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Abstract Mutations causing a visible phenotype in thiwund to cause a dominant reduction of the overall body
adult serve as valuable visible genetic markers in mulgngth in the adult. The adult pigment pattern was found
cellular genetic model organisms such Rsophila to be changed by dominant mutationsaviandg asterix
melanogaster Caenorhabditis eleganand Arabidopsis obelix leopard salz and pfeffer Among the recessive
thaliana In a large scale screen for mutations affectimgutations producing visible phenotypes in the homozy-
early development of the zebrafish, we identified a nugeus adult, a group of mutations that failed to produce
ber of mutations that are homozygous viable or semiviaelanin was assayed for tyrosinase activity. Mutations in
ble. Here we describe viable mutations which produsandyproduced embryos that failed to express tyrosinase
visible phenotypes in the adult fish. These predominandgtivity. These are potentially useful for using tyrosinase
affect the fins and pigmentation, but also the eyes amla marker for the generation of transgenic lines of ze-
body length of the adult. A number of dominant mut&rafish.

tions caused visible phenotypes in the adult fish. Muta-

tions in three genefng fin, another long firmndwanda Key words Pigment pattern - Fin - Fish skeleton -
affected fin formation in the adult. Four mutations weiByrosinase - Zebrafich
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chromosome is followed throughout a breeding scheme.The common name of the zebrafish derives from the
These balancer chromosomes are usually marked shyped pigment pattern displayed by the adult. A handful
dominant mutations, which makes it easy to identifyf mutations causing a visible phenotype in the adult ze-
these chromosomes in heterozygous individuals. brafish are available in petshops or were fortuitously iso-
In Caenorhabditis eleganghe availability of visible lated in the laboratory, which indicated the mutability of
genetic markers has been similarly important for its sube zebrafish genome. These inclypdden brass albi-
cess as a genetic model organism (Wood 1988]. kel- no, transparentsparse rose leopardandlong fin (John-
egans visible markers are usually mutations affectingpn et al. 1995; Kirschbaum 1975; Streisinger et al.
the shape or behaviour of the larvae. 1986; University of Oregon Zebrafish group 1993; Tre-
Visible genetic markers have become very useful snake 1981). Thieopardmutant was long thought to be
generating transgenic animals. Dmosophilafor exam- a separate species term@dhchydanio frankeiHybrids
ple, therosy andwhite genes which affect eye colour arevere produced between the two strains and found to pro-
frequently used as a visible marker for the succesdsdiuice fertile progeny which indicated thHat frankeiis a
generation of transgenic individuals. The inserted DN#potted variant oDanio rerio (B. rerio; Frank and Zukal
includes the cloned gene fawsy or white leading to a 1981; Frankel 1979; Petrovicky 1964, 1966)
change of eye colour in the otherwise homozygous mu-In this paper, we describe a number of dominant muta-
tant transgenic animal. In the mouse, more than 130 rtians affecting pigmentation, fins or overall body length
tations at more than 50 loci affecting coat colour amd the adult zebrafish. We also describe a number of re-
pigmentation have been described (Hogan et al. 1986&ssive mutations that are homozygous viable and display
Silvers 1979). Mice homozygous for mutations atdahe visible phenotypes in the homozygous adults. One of
bino (c) locus have no pigment at all, neither in the skthese is a mutation in a gene possibly encoding the zebra-
nor in the eyes. The gene encoding tyrosinase, which fish homolog of tyrosinase.
key enzyme in melanin biosynthesis, was found to map
to thealbino (c) locus (Kwon et al. 1987; Ruppert et al.
1988). Expression of tyrosinase from a transgene "m%terials and methods
found to rescue the coat colour and eye pigmentation 0
albino mice (Begrmann_ et al'. 1990; Tanaka et al. 1999}sh were maintained as described in Mullins et al. (1994). The
In the medaka fisiQryzias latipesstable transgenes enyiig type strain wasTa (Haffter et al. 1996)leo? lofd2 double
coding the mouse tyrosinase resulted in wild-type pigiutants were obtained from a pet shop (Elias 1984; Johnson et al.
mentation of an orange-coloured variant (Matsumoto J@rBr5énKirSé(i?ti;]lé?u$ %2552 v\%ndmouﬂg{ggstﬂrmiilgiéﬁgﬁ tgl bcibtgligbftrains
al. 1992). An albino mutant lacking tyrosinase activity iff* }3’ b?'sb% Fse140 andtrab1® were kindly provided %y & Walker
medaka was recent_ly shown to be due to a tranSposiﬁ C. Kimmel from the University of Oregon (The University of
element in the tyrosinase gene (Koga et al. 1995). Oregon Zebrafish group 1993; Johnson et al. 1995; Streisinger et
A number of transgenic lines of zebrafish have beein1986).

produced and recent progress has been made towards ifgégregation analysis between pairs of dominant mutations was
%Lned out by crossing double heterozygotes to wild-type and

sertional mutagenesis using a pseudotyped retrov - ;

. . cgunting the frequency of wild-type and mutant progeny. If all
vector (Lin et al. 1994a). For this purpose, a zebrafigibgeny were mutant, the two mutations were assumed to be
mutation that could be rescued by a tyrosinase encodinkgd. If 25% wild type, 25% of either single heterozygous and
transgene would be a very useful tool. It has been shaggbp of transheterozygous progeny occurred, the two mutations

; ; ; e assumed to be unlinked. For segregation analysis involving
that a mutation causing the lack of melanin can be u%@recessive alleleo?, the transheterozygotes were crossed to

as a visible genetic marker for the generation of gerfdn that were homozygous feo and the absence of wild-type-
line chimeras of the zebrafish (Lin et al. 1992). looking fish among the progeny was taken as evidence for linkage,

