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alyron, an Insertional Mutation Affecting Early
Neural Crest Development in Zebrafish
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alyronz12 (aln) is a recessive lethal mutation that affects early stages of neural crest development in the zebrafish. alyron
ppears to be an insertional mutation as the mutation was generated following microinjection of plasmid DNA into one-cell
mbryos and the stably integrated transgenic sequences are closely linked to the mutation. The insertion site harbors
ultiple copies of the plasmid sequence that have experienced complex rearrangements. Host–insert junction fragments

ave been molecularly cloned and host sequences adjacent to the transgene have been used to map the mutation to the distal
rm of linkage group 15. alyron function is required cell-autonomously in the neural crest lineage. alyron mutants have a
evere but not complete deficit of premigratory neural crest as judged by reduced expression of several markers associated
ith early stages of neural crest development. Lack of premigratory neural crest is likely to account for the two most

onspicuous characteristics of alyron mutants: the absence of body pigmentation and the inability to affect blood
irculation. The neural crest phenotype of alyron mutants resembles that observed in mouse mutants that lack Pax-3 or

both Wnt-1 and Wnt-3a function, and expression of the zebrafish homologues of these genes is greatly reduced in the dorsal
neural keels of alyron mutants. In contrast, ventral neural keel identity appears unaffected. Given our findings that the
mutation is unlinked to pax or wnt genes that have been described in the zebrafish, we propose that alyron is a novel gene
function required for the specification and/or proliferative expansion of neural crest progenitors. © 1999 Academic Press
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INTRODUCTION

The neural crest is a multipotential progenitor cell popu-
lation that forms at the lateral edges of the vertebrate neural
plate and gives rise to a wide array of neural and nonneural
tissues (LeDouarin, 1982). Upon neural tube closure, neural
crest cells migrate along stereotypical pathways to sites
where they undergo terminal differentiation. Cranial neural
crest contributes to the formation of pigmented tissue,
branchial arches and craniofacial cartilage, cranial ganglia,
the enteric nervous system, and portions of the heart and
the ear. Trunk neural crest cells contribute to pigmented
tissue, endocrine tissue, and the peripheral nervous system
including the dorsal root ganglia. Defects in the origin,
proliferation, migration, or differentiation of neural crest
cells contribute to a wide spectrum of developmental syn-
dromes in humans and other animals (Creazzo et al., 1998;

ong, 1998; Anderson, 1997; Read and Newton, 1997;
chilling, 1997).

Analyses of mutants defective in neural crest develop-
ent and experimental manipulations of tissues and
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rowth factors that contribute to patterning of the neuraxis
ave indicated an intimate association between the estab-
ishment of dorsal neural tube identity and the generation
f the neural crest. BMP and perhaps Wnt and FGF signals
ppear to promote induction of both neural crest and dorsal
eural tube (Liem et al., 1995, 1997; Mayor et al., 1995,
997; Mehler et al., 1997; Chang and Hemmati-Brivanlou,
998; LaBonne and Bronner-Fraser, 1998). Consistent with
his hypothesis, analysis of zebrafish mutants and Xenopus
mbryos with altered levels of BMP signaling indicates that
pecific levels of BMP are likely required to induce neural
rest (Morgan and Sargent, 1997; LaBonne and Bronner-
raser, 1998; Nguyen et al., 1998). In response to the
nductive signals, a set of genes believed to confer dorsal
eural tube identity, such as Wnt-1, Wnt-3a, Pax-3, and
ax-7, become expressed widely in the dorsal neural tube,
ncluding the region where neural crest progenitors reside.
he dorsal identity genes play an essential role in neural
rest development. Expansion or diminution of the Wnt

xpression domain, accomplished by ectopic expression or
utation, leads to a corresponding increase or decrease in
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323alyron, a Zebrafish Neural Crest Mutant
premigratory neural crest cells or their differentiated de-
rivatives (Augustine et al., 1993; Ikeya et al., 1997; Saint-
Jeannet et al., 1997; LaBonne and Bronner-Fraser, 1998).
Similarly, loss of Pax-3 or Pax-7 gene function results in a
substantial deficit of neural crest cells (Franz and Kothary,
1993; Tremblay et al., 1995; Mansouri et al., 1996; Ser-
bedzija and McMahon, 1997). Because loss of function of
the dorsal identity genes results in dramatically reduced
numbers of neural crest, it is believed that these genes
function in the execution/maintenance of the neural crest
fate and/or in the proliferative expansion of the neural crest
progenitors.

Whereas the loss-of-function Pax and Wnt mutants indi-
cate that these genes are essential for neural crest develop-
ment, their exact roles are obscure since the mutations do
not completely eliminate the neural crest. The incomplete
effects of these mutations might result from heterogeneity
within the precursor population, the expression of gene
family members with overlapping or redundant functions,
or the existence of independent pathways that together
promote full levels of neural crest specification. The possi-
bility that the Pax and Wnt genes regulate each others’
expression, indicated by the finding that Pax-3 gene expres-
ion is downregulated in Wnt-1/Wnt-3a double mutants
Ikeya et al., 1997), further confounds interpretation of each
ene’s unique role.
Expression of the dorsal identity genes does not directly

stablish the neural crest lineage, as only a subset of the
ells expressing these genes give rise to neural crest. As
ndicated by the mindbomb/whitetail mutant of zebrafish,
hich displays supernumerary dorsal primary sensory neu-

ons along with a marked reduction in premigratory neural
rest (Jiang et al., 1996; Schier et al., 1996), a process of
ateral inhibition, perhaps involving Notch/Delta signaling
reviewed in Lewis, 1996), appears to be required for the
ubdivision of the dorsal neural tube into different cell
ypes.

To better understand the factors that contribute to estab-
ishment of the neural crest, we need more mutants that
ffect early stages in neural crest specification. Here we
escribe a new zebrafish mutant with a severe deficit of
arly neural crest. The mutation, called alyron [from the
reek, meaning without (a rooster’s) crest], is the first

mbryonic lethal mutation induced by DNA microinjec-
ion to be described in zebrafish. alyron is phenotypically
istinguishable from the large number of neural crest mu-
ants that has been identified already in zebrafish (Neu-
auss et al., 1996; Piotrowski et al., 1996; Schilling et al.,
996a,b; Kelsh et al., 1996; Odenthal et al., 1996; Henion et
l., 1996; Chandrasekhar et al., 1997). Moreover, since
lyron is distinct from the Wnt and Pax genes known to be
nvolved in dorsal neural tube identity in the mouse, it
ppears to be a newly identified regulator of early neural
rest development. As with other genes shown to be essen-
ial for neural crest development, alyron is required for

ormal expression levels of dorsal neural tube identity
enes.

