996; Streisinger et al. 1986). Muta-
tions in shady(shd) cause a reduction in the number of
iridophores in the larva (Kelsh et al. 1996). In the adult,
shdalso lacks iridophores and at least one allele (shdte295)
also shows a reduction of melanophore pigmentation in
the body, but not in the fins (Fig. 5N).

Mutations affecting the eyes of the adult

Mutations in three genes (bumper, korinthe, rosine)
cause defects in the eyes of the larvae and adult (Fig. 8D;
Heisenberg et al. 1996). These fish are probably blind
and have melanophores that appear expanded in size. A
mutation in fading vision(fdv) affects melanophore pig-
mentation and the eyes of the larva and adult, causing
small eyes and tumorous outgrowth from the adult eye
(Fig. 5O; Kelsh et al. 1996). Usually, the defect in the
adult affects the same organ as in the embryo or larva.
The most striking exception is yobo (yob), which shows
reduced xanthophore pigmentation in the embryo and a
maternal effect from homozygous females (Odenthal et
al. 1996b). Adult fish that are homozygous for yob have
normal xanthophore pigmentation but the pupils appear
to be smaller than in the wild type (Figs. 5P, 8C).

Candidates
for the zebrafish homolog encoding tyrosinase

A class of mutants, alb, mrd and sdy, which show no mel-
anin pigmentation in homozygous embryos and homozy-
gous adults (Fig. 7; Kelsh et al. 1996), are potential can-

Table 5 Mutations that are homozygous viable or semiviable
without obvious phenotype in the adult&/tbl.c:&tbl.b:

Phenotypic class Genes References

Yolk indigested, mal profit Hammerschmidt et al.
1996b

Fins tutu, microwaved, stomp,Eeden et al. 1996a
Hatching gland dirty nose Hammerschmidt et al.

1996b
Brain atlantis, big head, Furutani-Seiki et al.

parachutea, recover, 1996; Jiang et al. 1996
Ear earache, earplugs, Whitfield et al. 1996

einstein, half stoned,
headphones, lauscher,
monolith, rolling stones,

Eye helderziend, sunrise, Heisenberg et al. 
belladonna 1996; Karlstrom et al.

1996
Blood sauternesa Ransom et al. 1996
Heart breakdance, Chen et al. 1996

scotchtapea, tangoa,
Pigmentation matt, stolen pearls, Kelsh et al. 1996;

cookie, dropje, fata Odenthal et al. 1996b
morgana, nickel,
pewter, stars-and-
stripes, union jack,
parade, brie, kefir
quark, ricotta, tofu,
yocca, feta

Motility accordeona, Granato et al. 1996
bandoleona, fakir,
mach two, spaced out,

Notochord blobbed, kinks, wavy Odenthal et al. 1996a
tail

Somites after eight, beamter, Eeden et al. 1996b
deadly seven, fused
somites, U shaped
somitesa

a Only one viable allele, otherwise essential for viability&/tbl.b:



didates for carrying mutations in the zebrafish homolog
encoding tyrosinase. We assayed tyrosinase activity in
these mutants by assaying for the conversion of 3,4-dihy-
droxyphenylalanine (dopa) into melanin (Materials and
methods; Fig. 9). Strong tyrosinase activity was found in
the melanophores and eyes of alb embryos (Fig. 9C). Ty-
rosinase activity in embryos mutant for mrd was strong in
the eyes but reduced in melanophores (Fig. 9E). No tyro-
sinase activity was found in sdy (Fig. 9G), making this
the most likely candidate for a mutation in a gene re-
quired for expressing functional tyrosinase or in the gene
encoding tyrosinase itself. Most alleles of sdy are only
semiviable, but the surviving homozygous adults are fer-
tile. The weak allele sdyto102a is fully viable, but it also
shows some residual melanin pigmentation.