Table 1 Mutations affecting

body length of the adt/t Gene Alleles Embryonic phenotype Dominant phenotype References
daumling (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 Dominafshort Mullins et al.
ta206, ti216c, ventral tail firt. 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.
apDominant phenotype ipgy tc300a ventral tail fin. no tail fin 1996
is variable and only found if the Recessive: dorsalized
mother is a heterozygous carri- gipsel (stp) dtl28d None Dominant short This paper

er too (Mullins et al. 1996)
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Table 2 Mutations affecting

the adult fins 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) tcl17, 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 intm305 et al. 19964a;
Kelsh et al. 1996;
Eeden et al. 1996a
nagel (nag) tag4, th22, Fin necrosis Reduced fins, Eeden et al.
tI128b, tm42b, subtle 1996a
tm51, tm68,
tn3, tp4la, tr3,
ty58, tc8, tu27a,
tn210, tm147c,
tg254b, te335,
tj258a, tt231,
1q207, tq274,
tw234, 11246,
tyl24b
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 199a
tq266c, tr240,
tc280b, tg308b,
tp266, te217,
tz245, te370b
stein und tg289a 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

whereas the presence of wild-type fish was evidence for the lgckduct in the pathway (Hearing 1987; Hearing and Jiménez 1989;
of linkage. Korner and Pawelek 1982). The subsequent reactions to form mel-
Skeletal stainings were done as described by Eeden etaain can proceed spontaneously. Tyrosinase activity was measured
(1996b). by assaying for the conversion of dopa into melanin in fixed em-
Tyrosinase catalyses three reactions, the hydroxylation of tylmyos. The assay was a modification of one described by Waka-
sine to 3,4-dihydroxyphenylalanine (dopa), the oxidation of dopzatsu et al. (1984) as follows: approximately 48-h-old embryos
to dopaquinone and oxidation of 5,6-dihydroxyindole, a laterere washed with phosphate buffered saline (PBS) and cooled on
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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, tf31la red eyes Streisinger et al.

asterix (ase)

bedimmed
(bed)

brass (brs)

brassy (bry)

dropje (dro)

earache (era)

fading vision
(fdv)

golden (gol)

leopard (leo)

mustard (mrd)

obelix (obe)

obscure (obs)

pfeffer (pfe)

rose (rse)

salz (sal)

sandy (sdy)

shady (shd)

dtt269
tc240

b2

tm111

tr256

tc288c

th236a

b1, tg271,
ty213

t1, dto29,
dtg270, dtw28

ta229c, tj204,
tp72i, tn215,
tk68b, tv41

dtd15, dty7,
dtc271d

to2b

tc227b, tq211,
tgl7, te220,
tm236b, tg283a

b140

tf34, tp71c,
tm246b,
tf238b, tt254a,
tb213c, tI241

1326 ty79,
tk20, tm118,
10102, tol

ty82, tp218
tc205, te295,
te300, tf238c,
th219, tm46a,
ti263c, ty9,
ty70, tj229e

None
Dull iridophores

Reduced melanin
pigmentation

Reduced melanin
pigmentation,

expanded
melanophores

Abnormal ear shape

8duced melanin
pigmentation,
degenerating retina

Reduced melanin
pigmentation

None

No melanin
pigmentation

None

small melanophores,
subtle

Reduced number
of xanthophores

Reduced number of
iridophores and
xanthophores subtle

Reduced number
of xanthophores

No melanin
pigmentation

Reduced number
of iridophores

Dominant: fewer
and wider stripes

Pale greenish-
blue stripes

No melanin
pigmentation
in body

No melanin
pigmentation
red eyes

Expanded
melanophores,
subtle

Expanded
melanophores

Reduced

melanin

pigmentation,
small eyes

Reduced
melanin
pigmentation

Spotted
pigmentation

No melanin
pigmentation,
red eyes

Dominant:
fewer stripes,
wider
interstripes

Pinkish colour

Dominant:

interrupted stripes.
Recessive: spotted
pigmentation

Reduced
iridophores

and melanophores,

fish appear pink

Dominant:

interrupted stripes.
Recessive: spotted
pigmentation

No melanin
pigmentation,
red eyes,
semiviable
Reduced

melanophores
and iridophores,
only inte295b

1986
This paper

Kelsh et al. 1996

Kelsh et al. 1996;
Streisinger et al.
1986

Kelsh et al. 1996

Kelsh et al. 1996

Whitfield et al.
1996

Kelsh et al. 1996;
Heisenberg et al.
1996

Streisinger et al.
1986
Kelsh et al. 1996
This paper;
Kirschbaum

1975

This paper;

Kelsh et al. 1996

This paper

Kelsh et al. 1996

This paper;
Odenthal et al.
1996b;
Kelsh et al. 1996

The University
of Oregon
Zebrafish group
1993; Johnson et
al. 1995
This paper
Kelsh et al. 1996;
Odenthal et al.
1996b
This paper
Kelsh et al. 1996

Kelsh et al. 1996
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Table 3 (continued)

Gene Alleles Embryonic phenotype Adult phenotype References

sparse (spa) b5, b134, th35cReduced 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)  dtyl127 None Dominant: This paper
irregular pigment Eeden et al.
pattern, missing 1996a
or reduced fins
(unresolved) dts37 None Interrupted stripes  This paper
Table 4 Mutations affecting .
the adult eye s Gene Alleles Embryonic phenotype  Adult phenotype Reference
bumper (bum)  t020, 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

ice. The embryos were then fixed for 12 min in 12.5% glutaraldaffecting early development, we identified a number of

hyde in PBS on ice. Subsequently, the embryos were washed f¢ninant and recessive mutations causing a visible phe-
times for 2 min each with 0.3% Triton X-100 in 55 mM sodiu . .
phosphate buffer (pH 6.8) followed by three 2-min washes wiEl;type in the adult (Tables 1-4). These mutations affect

55 mM sodium phosphate buffer (pH 6.8). The embryos were thée body length, fins, eyes or pigmentation of the adult
stained in 5 mM L-dopa, 5% sucrose in 55 mM sodium phosphdish. Dominant mutations affecting the adult were identi-

buffer (pH 6.8) or, as a control, with the addition of 5 mM diethykied in the F2 generation of our breeding scheme (Haffter
dithiocarbamic acid (a specific inhibitor of tyrosinase) at 37°C f%rt al. 1996) since the phenotype appeared in 50% of the
4-6 h. : :

members of an F2 family.