Copyright © 1999 by Academic Press. All right
MATERIALS AND METHODS

Fish Maintenance

Zebrafish stocks were raised and maintained as described in
“The Zebrafish Book” (Westerfield, 1994). The transgenic line
described here was generated in the Ekkwill wild-type strain
described previously (Riley and Grunwald, 1995) and was propa-
gated by mating with Ekkwill wild-type individuals except where
noted. The pigmentless albinob4 strain was obtained from C.
Kimmel. Embryos were cultured at 28.5°C and developmental
stages are given as hours postfertilization (h) at this temperature.

A Screen for Insertional Mutants

The alyronz12 mutation was recovered in a screen for insertional
utations in zebrafish. Potentially transgenic founders were gen-

rated by microinjection of linearized plasmid DNA into the
ytoplasm of one-cell embryos. The injection solution contained
00 mM KCl, 3% green food color (used to estimate injection
olume), and 100 mg/ml pSLAC, linearized by restriction at the

unique EcoRI site (Fig. 7A). About 0.4 nl was injected per embryo.
pSLAC consists of a gene fusion of the intron 1 branch point and
splice acceptor from the human b-globin gene (Reed and Maniatis,
1986), the Escherichia coli Lac Z coding sequence, and a polyade-
nylation signal from SV40, inserted into the pSP72 vector (Pro-
mega). Injected embryos were raised to adulthood and mated with
WT partners, and the genomes of their progeny were screened for
the presence of plasmid sequences by PCR. Twelve of 73 G0
founders transmitted plasmid-derived sequences to a fraction of
their progeny. The fraction of progeny that inherited plasmid DNA
ranged from 2 to 13%, with a mean of 5%, indicating that the germ
lines of the founders were mosaic (Stuart et al., 1990; Culp et al.,
1991; Bayer and Campos-Ortega, 1992).

True breeding transgenic lines were established from each of the
12 germline-transgenic founders. F1 offspring that inherited the
plasmid sequences were identified by screening genomic DNA
prepared from fin biopsies. F1 offspring appeared to be true het-
erozygotes, transmitting transgenic sequences to 50% of their
offspring. For example, all plasmid sequences present in one
transgenic line, SLAC113, have segregated as a single locus in a
stable Mendelian pattern for more than nine generations.

Carriers from within each line were intercrossed to uncover
recessive phenotypes. Intercross progeny from the SLAC113 trans-
genic line displayed a novel lethal syndrome. One-fourth of the
progeny produced from matings between heterozygous carriers of
the SLAC113 transgene exhibited the lethal syndrome (2010
mutants/8082 intercross progeny screened 5 24.9%). We therefore
conclude that the SLAC113 line harbors a recessive lethal muta-
tion, which we have termed alyron (aln).

Detection of Transgenic Plasmid Sequences by
PCR or Dot-Blot

DNA was extracted from individual 24-h embryos, pools of ten
24-h embryos, or individual fin biopsies by digestion for 2 h at 55°C
in 50 ml of 13 PCR buffer (50 mM KCl, 1.5 mM MgCl2, 20 mM
Tris–HCl, pH 8.3) supplemented with 0.1% Nonidet P40, 0.1%
Tween 20, and 0.1 mg/ml proteinase K. DNA preparations were
boiled 10 min to inactivate the proteinase K and centrifuged at

14,000g to pellet debris, and the supernatant was stored at 4°C
until use. For PCR analysis, 100–200 ng of each DNA preparation

s of reproduction in any form reserved.
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324 Cretekos and Grunwald
was used per reaction and two reactions were performed per DNA
preparation. To detect plasmid-derived sequences, pSLAC specific
primers SLAC-A (59-GCACTGACTCTCTTCCTTTG) and SLAC-B
(59-GCTGCAAGGCGATTAAGTTG) were used (positions indi-
cated as A and B in Fig. 7A). As a control for DNA template quality,
each preparation was also amplified with a primer pair directed
against zebrafish retinoic acid receptor-2 (gift from S. Stachel). For
dot-blot analysis of fin biopsy DNA, the entire DNA preparation
was used on blots prepared and hybridized as described by Stuart et
al. (1988).

Genetic Mosaic Analysis

Genetic mosaics were constructed by aspirating 25–50 cells from
labeled embryos (donors) at the 2- to 4000-cell stage and transplant-
ing into unlabeled siblings or equivalently staged albino embryos
(hosts). All manipulations and incubations were carried out in egg
water (Westerfield, 1994) supplemented with 10 mM Hepes, pH
7.2, 100 U/ml penicillin G, and 0.1 mg/ml streptomycin sulfate
(Gibco). To label donors, intercross progeny of alyron/1 animals
were microinjected with about 0.4 nl of 25 mg/ml FITC–dextran (2
MD MW; Sigma) in 100 mM KCl at the 1-cell stage. Donors and
hosts were immobilized in 2% methylcellulose in depression slides
for cell transplantation and then isolated into individual wells of
24-well plates for later genotyping. The transplanted cells were
placed either close to the margin of the blastoderm to increase their
probability of developing as blood (Lee et al., 1994) or about

alfway between the animal pole and the margin to increase their
robability of developing as neural crest (Woo and Fraser, 1995).
onors and hosts were genotyped at 24 h by inspection of pheno-

ype. Mosaic embryos were screened under epifluorescence micros-
opy and the contribution of the donor cells to identifiable tissues
as noted. In some cases mosaic embryos were fixed in 4%
araformaldehyde and the fluorescent lineage tracer was converted
o HRP reaction product immunohistochemically according to the
ethod of Garton and Schoenwolf (1996).