Homozygous viable mutations
without a phenotype in the adult

We have identified mutations in 44 genes, that are homo-
zygous viable and produce a visible phenotype in the
adult. Mutations in another 50 genes are homozygous vi-
able, but fail to produce an obvious phenotype in the
adult (Table 5). This may reflect a specific function of
these genes for embryonic or larval development. In oth-
er cases, the embryonic or larval phenotype is rather
mild, which could be compensated for during later devel-
opment. We also identified homozygous viable alleles of
6 genes that are otherwise indispensable for viability.
These may be useful as visible embryonic or larval ge-
netic markers since they offer the genetic versatility of
homozygous viable mutations. Another potentially use-
ful genetic marker is half baked, which, although it is ho-
mozygous lethal, displays enlarged hatching glands as a
dominant phenotype in heterozygous offspring from het-
erozygous fathers whereas offspring from female carriers
show defects in epiboly (Kane et al. 1996).

Discussion

In our large-scale screen for mutations affecting early
development of the zebrafish, we identified 1,200 mu-
tants that we considered worthwhile keeping based on
the uniqueness of their phenotype (Haffter et al. 1996).
A large number of mutations that are homozygous viable
were kept not only because of the specificity of the phe-
notype they caused, but also because of their potential
use as genetic markers. To date 861 mutations have been
assigned to 349 genes (Haffter et al. 1996), and in 100 of
these genes we found at least 1 allele that is homozygous
viable or semiviable. Mutations in 44 of these genes re-
sult in phenotypes that are visible in the adult (Tables 1
and 2), whereas mutations in the remaining 56 genes
cause phenotypes that are visible at embryonic or larval
stages only.

The adult zebrafish displays a variety of morphologi-
cal features that differ in many respects from the mor-

phology of the embryo early larva. This difference is
also reflected by the large number of mutations causing a
phenotype in the embryo or larvae, but not in the homo-
zygous adult. Furthermore, a number of mutations caus-
ing visible phenotypes in the adult do not show any phe-
notype at embryonic or larval stages. We also found a
number of examples in which the larval and embryonic
phenotype differ substantially. The most striking exam-
ple is yobo, which causes a xanthophore pigmentation
phenotype in the larvae and an eye phenotype in the
adult. In addition, yobo shows a maternal effect, result-
ing in truncated head and tail of the embryo (Odenthal et
al. 1996b). Such a variety of phenotypes suggests that
the same molecule is required separately for different
purposes in the organism.

In salz (sal) or pfeffer (pfe) homozygous larvae the
number of xanthophores is specifically reduced but the
melanophore pattern is normal (Kelsh et al. 1996; Odent-
hal et al. 1996b). In homozygous adults of sal or pfe,
xanthophore and melanophore pigment pattern is affect-
ed. As both genes are associated with the same pheno-
typic traits, this suggests that the xanthophore cells are
required in the adult for generating or maintaining mela-
nophores in a striped pattern. Alternatively, sal and pfe
could be required separately by the melanophores to
form the striped pattern. It has been reported previously
that the number of xanthophore cells is reduced in the
anal fins of leopardt1 (leo) homozygous fish. In fish that
are homozygous for the stronger allele leodto29, xantho-
phore and melanophore pigmentation is further reduced.
This suggests that, in the adult (but not in the early lar-
va), melanophores and xanthophores are interdependent
on each other for the formation of a striped pattern. In
sal, pfeand leo, this effect is seen in the pigmentation of
the body and fins. A similar dependence of a striped
melanophore pattern on the presence of iridophores can
be seen in shady (shd), rose and transparent(see also
Johnson et al. 1995). However, in shd for example, the
lack of iridophores mostly affects the melanophore
stripes in the body, whereas the stripes in the fins are es-
sentially normal. Since only one allele of shdshows this
effect, it cannot be excluded that the phenotype of
shdte295 homozygous adults is due to a separate, closely
linked mutation.

Most of the mutations identified in the screen cause
embryonic lethality (Haffter et al. 1996). The need to re-
identify carriers of lethal mutations every generation
makes the maintenance of large numbers of mutant
stocks a laborious task. The maintenance of a lethal mu-
tant stock could be simplified enormously if a linked re-
cessive mutation that is homozygous viable is identified.
The lethal mutation is then kept as a transheterozygote
over the viable mutation in one stock, which is main-
tained by outcrossing to fish that are homozygous for the
viable mutation. Selecting against the visible mutation in
that outcross enriches dramatically for carriers of the le-
thal mutation, which simplifies the identification of mu-
tant carriers in the next generation. Using a viable muta-
tion for balancing a lethal stock is desirable, because the
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genetic background of the homozygous viable stock can
easily be refreshed by alternating between outcrossing
homozygous individuals to wild type in one generation
and inbreeding heterozygous individuals in the next gen-
eration for raising a homozygous generation. By follow-
ing such a breeding scheme, problems caused by contin-
uous inbreeding can be avoided. Alternatively, lethal mu-
tations could be balanced over another lethal mutation.
Such a breeding scheme would require the continuous
inbreeding between double heterozygotes, which in our
hands up to date generally resulted in reduced fertility
after a few generations.