Results

Mutations causing reduced body length of the adult
The adult zebrafish displays a collection of morphologi-
cal features that distinguish the adult from the larva ambe skeleton of a wild-type zebrafishigline; Haffter et
that are subject to changes caused by viable mutatiahs1996) usually has 31 vertebrae. In some cases the
(Fig. 1). We do not intend to describe the morphology néimber is only 30 and in rare cases the number is in-
the adult in detail, but instead give a brief account of tbeeased to 32. Posterior to the 4 most anterior vertebrae,
traits we found to be most useful as visible genetic mawkith which the Weberian apparatus is associated, are 10
ers in the zebrafish. We have performed a large scdlebearing vertebrae of the trunk followed by 17 verte-
screen for mutations affecting early development of theae of the tail with hemal arches protruding from the
zebrafish (Haffter et al. 1996). In addition to mutationentral side of the centra. The Weberian apparatus is a
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interstripe melanophore stripe dorsal fin

tail fin

l
v

ha

Fig. 2A-J Dominant mutations affecting body length of the aduliral column indaumling® heterozygoteG Detail of the trunk
zebrafish A-D Live photographsE—J Skeletal stainingsA Wild-  vertebrae of a wild-type sibling andl a stopsedti2éd heterozygote,
type zebrafishB smurfit239 heterozygoteC stopsedt28d heterozy- showing the reduction in length of the vertebtaBetail of the tail
gote.D daumling'® heterozygoteE skeleton of astdpsedti28dhet- vertebrae of a wild-type sibling ardda daumling'n8 heterozygote,
erozygote top) and wild-type siblinglfottorr), showing the defects showing the reduction in length of the vertebrae. Some of the verte-
in the thoracic region of the vertebral columrsidpsefi2édhetero- brae are fused, with multiple hemal arches and neural arnhes (
zygote. F daumling"® heterozygote top) and wild-type sibling Neural archeshahemal archesj ribs)

(botton), showing the defects in the posterior region of the verte-
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E = wt F - e lof

Fig. 3A-O Dominant mutations affecting the fins of the adult zdepidotrichia.l Details of wild-type sibling and wandaty127 het-
brafish. A-D Live photographsE—O Skeletal stainingsA Wild-  erozygote dorsal fins, showing the reduction of the pterygiophores
type zebrafishB long firft2 heterozygote with long fins that haveand lepidotrichia, which are mostly unsegmentédDetails of
additional stripes of melanophore pigmentatidrwanda®y127het-  wild-type sibling and. wandalty127heterozygote pelvic fins, show-
erozygote, with reduction of all fins, especially the dorsal fin, arilg the rudimentary structures\vandat127heterozygoteM Tail-

an abnormal pigment pattetfh.another long fiy8édheterozygote fin of long firft2, which has an increased number of segments in the
with longer fins.E Wild-type zebrafish skeletork: Skeleton of lepidotrichia compared to the tailfin of a wild tygd)( In another
long firft2 heterozygote with long fin ray$s Skeleton ofwan- long fin¥86d the lepidotrichia of the tailfin are highly irregular in
dady127 heterozygote, with reduced pterygiophores and lepidotténgth and segmentation patt=rn

chia.H Skeleton ofanother long fidy8édheterozygote with longer
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series of small bones used by teleosts to communicaA sub
waves from the swim bladder to the ear. The 27-rib o
hemal-arch-bearing vertebrae have neural arches exter
ing from the dorsal side of the centra. We identified ¢
dominant mutationsliliput (lil), smurf (smj, stopsel
(stp anddaumling(dml), which lead to a reduced adult
body length (Fig. 2A-D)lil dtc232 gnd smfl*239 show no
obvious skeletal abnormalities and the reduced bod
length phenotype seems to be due to reduced growth (c
ta not shown). Skeletal staining sfft28d and dmptn8 :
adult fish revealed that the short body length of these twB lof C ika; lof
mutants is associated with abnormalities of the axis