In Situ Hybridization, Immunohistochemistry, and
Photomicrography

RNA in situ hybridization was carried out as described by Hug et
al. (1997). The following gene probes were used: AP-2 (Furthauer et
l., 1997), c-ret (Bisgrove et al., 1997; Marcos-Gutierrez et al.,
997), dlx-2 (Akimenko et al., 1994), fkd-6 (Odenthal and Nusslein-
olhard, 1998), flk-1 (Liao et al., 1997), goosecoid (Stachel et al.,
993), isl-1 (Inoue et al., 1994; Appel et al., 1995), isl-2 (Appel et al.,
995), krox-20 (Oxtoby and Jowett, 1993), pax-3 and pax-7 (Seo et
l., 1998), snail-2 (Thisse et al., 1995), sonic hedgehog (Krauss et
l., 1993), trp-2 (R. Kelsh, unpublished), wnt-1 (Molven et al., 1991;
orsky et al., 1998), wnt-3a (R. Dorsky and R. Moon, unpublished),

nd zash-1a and zash-1b (Allende and Weinberg, 1994). Immuno-
istochemistry was carried out essentially as described by Trevar-
ow et al. (1990). Mouse anti-fluorescein and secondary antibodies
ere obtained from Jackson ImmunoResearch. Xanthophore

utofluorescence was visualized according to the method of Epper-
ein et al. (1988). Photomicrographs were captured as color slides
sing a Zeiss Axioplan microscope equipped with DIC and epiflu-

rescence optics. Slides were digitally scanned, and images were
rocessed with the aid of Adobe Photoshop 3.0 software.

Copyright © 1999 by Academic Press. All right
Cell Lineage Analysis and Confocal Microscopy

DiI labeling of hindbrain neural crest was accomplished by
application of 125 mg/ml DiI (Molecular Probes) in 5% DMSO, 95%
ethanol (D. Darnell and G. Schoenwolf, personal communication)
onto the neural folds at axial positions between the isthmus and
the first somite furrow at the one- to two-somite stage of develop-
ment. Bodipy counterstaining was carried out as described by
Cooper and D’Amico (1996), using 1 mg/ml Bodipy 505/515 (Mo-
lecular Probes) in DMSO as a 1003 stock solution. Confocal
z-series were collected using a Bio-Rad MRC1024 confocal appara-
tus on a Zeiss Axioplan microscope. Images were subsequently
processed using Adobe Photoshop 3.0 software.

Fluid Circulation Analysis

Cardiovascular fluid circulation was examined by microinjec-
tion of about 1 nl of 25 mg/ml FITC–dextran (Sigma) in 100 mM
KCl into the common cardinal vein (injection site indicated in Figs.
5C and 5D). Twenty 26-h mutant embryos and 20 wild-type
siblings were dechorionated and immobilized in 3% methylcellu-
lose for microinjection. Each dye-injected embryo was inspected
under epifluorescence immediately following microinjection and
the progress of dye through the circulatory system noted. To
document the results, some examples were anesthetized in 0.2
mg/ml tricane (Westerfield, 1994), remounted, and photographed
under epifluorescence.

Southern Analysis

Southern analysis was conducted using several gel and blotting
conditions, depending on the size range of DNA fragments to be
separated. Field inversion gel electrophoresis (FIGE) was used to
separate DNA fragments of high molecular weight, using a Hoefer
Model PC750 pulse controller, 2.1-s forward and 0.7-s backward
field pulses of 18 V/cm at 4°C for 16–18 h. High-molecular-weight
DNA was prepared by digestion of dissected adult soft tissues in
agarose plugs essentially as described for mouse soft tissues in
Ausubel et al. (1989). DNA for standard Southern analysis was
prepared as described in Westerfield (1994). Southern blots of FIGE
gels and standard gels were generated as described in Monaco (1995)
and Sambrook et al. (1989). All gels were transferred onto Duralon
membrane (Stratagene).

Junction Fragment Cloning

The SpeI-end junction fragment was cloned using a modification
of the linker/adapter PCR method described in Vooijs et al. (1993)
(see Fig. 7D). Genomic DNA from aln/1 animals was digested with
SpeI, which fails to cleave pSLAC. An SpeI-end compatible linker
was generated by digestion of pBluescript SK2 (Stratagene) with
SpeI and PvuII followed by agarose gel purification of a 247-bp
fragment containing the T3 promoter and a portion of the multiple
cloning site. The linker was ligated to the ends of SpeI-digested
genomic DNA in a 1000:1 molar ratio using T4 DNA ligase,
assuming an average SpeI-digested genomic fragment of about 8
kbp. The DNA was then digested with BsrDI to liberate the
junction fragment, and sequences spanning the junction were
amplified in two rounds of PCR using the T3 primer (Stratagene)
as the linker-specific primer and two reverse primers specific

for plasmid sequences predicted to be near the junction, SLAC-
B (59-GCTGCAAGGCGATTAAGTTG) and SLAC-C (59-

s of reproduction in any form reserved.
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325alyron, a Zebrafish Neural Crest Mutant
GCTCTAGACGTTGTAAAACGACGGG). The resulting 2.1-kbp
amplification product was agarose gel purified and cloned into
pBluescriptII KS2 (Stratagene).

Linkage Analysis and Genetic Mapping
Oligomer PCR primers (J191: F 5 59-CAGGTGTAC-
TAATAAAGTGGC, R 5 5 9 -TATTTCTCTGTTAAT-
TCATCCC) specific for host sequences immediately adjacent to

he SLAC113 transgene were used to identify the segregation of aln
n a radiation hybrid (RH) panel (Kwok et al., 1998; Research

Genetics). Analysis of the segregation data was kindly performed
by R. Geisler and P. Haffter (http://wwweb.mpib-tuebingen.mpg.de/
abt.3/haffter_lab/rh_mapping.html). To determine whether candi-
date genes were linked to aln, the segregation of wnt-1, wnt-3a,
ax-3, and pax-7 sequences within the RH panel was determined.
he following oligomer primers were used: wnt-1, F 5 59-
GGTATAGTGAATGTGGCATC, R 5 59-CTCGGTTGA-
AATTTTGCCAA; wnt-3a, F 5 5 9 -TGATCGGCGA-
TACATGAAGG, R 5 59-TGGCACTTTTCTTTGCGCTTC;
ax-3, F 5 59-GTGCATCAGTCTGGGCTTG, R 5 59-GCT-
ATGGAGGGGTTCACT; pax-7, F 5 5 9 -ACACTAC-
CCGCTAAAAACG, R 5 59-GCCCCCTAAAATAAAAATCC.