Towards the aim of balancing mutations, mapping of
the genes identified by mutation will be very important.
Two efforts towards generating a genetic map of molecu-
lar markers are presently under way. An RAPD (random
amplified polymorphic DNA) map using random deca-
mer primers to amplify arbitrary DNA sequences by
PCR was generated and is being refined by the group of
J. Postlethwait (Postlethwait et al. 1994). In the laborato-
ry of H. Jacob, an SSR (simple sequence repeats) map
using PCR primers homologous to unique sequences
flanking CA repeats is being generated (Knapik et al.
1996).

The availability of a genetic marker for the generation
of transgenic lines of zebrafish is a very desirable tool. A
number of transgenic lines of zebrafish have been gener-
ated by simple injection of DNA (Bayer and Campos-Or-
tega 1992; Culp et al. 1991; Lin et al. 1994b; Stuart et al.
1990) or by infection using a pseudotyped retroviral vec-
tor (Lin et al. 1994a). Without a dominant marker, geno-
typing of the potential transgenic fish is very laborious.
Tyrosinase has been used as a dominant marker in the
generation of transgenic animals in the mouse and med-
aka fish (Beermann et al. 1990; Matsumoto et al. 1992;
Schedl et al. 1993; Tanaka et al. 1990). sandy (sdy),
which lacks tyrosinase activity, is a candidate for encod-
ing tyrosinase in zebrafish, which may allow the use of
tyrosinase as a dominant marker for transgenes.

However, even if sdy does not encode tyrosinase it-
self, a tyrosinase transgene might produce visible pig-
mentation in this mutant. A reconstructed tyrosinase
gene from the mouse produced wild-type pigmentation
in an orange-coloured variant of medaka, which has nor-
mal melanin pigmentation in the eyes and does not seem
to be due to mutations in the tyrosinase encoding gene
(Matsumoto et al. 1992). Surprisingly, endogenous
mRNA encoding tyrosinase was detected in amelanotic
skin of this orange coloured variant of medaka (Inagaki
et al. 1994). It is therefore conceivable that a similar ty-
rosinase transgene may produce melanophore pigmenta-
tion not only in sdy, but also in mustardor other mutants
with defects in melanophore pigmentation (Kelsh et al.
1996). A potential problem is that strong alleles of sdy
are only semiviable, which may make this mutant more
difficult to use as a host for tyrosinase-expressing trans-
genes.

Mutations causing visible phenotypes are very useful
genetic markers, because they allow the tracing of indi-

vidual chromosomes during sophisticated genetic experi-
ments. Ideally, a dominant marker expresses a different
phenotype in the homozygous state than in the heterozy-
gous. This advantageous feature is the case for asterix,
obelix and leopard. Very useful visible genetic markers
are obviously those which give a visible phenotype in the
larva and adult without any effect on the viability and
fertility of the homozygous adults. The most useful visi-
ble genetic markers in our collection are salzand pfeffer,
which cause a recessive phenotype in the larva and a re-
cessive and a dominant phenotype in the adult, both of
which can be distinguished from each other.

Many of the mutations described here provide a valu-
able resource for studying differences between embryon-
ic and adult development. Mutations affecting all fins ei-
ther cause an adult phenotype only or a strong phenotype
in the embryo and a rather subtle phenotype in the adult.
However, mutations specifically affecting the pectoral
fins result in equally strong defects in the embryo and
adult. These mutations can therefore be used to distin-
guish shared from separate developmental pathways in-
volved in the formation of embryonic and adult fins.
Similarly, mutations specifically affecting either embry-
onic or adult pigmentation allow the separate study of
developmental processes involved in embryonic or adult
pigment pattern formation.
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