skeleton (Fig. 2E-J). Istp, the trunk vertebrae and the
anterior vertebrae of the tail are most severely affecte o‘_
and dramatically reduced in length (Fig. 2E, H). As a re ’
sult, stpis not only reduced in overall body length, but
also displays a peculiar body shape (Fig. 2Cdrin, in
contrast, the posterior half of the vertebral column ig
most severely affected. The number of centra is reduce
to between 23 and 25, and the vertebrae are frequen fls
fused or reduced in length (Fig. 2F, J). In both mutants
stpanddml, the number of ribs, neural arches and heme
arches is normal. The fusion of centradiml 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 swi
bladder formation.
dmlis only semiviable and up to 50% inl carriers Fig. 4A-D Recessive mutation affecting the fins of the adAilt.
die before reaching adulthood. The other three domingit r'];‘.d be¥q2§9alfackll<s the Peg’i%fins Ion.the Vﬁ“tra'f.srij‘?ze 5‘.“# the
mutants Wlth.an adult Short. body Ieng‘h" smfand stp gggrallr}?ns f(grecolrflpg(rrrig\c/)vr?'withIgrggafirzbe,mi,kgrl?:”%?;? dowultt)Ie
have no dominant or recessive embryonic or larval pheRfrant, which lacks the pectoral fin€)( D finlesge370 which
type and are fully viable. All four mutants (includidigpl) lacks all the adult firs
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 do@tggygiophores in the paired, dorsal and anal fins and
heterozygous individuals were not noted among the prbypuralia in the caudal fin. We have identified a number
eny of these crosses. Allelism among these four mutati@hglominant and recessive mutations resulting in defects
has not been determined yet and their assignment to sépte adult fins (Table 2). _
rate genes is therefore preliminary. Dominant mutations in three genésng fin (lof), an-
Mutations in two genesiggytail, swirl) cause a dor- other long fin(alf) andwanda(wan) result in abnormali-
salization phenotype in homozygous embryos and losdigs of the adult fins (Fig. 3). None of these mutations af-
ventral tail fin structures in heterozygotes (Mullins et al.
1996). The loss of ventral tail fin stru.ctu_res Ieads. to Sh.Er . 5A—P Mutations affecting the adult pigmentation of the ze-
adU|tS, some Of WhICh |aCk the tall f|n Mutations |Braf|shA Wild type B asterix|t269 heterozygote with fewer and
spine-steincause an embryonic phenotype in the neutabader melanophore stripe3.obelixy? heterozygote with fewer

tube, which also leads to short adults (Brand et al. 1996'33.|an99h0re stripes and broader interstripesbelix!y” homozy-
gote with a further reduction in the number of melanophore stripes.
The stripes are also interrupted and irregular in wietHeop-
. . . arddto29 heterozygote with a spotted pigment patt&rteopardito29
Mutations affecting the adult fins homozygote with very few tiny spots of melanophore pigmenta-
tion. G sal#t254aheterozygote with interrupted melanophore stripes.

The adult zebrafish has two sets of paired fins and thF% |21254ahomozygote with an antero-posterior gradient of residu-
ine spotted melanophore pigmentatibrsparsé> homozygote

med_ian_fins (Fig. 1). '_Fhe Pa"ed fins are the pectoral a\% an abnormal melanophore pigment pattdrgolder?! homo-
pe'VIC. fins. The median fins are the dorsal, caudal a%ote with reduced melanophore pigmentatikn.albino, L
anal fins. All fins are supported by skeletal elements. Loustard4, and M) sandy?® homozygotes which lack melanin
cated in the lobes are exoskeletal lepidotrichia. These Rjggnentation.N shadye29>homozygote with reduced number of

: - - . . ophores and reduced melanophore pigmentatibfiading vi-
paired rods that are segmented in a proximo-distal dlrgg—nﬁma homozygote. with oy mglgnophore pigmgentation,

thﬂ On the pI’OXIma| end, the |ep|d0trIChIa artlcula%ry small eyes and tumorous Outgrowth from the dywbd(isl
with endoskeletal fin supports which are referred to B@mozygote with a small pu+il
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Fig. 5 For legend see page 267
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Fig. 6A—| Details of the phenotypes caused by mutations affectittge lepidotrichia are very irregular (Fig. 3H). The length
the adult pigment patterA Wild type. B asterix?s9heterozygote of the individual segments is very variable and individual

with fewer and broader melanophore strigg®belixdtc271dhetero- . b . .
zygote with fewer melanophore stripes and broader interst[[peslepld()trIChIa are frequently interrupted and irregularly

leopard! heterozygote with slightly wavy melanophore stripes, réorked (Fig. 30) alfd¥8was found to segregate indepen-
sulting in thinner interstripe€ leopard! homozygote with a spot- dently oflofdt2, Double heterozygotes ftofdt2 andalfdtysé
:ﬁgnqiggggﬁnpzﬁﬁg'fd%%a'g;’fgﬁggggzygg% V\ﬂ;g aarsdeggtgeﬁopig'look identical toalfdtys8é heterozygotes and when crossed
mozygpote with very few tFi)ny spots of >;791’elar'10phope pigmentatioﬁ). a wild type result in 25% WIId-tpr progeny, 2882
H pfeffefe2Licheterozygote with interrupted melanophore stripeseterozygotes and 50% that are eithl#'y86 heterozy-
pfeffeta2lichomozygote with an antero-posterior gradient of resiggotes ormlfdyss |ofd2 double heterozygotes.
ual fine spotted melanophore pigmenta:ion The dominant mutatiomvarftyl27 causes variable re-
duction or absence of adult fins and a change of the adult
pigment pattern (Fig. 3C). In contrastladdt2 andalfdtyse
fect the fins of the embryo or early larvdefdt2 is a warfy127 also affects the pterygiophores of the fins
spontaneous dominant mutation, which results in leng{fig. 3G). The number of pterygiophores and lepidotri-
ening of all adult fins (Fig. 3B) compared to wild typehia is reduced and, in severe cases, only malformed rudi-
(Fig. 3A). In addition, an increased number of stripesnsents are seen (Fig. 3 K, L). The fin raysvedirfty127
seen in the pigment pattern of the anal and caudal finsterozygotes, if present, are frequently unsegmented and
Skeletal staining revealed that the lengthening of the flosk similar to the unbranched anterior fin rays. In addi-
is due to increased length of the lepidotrichia (Fig. 3F)pn, the number of vertebrae is in most cases reduced by
whereas the pterygiophores are unaffected. The segments or two. The pigmentation defectvirmrfty127 hetero-
of the lepidotrichia are increased in number (Fig. 3M)ygotes is best described as a reduction in number and
but the length of each segment is unchanged and thewadth of melanophore stripes combined with abnormal
rangement of the segments is as regular as the in vbitednching of the stripes (Fig. 3C). Besides the visible
type (Fig. 3N). phenotype in the adultwarfy12? mutant fish seem to
In mutants heterozygous fatfdysé all fins are longer, mate less efficiently than wild type, which may make it
but the tail fin has lost its symmetrical appearance asmimewhat less useful as a genetic marker. No obvious ad-
hangs down (Fig. 3D). The pigmentation stripes on thaional phenotypes corresponding to homozygous indi-
fins are not increased in number adaftt2, but instead viduals were found among the progeny of incrosses of
appear irregular and less prominent. The pterygiopholef§t2, alfdy8é or warfty127 However the presence of ho-
of alfdty8é heterozygotes look essentially normal, wherea®zygotes in these populations was never confirmed.
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16091029, - dto29 K - pletagticy,