RESULTS

Overview of alyron Mutant Phenotype
alyronz12 (aln) is a recessive lethal mutation that was

recovered in a screen for insertional mutations induced
following DNA microinjection into zebrafish embryos (see
Materials and Methods for details). The most conspicuous
morphological defects of mutant embryos are lack of body
pigmentation, reduced eye pigmentation, failure of blood
cells to enter circulation, and pericardial edema (Figs.
1A–1D). Several lines of evidence indicate that lack of body
pigmentation results from the absence of chromatophores,
the neural crest-derived pigment cells, rather than a general
defect in pigmentation. Although the pigmented retinae of
mutant eyes accumulate black pigment, albeit at reduced
levels, .90% of the mutant embryos never develop mela-
nophore pigmentation (Fig. 1D). In mutant embryos that
produce a few melanophores (average of 14 melanophores
found on 10/112 mutants scored), the melanophores are of
normal morphology and are pigmented (data not shown).
Thus, the mutation appears to block the production rather
than the differentiation of these cells. Consistent with this
interpretation, cells in the pigmented retinae but not on the
bodies of mutant embryos express tyrosinase related
protein-2 (trp-2), a gene involved in melanin biosynthesis
(Figs. 1E and 1F). Finally, multiple chromatophore lineages
are missing in mutants. In addition to the absence of the
melanophores, mutants lack xanthophores, which nor-
mally can be detected at 2 days of development by virtue of
the autofluorescence of their pteridine (yellow) pigment
(Figs. 1G and 1H). Iridophore development could not be
scored, as these cells are first distinguishable at about 3

days, the time that mutant embryos die.

Mutant embryos also display a cardiovascular defect.
c
d

Copyright © 1999 by Academic Press. All right
lood precursors differentiate, but do not enter circulation;
nstead they accumulate above the yolk sac (arrowheads in
igs. 1C and 1D). As with a number of other zebrafish
utants with circulatory defects, pericardial edema devel-

ps. Several more subtle defects are also consistently exhib-
ted by aln homozygotes. The otic vesicles of mutant
mbryos are smaller and rounder than normal and often
ack or display tiny otoliths (Figs. 1A–1D). Beginning at
bout 22 h, mutant embryos develop at a detectably slower
ate than their unaffected siblings, as judged by the forma-
ion of somites (Cretekos, 1998). During the second day of
evelopment the central nervous system becomes necrotic.
n the third day of development the heart beat becomes

lower and more erratic than normal. By 3–3.5 days, all
utant embryos have died, as judged by cessation of heart

eat and developmental arrest.

Genetic Mosaic Analysis of alyron Function

The absence of pigment cells and absence of circulating
blood cells exhibited by aln mutants are also characteristics
found together in mouse mutants in which either c-Kit
receptor signaling or Pax-3 gene function has been compro-
mised (Auerbach, 1954; Epstein et al., 1991; Besmer et al.,
993; Fleischman, 1993; Conway et al., 1997). In each of the
elevant mouse mutants, a distinct set of primary cell
efects are responsible for the combined phenotype. To
etermine the cellular basis of the morphological defects
een in aln mutant embryos we carried out genetic mosaic

analysis. Genetic mosaics were made by transplantation of
25–50 fluorescently labeled WT or mutant cells into unla-
beled hosts at the late blastula stage of development, a time
at which fate-mapping studies had shown most cells to be
pluripotent (Kimmel and Warga, 1987; Ho and Kimmel,
1993).

To determine whether aln mutant embryos could support
chromatophore development, we assessed the ability of WT
blastomeres to develop as melanophores and xanthophores
in WT or aln mutant hosts. albino embryos were used as
WT hosts because the lack of black melanin in these
otherwise normal embryos made it easy to score the devel-
opment of donor-derived WT melanophores. No significant
difference was seen between the frequency of WT cells
differentiating as melanophores in either albino or aln
hosts. In 25 of 107 (23%) mosaics generated from transplan-
tation of WT cells into albino hosts (WT 3 albino) and in
23 of 85 (27%) WT3 aln mosaics WT donor cells differen-
tiated as melanophores. Figure 2A shows an example of a
WT3 aln mosaic in which labeled WT cells have differen-
tiated as pigmented cells whose morphology and position
are characteristic of melanophores. All melanophores pro-
duced in WT3 aln mosaics appeared to be of WT origin as
udged by simultaneous expression of black melanin and
rown HRP product produced following immunohisto-
hemical detection of the lineage tracer marking the donor

ells (Figs. 2B and 2C). Eight of the WT3 aln mosaics with
onor-derived melanophores were further analyzed for the

s of reproduction in any form reserved.
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formation of xanthophores. In each of the eight mosaic

FIG. 1. Overview of aln mutant phenotype. (A, B) WT sibling
pigmentation in the eye, a smaller than normal otic vesicle, and a
delayed developmentally, having on average two less somites than
mutant (D) 48-h embryos. aln mutants lack body pigmentation,
Differentiated blood cells accumulate above the yolk cell in mutant
of the heart in WT embryos (arrowhead in C). (E, F) Expression of tr
in situ hybridization. At 26 h, trp-2 expression is detectable in the r
by their bright blue autofluorescence under DAPI epifluorescence,
are not detected in aln mutants (H).
embryos, WT-derived xanthophores were observed (data not
shown). Thus, aln mutant and WT embryos are similar in

Copyright © 1999 by Academic Press. All right
their ability to support the development of melanophores

and aln mutant (B) 24-h embryos. aln mutants display delayed
arged pericardial cavity. In addition, mutant embryos are slightly
ir WT siblings at 24 h (not shown). (C, D) WT sibling (C) and aln
ot circulate blood, and usually have reduced eye pigmentation.

owhead in D), whereas they are visible flowing into the inflow tract
WT sibling (E) and aln mutant (F) 26-h embryos detected by RNA

but not elsewhere in aln mutants. (G, H) Xanthophores, identified
een on the dorsal surface of the head of WT 48-h embryos (G), but
(A)
n enl

the
do n

s (arr
p-2 in
etina
and xanthophores.
Although WT progenitors could develop as chromato-
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327alyron, a Zebrafish Neural Crest Mutant
FIG. 2. Genetic mosaic analysis. (A) Dorsolateral view of a WT 3 aln 26-h mosaic that displayed melanophores. The FITC–dextran
ineage tracer, indicating WT donor cells, has been detected immunohistochemically (brown). (B, C) Higher magnification views of two of
he melanophores pictured in A, showing that WT donor cells (brown) produce melanophores displaying normal morphology and
igmentation (black) in aln hosts. (D) Backlit FITC epifluorescence view of a living aln 3 WT 26-h mosaic. The mutant donor cells that
ifferentiated as blood circulate normally, indicated by the green streaks generated by the passage of labeled cells through the circulatory
ystem during a long exposure. (E) High-magnification view of the intermediate cell mass region of a WT3 aln mosaic (anterior to the left,

orsal to the top). The FITC–dextran lineage tracer has been detected immunohistochemically. WT cells (brown) that display typical
rythroid morphology (arrowheads) fail to circulate and instead accumulate between the yolk cell (yc) and the notochord (ntc).

Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.



c
a
s
m

b
a
c
e
f
b
e
t
b

a

a

t

d
h
b
t
d
p
t
4
d
d

s
t

(
t
s
c
a
w
a
p
a

h
d
p
c
a

328 Cretekos and Grunwald
phores in mutant hosts, aln progenitors never produced
chromatophores in WT hosts. aln-derived melanophores
were not detected in 44 aln 3 albino mosaics, indicating
that aln function is required cell-autonomously in the
hromatophore lineage. Given the lack of melanophores
nd xanthophores in aln mutants, and the finding that
mall numbers of WT donor cells give rise to both chro-
atophore types, it is likely that aln is required in a

precursor cell that contributes to multiple types of differ-
entiated pigment cells.

In contrast to the cell-autonomous requirement for aln
function in pigment cell precursors, aln is not required in
lood cell precursors. When aln mutant cells differentiated
s blood in WT hosts (n 5 6), the mutant cells entered
irculation normally (Fig. 2D). When WT donor cells differ-
ntiated as blood in aln mutant hosts (n 5 5), the WT cells
ailed to circulate and were found intermixed with host
lood cells in the space between the yolk cell and the
mbryo proper (Fig. 2E). In sum, mosaic analyses indicate
hat aln1 function is required in the pigment cell lineage
ut not the blood cell lineage.

Analysis of Circulatory Defect

The impaired circulation exhibited by alyron mutants
could result from a primary defect in neural crest develop-
ment, as neural crest derivatives are important for normal
heart function (Conway et al., 1997; reviewed in Creazzo et
l., 1998). We examined the possibility that alyron mutant

embryos are defective in heart function. Although mutant
hearts contract with normal rhythm through the second
day of development and the major blood vessels appear to be
formed normally as judged by the expression of the vascular
endothelium marker flk-1 (Figs. 3A and 3B), little or no fluid
circulation through the hearts of aln mutant embryos takes
place. Fluid circulation was analyzed by following the
progress of fluorescein–dextran dye injected into the com-
mon cardinal vein of 26- to 28-h embryos. In wild-type
embryos, dye passes through the heart and has circulated
through the head, trunk, and tail vasculature within about
30 s (Figs. 3C and 3C9). In mutant embryos, the dye was
readily drawn into the heart, but little, if any, circulated
beyond the heart, even after 30 min of analysis (Figs. 3D and
3D9). Thus, it appears that the lack of blood circulation in
aln mutants is the result of a defect in heart function.

alyron Homozygotes Are Deficient in Premigratory
Neural Crest

As a defect in neural crest development could account for
both the absence of chromatophores and the ineffective
heart function observed in aln mutants, we analyzed ex-
pression of three early markers of neural crest: snail-2 (the
zebrafish homologue of slug; Nieto et al., 1994; Thisse et
l., 1995), AP-2 (Furthauer et al., 1997), and fkd-6 (Odenthal
and Nusslein-Volhard, 1998). snail-2/slug is expressed in
premigratory and early migrating neural crest in all verte-
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brates that have been examined, and its function is required
for the normal migration and development of neural crest in
the chick embryo (Nieto et al., 1994; Sechrist et al., 1995).
In addition, the gene is expressed in head and paraxial
mesoderm. fkd-6 is expressed in a pattern that is nearly
identical to that of snail-2. AP-2 is expressed in presump-
ive neural crest from the neurula stage onward.

Since the neural crest arises in a rostral-to-caudal wave of
evelopment, embryos generated by intercrosses of aln/1
eterozygotes were analyzed by whole-mount in situ hy-
ridization at several developmental time points. Prior to
he time at which mutant and WT embryos could be
istinguished, one-fourth of the intercross progeny dis-
layed a marked reduction in the expression of snail-2 along
he dorsal midline of the head and anterior trunk (Figs. 4A,
B, 4I, and 4J). By 18 h, mutant and WT embryos could be
istinguished unambiguously because mutants have re-
uced expression of trp-2 in the retina. Analysis of 18-h

intercross progeny doubly stained for trp-2 and snail-2
indicated that mutant embryos have severely reduced
snail-2 expression along the dorsal midline of the trunk and
tail (Figs. 4C and 4D). Expression of snail-2 in the develop-
ing somites appeared unaffected in mutants. Analysis of
18-h intercross progeny doubly stained for trp-2 and AP-2
(Figs. 4E and 4F) or trp-2 and fkd-6 (Figs. 4G and 4H) showed
imilarly reduced expression along the dorsal midline of the
runk and tail.

Analysis of snail-2 expression in neural keels of 12-h
Figs. 4I and 4J) and 20-h (Figs. 4K and 4L) embryos and in
ransverse sections taken through the nascent somite of
ibling WT and mutant embryos (Figs. 4M and 4N) indi-
ated that the dorsal neural keels of mutant embryos have
dramatically reduced number of snail-2-expressing cells,
hich express reduced levels of snail-2 mRNA. In addition,

nalysis of sectioned material confirmed that snail-2 ex-
ression is reduced specifically in the dorsal neural keel and
ppears to be expressed normally in the developing somites.

Neural Patterning in alyron Mutant Embryos

The severe reduction in snail-2 expression above the
neural keel of mutant embryos indicated an early defect in
the specification of the neural crest, such as might arise
from incorrect patterning of the neuraxis. Rostrocaudal
patterning of the nervous system appeared normal in mu-
tants, as judged by expression of zash-1a, zash-1b, and dlx-2
in the fore-, mid-, and hindbrain (Figs. 5A and 5B and data
not shown) and krox-20 in rhombomeres 3 and 5 of the

indbrain (Figs. 5C and 5D). General characteristics of
orsoventral patterning in the nervous system also ap-
eared normal in mutants. Ventral-specific cell types, in-
luding sonic hedgehog-expressing cells in the ventral brain
nd floorplate (Figs. 5E and 5F) and c-ret-expressing primary

motoneurons in the ventral neural keel (Figs. 5G and 5H),
appeared normal in mutants. Transverse sections of the

trunk revealed that the relative positions within the neural
keel of the isl-2-expressing ventral primary motoneurons
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329alyron, a Zebrafish Neural Crest Mutant
and dorsal Rohon-Beard sensory neurons were unaffected in
mutant embryos (Figs. 5I and 5J).