Fig. 7A-L Anal fins, showing details of the phenotypes caused biyfferent phenotypes in the larvae and the adult are due to
mutations affecting the adult pigmentatigh.Wild type. B gold- o separate, but closely linked mutations. Mutations in

erP! homozygote with reduced melanophore pigmentatién. : .
sandyk20 homozygote which lacks melanin pigmentatiBnaster- seven genesblasen fransen frayed frilly fins, nagel

ixd269 heterozygote with fewer and broader melanophore stiipesPinfin, rafels) with obvious fin phenotypes in the embryo
obelixy7 heterozygote with fewer melanophore stripes and broadesult only in a comparatively mild reduction of the adult

interstripes.F obelixv? homozygote with a stronger phenotypgin. Two mutations jkarus and krom, which specifically

than the obelixXy7 heterozygote.G leopardtheterozygote with ) _
slightly wavy melanophore stripes, resulting in thinner interstripe%ﬁeCt the pectoral fins of the larvae also affect the pecto

H leopard! homozygote with a spotted pigment pattarieop- fal fins in the adult (Fig. 4C). A mutation in the gefime
arddto29 heterozygote with a spotted pigment pattern similar tess (fls) results in the absence of all fins in the adult
leopard! homozygoteJ leopard©2® homozygote with very few ti- (Fig. 4D; Eeden et al. 1996a). This mutant was found for-
ny SpOtf t‘.’f mKe'ap%pk;gzﬁcﬂ'gtmema“ot” ar_‘t‘i'] very "“"te ’éa”thloloh‘?[ﬁtously in an incross performed for the maintenance of
igmentationK pfeffe eterozygote with interrupted melano- . oo .
Bt?ore stripesL gfeffeﬁqﬂlchomozy)é%te with residual fine spottec@nother mutation, and it is expected that more recessive
melanophore pigmentati n mutations with visible phenotypes in the adult will be dis-

covered in the background of our mutant stocks.

Most recessive mutations producing defects in the
adult fins were identified by the embryonic fin phenotyddutations affecting the adult pigment pattern
they cause (Eeden et al. 1996a). Surprisingly, one mutant,
stein und bein(sub, which lacks the pelvic and dorsafhe pigment pattern of the adult zebrafish consists of
fins was identified by the lack of otoliths in the embrythree types of pigment cells, the black melanophores, the
(Fig. 4A; Whitfield et al. 1996). However, since only ongellow xanthophores and the iridescent iridophores
allele ofsubwas identified, it cannot be excluded that th@gig. 1). The black melanophores mainly contribute to
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In addition towarfty127(see above), we identified dom-
inant mutations in five other genessierix obelix leop-
ard, salz pfeffe), which change the striped pigment pat-
tern of the adult (Figs. 5-7). bsterix(ase, aselt269, 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)asel!t269 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 mutationbelix (obe, of
which we identified three alleles of varying strength. The
strongest allele i®beltdls obeltc271d js intermediate in
strength and the weakest alleleotsely”. The dominant
phenotype obbeis a reduction in the number of melano-
Fig. 8A-D Mutations affecting the eye of the aduk.Eye of a phore stripes with some interruptions and a broadening of
wild type. B Red eye okandy0 which lacks melanin pigmenta-the white interstripes (Figs. 5C, 6C, 7E). Fish that are ho-
tion. C Small pupil ofyobd®?%% D Adult eye ofbumpet™27awhich  mozygous forobe or transheterozygous for two different
suffers from lens degenerat.an alleles ofobedisplay a further reduction in the number of
melanophore stripes, which are irregular in width and in-

the dark stripes, whereas the xanthophores mainly cirupted (Figs. 5D, 7F). If strong allelesoifeare com-
tribute to the lighter interstripes that separate the melaR#1€d, the stripes do not extend over the entire length of
phore stripes. The iridophores contribute to both strip8§ body. In a swimming group of fisbbeor aselt269in-

and cause the iridescent reflection of the fish. A numishyiduals are most easily identified by the lack or reduc-
of genetic loci, which participate in the formation of théon of the middle melanophore stripe in the tail fin.

adult pigment pattern have been described (Johnson et aft SPontaneous mutation in the getepard (leo),

1995; Kirschbaum 1975; Streisinger et al. 1986). led?, 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-
Fig. 9A-H Images of 2-day-old live embryos or fixed embryos afele also causes slightly irregular melanophore stripes
sayed for tyrosinase activity by the conversion of the substrate $vhiich make the bright interstripes appear thinner
dihydroxyphenylalanine (dopa) into melank. C, E, G Embryos (Figs. 6D, 7H). Howeve, since the dominant phenotype is
incubated with dopa for tyrosinase activiy.D, F, H Live images, gs. ’ . ’ . p yp
showing the degree of melanin pigmentatianB Wild-type con- SO subtle, we generally refer to this allele as recessive. We
trol, with normal tyrosinase activity and normal melanin pigmentaave isolated as dominants three stronger alleldsopf
tion. C, D albind??5 has tyrosinase activity, although it lacks melayhich all display clearly discernible dominant pheno-

nin pigmentationE, F mustard’72i shows strong tyrosinase activity. pes. The allelic series tfo mutations shows increasing

in the eyes, but weak tyrosinase activity in the body. It lacks me‘i% : .
nin pigmentation in the entire embry®, H sandy° lacks mela- allele strength in the following ordeteo?, leoiw2g

nin pigmentation and tyrosinase activity in the entire embryo  leg#d270  |eqdto29  Fish that are heterozygous for the

mrd dopa

mrd live

sdy dopa

alb live H sdy live
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Table 5 Mutations that are homozygous viable or semiviablwhich the melanophore stripes are interrupted (Figs. 5G,
without obvious phenotype in the aclt 6H, 7 K). Due to the subtle character of the dominant
phenotype, these mutations were given recessive allele

Phenotypic class_Genes References designations (Table 3). Fish that are homozygous for mu-
Yolk indigested, mal profit Hammerschmidt et al. tations insal or pfe have no or very few visible xantho-

1996b phores. Furthermore, the extent of the area covered by
Fins tutu, microwaved, stompEeden et al. 1996a  melanophores is strongly reduced and only a few patches
Hatching gland dirty nose Hammerschmidt et al. of melanophores are visible. The number of these mela-

1996b nophore patches decreases in an antero-posterior gradi-
Brain atlantis, big head, Furutani-Seikietal.  ent (Figs. 5H, 61, 7L). Irsal or pfe homozygous larvae

parachute, recover,  1996; Jiang et al. 1996 tha number of xanthophores is specifically reduced (Ke-

Ear earache, earplugs, Whitfield et al. 1996  |gh et al. 1996; Odenthal et al. 1996b).

einstein, half stoned,

headphones, lauscher, Most of the recessive mutations with adult phenotypes
monolith, rolling stones, affect pigmentation in the embryo and/or larva (Kelsh et
Eye helderziend, sunrise, Heisenberg et al. al. 1996; Odenthal et al. 1996b). A few examples of ho-
belladonna 1996; Karlstrom et al. Mozygous mutations causing adult pigmentation pheno-
1996 types are shown in Fig. 5. We have identified new alleles
Blood sauternes Ransom et al. 1996  of the genesparse goldenand albino, which have all
Heart breakdance, Chen et al. 1996 been previously identified (Streisinger et al. 1986). Muta-
scotchtapg tanga, tions in sparse (spa@ result in mottled melanophore
Pigmentation ~ matt, stolen pearls, Kelsh et al. 1996; stripes in the adult (Fig. 51), wheregslden(gol) affects

cookie, dropje, fata  Odenthal et al. 1996b the intensity of melanophore pigmentation in the embryo

pme?,\r,%gr”g’tanrisc_l;er!a_ and adult (Figs. 5J, 7B; Kelsh et al. 1996; Streisinger et

stripes, union jack, al. 1986). Mutations iralbino (alb), mustard (mrd) or
parade, brie, kefir sandy(sdy) lack melanin pigmentation in the embryo and
quark, ricotta, tofu, adult, resulting in yellow fish with red eyes (Figs. 5K—M,
N yocca, feta 7C, 8B; Kelsh et al. 1996; Streisinger et al. 1986). Muta-
Motility accordeon, Granato etal. 1996 tions in shady(shd cause a reduction in the number of

et saaced out iridophores in the larva (Kelsh et al. 1996). In the adult,

Notochord blobbed, kinks, wavy Odenthal et al. 1996a shdalso lacks iridOph.OreS and at least one ?"We{zga .
tail also shows a reduction of melanophore pigmentation in

Somites after eight, beamter, ~ Eeden etal. 1996b  the body, but notin the fins (Fig. 5N).

deadly seven, fused

somites, U shaped

somites Mutations affecting the eyes of the adult
a Only one viable allele, otherwise essential for viakility