Despite apparent normal patterning of the nervous sys-
tem, expression of several genes associated with dorsal
neural tube identity was reduced in aln mutants. Expres-
sion levels of pax-3 and to a lesser extent pax-7 genes that
mark the dorsal neural keel (Seo et al., 1998) are reduced in
mutant embryos (Figs. 6A and 6B; data not shown). Simi-
larly, wnt-1 expression in the dorsal neural keel is also
reduced at early stages of development in mutant embryos
(Figs. 6C and 6D), and wnt-3A expression in the dorsal
neural keel becomes strongly reduced at later stages (Figs.
6E and 6F).

We examined whether the reduced expression of the four

FIG. 3. Analysis of cardiovascular defect. (A, B) WT sibling (A) an
situ hybridization. The major blood vessels appear to be formed no

icroinjection of fluorescent dye into the common cardinal vein. T
D9) is indicated by arrowheads. (C9) Epifluorescence view of the WT
has passed through the heart, circulated through the head, and trav
mutant embryo pictured in D, photographed 30 min after injection
regulatory genes that mark the dorsal neural keel correlated
with the loss of identifiable dorsal neural cell types in
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addition to premigratory neural crest. Rohon-Beard (RB)
sensory neurons are among the earliest cells to differentiate
in the neural keel, arising adjacent to the neural crest
(Grunwald et al., 1988). These cells can be distinguished
unambiguously as the only cells in the 24-h dorsal neural
keel that express isl-1 (Figs. 6G and 6H; Appel et al., 1995).
We counted the number of isl-1-expressing RB cells present
in the region of the neural keel corresponding to segments
2–9 and found 52 RB cells present in 14 hemisegments of a
WT embryo and 54 RB cells present in 14 hemisegments of
an aln embryo. The development of these dorsal neurons
appears completely spared in mutant embryos.

Expression of the genes marking early neural crest indi-
cated that some neural crest was likely to be generated in

mutant (B) 24-h embryos stained for flk-1 expression by RNA in
lly in mutant embryos. (C–D9) Fluid circulation was visualized by
ite of dye injection in a 26-h WT sibling (C, C9) and aln mutant (D,
bryo pictured in C, photographed about 1 min after injection. Dye
to and returned from the tail. (D9) Epifluorescence view of the aln
e was drawn into the heart, but little if any circulated further.
d aln
rma
he s
em
mutant embryos. For example, snail-2 expression indicated
that cranial neural crest appeared less depleted than trunk
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FIG. 4. Analysis of premigratory neural crest development. (A, B) One-fourth of 16-h aln/1 intercross progeny display a marked reduction

in the expression of snail-2 along the dorsal midline of the head and anterior trunk (B), compared to the remaining three-fourths (A).
Expression of snail-2 in the developing trunk somites is similar in the two classes. (C–H) Expression of markers for premigratory neural

Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.



s

d
t
s
F
b
s
(

331alyron, a Zebrafish Neural Crest Mutant
neural crest (Figs. 4I–4L). Since many structures, such as
branchial arches and cranial ganglia, are formed with con-
tributions from both neural crest and nonneural crest
sources, and since many of the available markers for these
tissues are not specific for the neural crest-derived cells, we
were unable to determine precisely the extent to which
neural crest-derived tissues do form in mutant embryos.
Three lines of evidence clearly indicate that some cranial
neural crest can migrate out of the neural tube and differ-
entiate in mutant embryos. First, the neural crest-derived
c-ret-expressing precursors of the enteric nervous system
are formed in aln mutants (Figs. 6I and 6J). Second,
goosecoid-expressing precursors of craniofacial cartilage
(Rivera-Perez et al., 1995) are also present, although abnor-
mal (Figs. 6K and 6L). Finally, direct evidence that some
cranial neural crest migrates out of the neural tube in
mutant embryos was obtained by labeling the dorsal hind-
brain with the lipophilic vital dye DiI at the time of neural
keel closure and monitoring subsequent neural crest migra-
tion under epifluorescence microscopy (Fig. 6M). Taken
together, these results indicate that in aln mutants at least
some cranial neural crest cells can migrate and differentiate
into c-ret-expressing enteric neuron precursors, goosecoid-
expressing cartilage precursors, but produce few, if any,
chromatophores.

Molecular Analysis of the alyron Insertion

The alyron mutation was first detected as a recessive
lethal mutation present in the SLAC113 transgenic line and
has never been detected in nontransgenic members of the
parental strain. The SLAC113 insertion arose after micro-
injection of EcoRI-digested pSLAC plasmid DNA (Fig. 7A)
into the cytoplasm of fertilized eggs. All plasmid DNA in
this line resides at a unique site since only a single pSLAC-
hybridizing band was detected when DNA from heterozy-

crest in the trunk and tail of sibling WT (C, E, G) and aln mutant (D
taining for trp-2 expression, which is greatly reduced in the mutan

(C, D), AP-2 (E, F), and fkd-6 (G, H) along the dorsal midline of the
progeny dissected from the yolk and mounted flat (anterior to the
neural keel is reduced in one-fourth of the embryos (J) compared
dissected from 20-h aln/1 intercross progeny doubly stained fo
ramatically reduced snail-2-expression. (M, N) Transverse section
o the top). Mutant embryos display reduced expression of snail-2
nail-2 in the somites (s) appears normal in both expression patter
IG. 5. Analysis of rostrocaudal (A–D) and dorsoventral (E–J) patte
y simultaneous staining for trp-2 expression, which is greatly red
ibling (A) and aln mutant (B) 24-h embryos. The major compartmen
d), and mesencephalon (m). The hypothalamus (∧), epiphysis (*), a
rhombomeres 3 and 5 of the hindbrain in WT sibling (C) and aln m
F) Expression of sonic hedgehog in the ventral brain and floor plat
of c-ret in primary motoneurons in the ventral spinal cord of WT s
(I, J) Transverse sections through the midtrunk of WT sibling (I) and

primary sensory neurons (rb) and primary motoneurons (pmn) appear n
number, and expression level of isl-2.
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gous transgene carriers was digested with restriction en-
zymes that fail to cleave the plasmid. Following digestion
with such enzymes, the smallest fragment of genomic DNA
that hybridized with a plasmid probe was approximately 75
kbp (Fig. 7B). Additional Southern blot analyses of genomic
DNA digested with enzymes that cleave within the plasmid
sequence indicated that the insertion site contains a com-
plex arrangement of multiple copies of the plasmid. As
illustrated in Fig. 7C, digestion of heterozygous genomic
DNA with EcoRI, an enzyme that cuts once within the
plasmid, or BsrDI, an enzyme that cuts at two closely
spaced sites in the plasmid, yielded several size classes of
fragments that hybridized with radiolabeled plasmid probe.
The majority of the hybridizing DNA migrated at the size of
the original plasmid (13), indicating that most copies of the
plasmid are arranged as direct repeats. Hybridizing frag-
ments of about twice unit size (23) were detected, consis-
tent with fusion of plasmid units accompanied by loss of
restriction sites. Other hybridizing fragments were detected
at sizes consistent with the joining of unit plasmids in
head-to-head or tail-to-tail orientations. In addition, frag-
ments of unpredicted size were detected. This last class
might indicate fragments spanning the junctions between
the insert and host chromosome or might indicate the
existence of more complex rearrangements within the plas-
mid sequences.

Potential junction fragments were identified in double
digests of genomic DNA that generated fragments of which
one end was necessarily derived from the host sequences
and one end was derived from plasmid sequences. For
example, digestion of heterozygous DNA with BsrDI, an
enzyme that cleaves within the plasmid, yielded multiple
fragments that contained plasmid sequences, including a
weakly hybridizing fragment of 10.5 kbp whose low abun-
dance and unpredicted size made it a junction fragment
candidate (Fig. 7C). Additional digestion of the BsrDI-cut

) 18-h embryos. Mutant embryos were identified by simultaneous
na. Mutant embryos display severely reduced expression of snail-2
k and tail. (I, J) Dorsal views of the heads of 12-h aln/1 intercross
. Expression of snail-2 in neural crest at the edges of the anterior
e remaining three-fourths (I). (K, L) Dorsal views of neural keels

-2 and snail-2 (anterior is to the left). Mutant embryos display
ough the nascent somite of 24-h aln/1 intercross progeny (dorsal
NA in the premigratory neural crest (arrowheads). Expression of

d level in mutants.
in the neuraxis. Prior to 24 h, aln mutant embryos were identified
in the mutant retina (C, D, G, H). Expression of zash-1A in WT

the brain are indicated by brackets: telencephalon (t), diencephalon
egmentum (l) are also indicated. (C, D) Expression of krox-20 in
(D) 18.5-h embryos, double stained with trp-2 (indicated in C). (E,
T sibling (E) and aln mutant (F) 24-h embryos. (G, H) Expression

g (G) and aln mutant (H) 18-h embryos, double stained with trp-2.
utant (J) embryos stained for isl-2 expression at 24 h. Rohon-Beard
, F, H
t reti
trun
left)
to th
r trp
s thr
mR

n an
rning
uced
ts of
nd t

utant
e of W
iblin
aln m
ormal with respect to location within the neural keel, cell body
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332 Cretekos and Grunwald
DNA with SpeI, an enzyme that cuts within the host
hromosome but not the plasmid, eliminated the 10.5-kbp
ragment and generated a new hybridizing fragment of 6.5

FIG. 6. Development of the dorsal neuraxis and some derivative
taining for trp-2 expression, which is greatly reduced in the mutan

neural keel in WT sibling (A) and aln mutant (B) 18.5-h embryos, d
the dorsal midline of the neural keel in WT sibling (C) and aln mu
Expression of wnt-3A in WT sibling (E) and aln mutant (F) 24-h em
are reduced in expression level in aln mutants. (G, H) isl-1 express
in WT sibling (G) and aln mutant (H) 24-h embryos, shown in dorsa
exhibit similar patterns of c-ret expression in cranial neural crest
anterior to the left. The trigeminal (tg), anterior lateral line (all
crest-derived precursors of the enteric nervous system (enp) are det
by goosecoid expression at 42 h, are present in abnormally small
embryos (K). (M) DiI-labeled neural crest cells (red) in the branchial
at the one- to two- somite stage and the embryo was imaged unde
bp (Fig. 7D).
Based on the analysis of plasmid sequences near the host

p
j
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peI site, a strategy utilizing linker/adapter-based PCR was
evised to clone junction sequences (see Materials and
ethods for details). PCR amplification yielded a 2.1-kbp

or to 24 h, aln mutant embryos were identified by simultaneous
ina (A–D). (A, B) Expression of pax-3 in the dorsal one-third of the
e stained with trp-2 (indicated in A). (C, D) Expression of wnt-1 at
(D) 18-h embryos, double stained with trp-2 (indicated in C). (E, F)
s. A–F indicate that several markers of dorsal neural tube identity
n dorsal spinal cord marks Rohon-Beard primary sensory neurons
w with anterior to the left. (I, J) WT (I) and mutant (J) 24-h embryos
vatives, shown in dorsal three focal plane composite views with
d posterior lateral line (pll) ganglia as well as the vagal neural
in aln mutants. (K, L) Precursors of craniofacial cartilage, marked
hes in mutant embryos (L), compared to similarly staged albino
region of a 48-h mutant embryo. DiI was applied to the neural fold
-color confocal microscopy using a Bodipy (green) counterstain.
s. Pri
t ret
oubl
tant
bryo
ion i
l vie
deri

), an
ected
patc
roduct, which was cloned and sequenced. The 2.1-kbp
unction fragment contained 324 bp of host sequence joined
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333alyron, a Zebrafish Neural Crest Mutant
FIG. 7. Molecular characterization of the aln insertion. (A) Diagram of pSLAC linearized at the unique EcoRI site. The origins of gene
sequences present in pSLAC are described under Materials and Methods. A, B, and C refer to oligomer primers used for PCR. (B) Southern
blot of aln/1 genomic DNA digested with NheI, which does not cleave pSLAC. Digested DNA was subjected to FIGE and probed with
radiolabeled pSLAC sequences. (C) Southern blot of aln/1 DNA digested with BsrDI or EcoRI and probed with radiolabeled pSLAC
sequences. 1X refers to unit size (6.0 kbp for BsrDI, 6.2 kbp for EcoRI), 2X refers to twice unit size, and HtH refers to the predicted size of
the BsrDI fragment of two units arranged head to head. (D) Identification of host–insert junction fragments. aln/1 DNA was digested with
the indicated enzymes, separated on 0.7 or 1% agarose gels, blotted, and probed with radiolabeled pSLAC. Candidate junction fragments
are indicated by arrows with approximate sizes given in kilobasepairs. (E) Orientation of sequences at a host–insert junction. (i) Restriction
map of host and plasmid-derived sequences at one junction. Junction fragments identified in D are indicated as bars above the map.
Positions of primers used to amplify junction region are indicated by arrows below the map. (ii) Diagram of the 2.1-kbp junction fragment
that was PCR amplified using primers denoted in i. Host-derived sequence (324 bp) is fused to portions of two plasmid units arranged tail