Mutations in three genesbymper korinthe rosing
cause defects in the eyes of the larvae and adult (Fig. 8D;
strongest allelelec¥029 have a spotted pigment patterileisenberg et al. 1996). These fish are probably blind
(Figs. 5E, 6F, 7I) similar to that déd! homozygotes, and have melanophores that appear expanded in size. A
whereas fish that are homozygous ler029 only have mutation infading vision(fdv) affects melanophore pig-
very tiny spots of melanophore pigmentation and a redaeentation and the eyes of the larva and adult, causing
tion in xanthophore pigmentation (Figs. 5F, 6G, 7J). Fismall eyes and tumorous outgrowth from the adult eye
that are transheterozygotes for any two allelds@tisu- (Fig. 50; Kelsh et al. 1996). Usually, the defect in the
ally present a phenotype that is very close to the homoaylult affects the same organ as in the embryo or larva.
gous phenotype of the stronger allele (data not shown).The most striking exception bo (yob), which shows
Combinations of mutations inse obe or leo show reduced xanthophore pigmentation in the embryo and a
additive effects. For examplelaodd270 obeltd1s double maternal effect from homozygous females (Odenthal et
heterozygote has spots that are wider apart. Double lt-1996b). Adult fish that are homozygous yoib have
erozygotes could therefore easily be identified to test fusrmal xanthophore pigmentation but the pupils appear
linkage between two mutations by segregation analy&isbe smaller than in the wild type (Figs. 5P, 8C).
(Materials and methods). Neithase obenor leo cause
any obvious phenotype at embryonic or larval stages.
One dominant mutation causing slight interruptions Gfandidates
the melanophore stripes in the addlts@7) has not been for the zebrafish homolog encoding tyrosinase
tested in segregation analysis and is listed as unresolved
among the dominant mutations in Table 3. A class of mutantsalb, mrd andsdy, which show no mel-
Heterozygous carriers for mutations salz (sal) or anin pigmentation in homozygous embryos and homozy-
pfeffer (pfe) have a subtle phenotype in the adult, igous adults (Fig. 7; Kelsh et al. 1996), are potential can-
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didates for carrying mutations in the zebrafish homol@dology of the embryo early larva. This difference is
encoding tyrosinase. We assayed tyrosinase activityalso reflected by the large number of mutations causing a
these mutants by assaying for the conversion of 3,4-dipjrenotype in the embryo or larvae, but not in the homo-
droxyphenylalanine (dopa) into melanin (Materials armygous adult. Furthermore, a number of mutations caus-
methods; Fig. 9). Strong tyrosinase activity was foundiimg visible phenotypes in the adult do not show any phe-
the melanophores and eyesatlf embryos (Fig. 9C). Ty- notype at embryonic or larval stages. We also found a
rosinase activity in embryos mutant ford was strong in number of examples in which the larval and embryonic
the eyes but reduced in melanophores (Fig. 9E). No typhtenotype differ substantially. The most striking exam-
sinase activity was found isdy (Fig. 9G), making this ple is yobg which causes a xanthophore pigmentation
the most likely candidate for a mutation in a gene nghenotype in the larvae and an eye phenotype in the
quired for expressing functional tyrosinase or in the geagult. In additionyoboshows a maternal effect, result-
encoding tyrosinase itself. Most alleles safy are only ing in truncated head and tail of the embryo (Odenthal et
semiviable, but the surviving homozygous adults are fat- 1996b). Such a variety of phenotypes suggests that
tile. The weak allelesdyc02ajs fully viable, but it also the same molecule is required separately for different
shows some residual melanin pigmentation. purposes in the organism.
In salz (sal) or pfeffer (pfe) homozygous larvae the
number of xanthophores is specifically reduced but the
Homozygous viable mutations melanophore pattern is normal (Kelsh et al. 1996; Odent-
without a phenotype in the adult hal et al. 1996b). In homozygous adultssal or pfe,
xanthophore and melanophore pigment pattern is affect-
We have identified mutations in 44 genes, that are homeok As both genes are associated with the same pheno-
zygous viable and produce a visible phenotype in ttypic traits, this suggests that the xanthophore cells are
adult. Mutations in another 50 genes are homozygousréguired in the adult for generating or maintaining mela-
able, but fail to produce an obvious phenotype in thephores in a striped pattern. Alternativedg and pfe
adult (Table 5). This may reflect a specific function afould be required separately by the melanophores to
these genes for embryonic or larval development. In oform the striped pattern. It has been reported previously
er cases, the embryonic or larval phenotype is rathieat the number of xanthophore cells is reduced in the
mild, which could be compensated for during later devalnal fins ofleopard! (leo) homozygous fish. In fish that
opment. We also identified homozygous viable alleles afe homozygous for the stronger all&ded®29, xantho-
6 genes that are otherwise indispensable for viabiliphore and melanophore pigmentation is further reduced.
These may be useful as visible embryonic or larval gehis suggests that, in the adult (but not in the early lar-
netic markers since they offer the genetic versatility e&), melanophores and xanthophores are interdependent
homozygous viable mutations. Another potentially usen each other for the formation of a striped pattern. In
ful genetic marker idalf baked which, although it is ho- sal, pfeandleo, this effect is seen in the pigmentation of
mozygous lethal, displays enlarged hatching glands athe& body and fins. A similar dependence of a striped
dominant phenotype in heterozygous offspring from hetelanophore pattern on the presence of iridophores can
erozygous fathers whereas offspring from female carriées seen irshady(shd, rose and transparent(see also
show defects in epiboly (Kane et al. 1996). Johnson et al. 1995). However, shd for example, the
lack of iridophores mostly affects the melanophore
stripes in the body, whereas the stripes in the fins are es-
Discussion sentially normal. Since only one allele sifdshows this
effect, it cannot be excluded that the phenotype of
In our large-scale screen for mutations affecting eadide29 homozygous adults is due to a separate, closely
development of the zebrafish, we identified 1,200 mlinked mutation.
tants that we considered worthwhile keeping based onMost of the mutations identified in the screen cause
the uniqueness of their phenotype (Haffter et al. 1996mbryonic lethality (Haffter et al. 1996). The need to re-
A large number of mutations that are homozygous vialikentify carriers of lethal mutations every generation
were kept not only because of the specificity of the phmakes the maintenance of large numbers of mutant
notype they caused, but also because of their potergitaicks a laborious task. The maintenance of a lethal mu-
use as genetic markers. To date 861 mutations have haanstock could be simplified enormously if a linked re-
assigned to 349 genes (Haffter et al. 1996), and in 10@e$sive mutation that is homozygous viable is identified.
these genes we found at least 1 allele that is homozygbhs lethal mutation is then kept as a transheterozygote
viable or semiviable. Mutations in 44 of these genes mrer the viable mutation in one stock, which is main-
sult in phenotypes that are visible in the adult (Tableddined by outcrossing to fish that are homozygous for the
and 2), whereas mutations in the remaining 56 gemngsble mutation. Selecting against the visible mutation in
cause phenotypes that are visible at embryonic or lartredt outcross enriches dramatically for carriers of the le-
stages only. thal mutation, which simplifies the identification of mu-
The adult zebrafish displays a variety of morphologiant carriers in the next generation. Using a viable muta-
cal features that differ in many respects from the mdion for balancing a lethal stock is desirable, because the
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genetic background of the homozygous viable stock czadual chromosomes during sophisticated genetic experi-
easily be refreshed by alternating between outcrossingnts. Ideally, a dominant marker expresses a different
homozygous individuals to wild type in one generatigghenotype in the homozygous state than in the heterozy-
and inbreeding heterozygous individuals in the next gegous. This advantageous feature is the casedtarix
eration for raising a homozygous generation. By followebelix and leopard Very useful visible genetic markers
ing such a breeding scheme, problems caused by cordie- obviously those which give a visible phenotype in the
uous inbreeding can be avoided. Alternatively, lethal miarva and adult without any effect on the viability and
tations could be balanced over another lethal mutatifertility of the homozygous adults. The most useful visi-
Such a breeding scheme would require the continudils genetic markers in our collection @@dzandpfeffer,
inbreeding between double heterozygotes, which in aunich cause a recessive phenotype in the larva and a re-
hands up to date generally resulted in reduced fertildgssive and a dominant phenotype in the adult, both of
after a few generations. which can be distinguished from each other.

Towards the aim of balancing mutations, mapping of Many of the mutations described here provide a valu-
the genes identified by mutation will be very importanable resource for studying differences between embryon-
Two efforts towards generating a genetic map of molega-and adult development. Mutations affecting all fins ei-
lar markers are presently under way. An RAPD (randdher cause an adult phenotype only or a strong phenotype
amplified polymorphic DNA) map using random decan the embryo and a rather subtle phenotype in the adult.
mer primers to amplify arbitrary DNA sequences hylowever, mutations specifically affecting the pectoral
PCR was generated and is being refined by the grougding result in equally strong defects in the embryo and
J. Postlethwait (Postlethwait et al. 1994). In the laborasdult. These mutations can therefore be used to distin-
ry of H. Jacob, an SSR (simple sequence repeats) rgagh shared from separate developmental pathways in-
using PCR primers homologous to unique sequenee$ved in the formation of embryonic and adult fins.
flanking CA repeats is being generated (Knapik et &imilarly, mutations specifically affecting either embry-
1996). onic or adult pigmentation allow the separate study of

The availability of a genetic marker for the generatiatevelopmental processes involved in embryonic or adult
of transgenic lines of zebrafish is a very desirable tool.pfgment pattern formation.
number of transgenic lines of zebrafish have been gener-
ated by simple injection of DNA (Bayer and Campos-OAcknowledgements We thank Jau Nian-Chen, Heiner Grandel

. N . d Kai-Eric Witte for critical comments on the manuscript. We
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tor (Lin et al. 1994a). Without a dominant marker, genge to Cornelia Fricke, Silke Rudolph, Heike Schauerte and Joel
typing of the potential transgenic fish is very laboriou®/ilson for taking photographs and for help with the maintenance
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aka fish (Beermann et al. 1990; Matsumoto et al. 1992;

Schedl et al. 1993; Tanaka et al. 1996€andy (sdy),
which lacks tyrosinase activity, is a candidate for encdieferences
ing tyrosinase in zebrafish, which may allow the use of

tyrosinase as a dominant marker for transgenes. Bayer TA, Campos-Ortega JA (1992) A transgene containing lacZ

. - - is expressed in primary sensory neurons in zebrafish. Develop-
However, even ifsdy does not encode tyrosinase it- 1 oni115.421-426

self, a_tyro_sinas_e transgene might produce ViSib|§ PEEermann F, Ruppert S, Hummler E, Bosch FX, Milller G, Riither
mentation in this mutant. A reconstructed tyrosinase U, Schitz G (1990) Rescue of the albino phenotype by intro-

gene from the mouse produced wild-type pigmentation gyzcéilog g;2a6functional tyrosinase gene into mice. EMBO J
In an orange-qoloured Ya”"?‘”t of medaka, which has NBFand M, Heisenberg C-P, Warga RM, Pelegri F, Karlstrom RO,
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to be due to mutations in the tyrosinase encoding genevan, Granato M, Haffter P, Hammerschmidt M, Kane DA, Ke-
(Matsumoto et al. 1992). Surprisingly, endogenous Ish RN, Mullins MC, Odenthal J, Nusslein-Volhard C (1996)

; ; : :~Mutations affecting development of the midline and general
MRNA encoding tyrosinase was detected in amelanOtICbody shape during zebrafish embryogenesis. Development

skin of this orange coloured variant of medaka (Inagaki 123129142
et al. 1994). It is therefore conceivable that a similar tghen J-N, Haffter P, Odenthal J, Vogelsang E, Brand M, Eeden
rosinase transgene may produce melanophore pigmentaFJM van, Furutani-Seiki M, Granato M, Hammerschmidt M,

; ; ; Heisenberg C-P, Jiang Y-J, Kane DA, Kelsh RN, Mullins MC,
tion not only insdy, but alsc immustardor other mutants Nusslein-Volhard C (1996) Mutations affecting the cardiovas-

with defects in _melanophore_ pigmentation (Kelsh et al. cular system and other internal organs in zebrafish. Develop-
1996). A potential problem is that strong allelessdy ment 123:293-302
are only semiviable, which may make this mutant mo€elp P, Nusslein-Volhard C, Hopkins N (1991) High-frequency

difficult to use as a host for tvrosinase-expressing trans-9erm-line transmission of plasmid DNA sequences injected in-
genes y b 9 to fertilized zebrafish eggs. Proc Natl Acad Sci USA 88:
oy . - 7953-7957
Mutations causing visible phenotypes are very useftden FIM van, Granato M, Schach U, Brand M, Furutani-Seiki
genetic markers, because they allow the tracing of indi- M, Haffter P, Hammerschmidt M, Heisenberg C-P, Jiang Y-J,
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