to tail. One plasmid unit has an internal deletion of about 1 kbp, and the other plasmid unit has a terminal deletion of about 2.4 kbp.
Numbers within the bars refer to basepair numbers of pSLAC indicated in A.
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to 1852 bp of pSLAC-derived sequence (Fig. 7E). The host
sequence appears novel and contains no open reading frame.
The plasmid-derived sequence contains portions of two
plasmid units arranged tail to tail, one of which displays a
1029-bp internal deletion relative to the sequence of the
original plasmid. In sum, the arrangement of sequences in
the aln insertion resembles those reported for insertions
generated by DNA microinjection into mouse embryos
(reviewed in Palmiter and Brinster, 1986; Gridley et al.,
987; Woychik and Alagramam, 1998).

Genetic Linkage and Mapping

To test the likelihood that the insertion of plasmid
sequences caused the lethal mutation, we examined the
genetic linkage between the SLAC113 transgene and the
aln mutation. In these tests we asked whether the lethal
mutation and the transgene insertion cosegregated among
the progeny of females that were heterozygous for both the
transgene and the mutation. In one test, carriers were
mated to WT partners and the somatic tissue of the F1
progeny was first analyzed for the presence of the transgene.
Subsequently, the presence of the aln mutation in the germ
line of F1 progeny was ascertained by progeny testing.
Among 137 F1 progeny that harbored the transgene, all
were found to have inherited the lethal mutation. Among
32 F1 progeny that did not harbor the transgene, all were
found to have inherited the wild-type allele of aln. In a
separate test, F1 progeny were first tested for inheritance of
the aln mutation. All 40 aln/1 F1 progeny were subse-
quently shown to have inherited the transgene. Thus, in no
case were the transgene and the aln mutation separated by
meiotic recombination (0/209 recombinants). This result
indicates that the transgene and the lethal mutation are
very close to one another, within 1.8 cM (95% confidence
limit). The simplest explanation for this observation is that
the insertion of the transgene has caused the lethal muta-
tion.

As a first step toward mapping the aln mutation, we
identified a polymorphic genomic sequence tightly linked
to the SLAC113 transgene. As expected from the sequence
of the cloned junction fragment, oligomer PCR primers
(J191; see Materials and Methods) complementary to the
host sequences present in the junction fragment amplified a
191-bp fragment from genomic DNA prepared from ho-
mozygous aln mutant embryos. In contrast, two products of
approximately 170 and 191 bp were amplified from aln/1
heterozygous DNA. To demonstrate that the genomic se-
quences detected by these primers were alleles and that the
191-bp product was amplified from host sequences linked
to the SLAC113 transgene, we analyzed the segregation of
the PCR-amplified host and transgene sequences among the
haploid progeny of an aln/1 heterozygote. Among 63 hap-
loid offspring analyzed, all 35 transgene carriers inherited
the 191-bp allele and all 28 WT siblings inherited the

170-bp allele. Thus, the J191 primers specifically detect a
genomic sequence closely linked to the aln locus. To map
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aln, we determined the segregation of the J191-amplified
sequences in a radiation hybrid panel (Kwok et al., 1998).
These analyses indicated assignment of the aln locus to the
distal arm of linkage group (LG) 15, 38 cR from markers z24
and z5223 (R. Geisler and P. Haffter, personal communica-
tion).

As the aln phenotype resembles that of mouse mutants
lacking Pax-3 or both Wnt-1 and Wnt-3a gene functions, we
determined whether aln was linked to zebrafish homo-
logues of these genes. Oligomer PCR primers specific for
the candidate genes were generated and the segregation of
each gene sequence in the RH panel was determined.
Zebrafish pax-3 and wnt-3a map to LG 2, pax-7 to LG 11,
and wnt-1 to LG 23 (segregation analysis performed in
collaboration with R. Geisler and P. Haffter). wnt-1 was
mapped previously to LG 23 by Postlethwait et al. (1998).
Since none of the candidates tested map to LG 15, aln
cannot be a mutation in one of these genes.

DISCUSSION

Insertional Mutagenesis by DNA Microinjection
into Zebrafish Eggs

The alyronz12 mutation was likely induced by insertional
mutagenesis. The mutation was first detected as a recessive
lethal mutation present in the SLAC113 transgenic line and
has never been detected in nontransgenic members of the
parental strain. The SLAC113 line was initiated by injec-
tion of linearized plasmid DNA into the cytoplasm of a
one-cell zebrafish embryo and harbors multiple copies of
plasmid DNA integrated at a single site in the host genome.
The integrated plasmid sequences cosegregate with the aln
mutation and linkage tests indicate that they map less than
2 cM from the mutation. Proof that the transgenic se-
quences have induced the mutation awaits molecular char-
acterization of the aln gene in wild-type and transgenic
genomes.

Published (Stuart et al., 1990; Culp et al., 1991; Bayer and
Campos-Ortega, 1992) and unpublished (A. Alexander, J.
Campos-Ortega, P. Gibbs, N. Hopkins, and M. Westerfield,
personal communication) accounts of previous attempts to
generate insertional mutations in the zebrafish suggest that
approximately 75 transgenic lines generated by microinjec-
tion of DNA into the cytoplasm of early cleavage embryos
have been tested for the presence of associated developmental
mutations. The present study is the first report of a lethal
mutation induced by this procedure. Thus, microinjection-
mediated DNA integration might cause insertional mutations
with a frequency comparable to that of proviral integrations
that arise following retroviral infection of embryos (1–2%)
(Allende et al., 1996; Gaiano et al., 1996).

The arrangement of integrated DNA sequences in the
SLAC113 line is similar in many details to that of trans-
genes generated in the mouse by pronuclear injection of

fertilized eggs (reviewed in Palmiter and Brinster, 1986;
Gridley et al., 1987; Woychik and Alagramam, 1998) and is
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335alyron, a Zebrafish Neural Crest Mutant
probably representative of transgenes produced by cytoplas-
mic injection of zebrafish early embryos (Stuart et al., 1988,
990; Culp et al., 1991; Bayer and Campos-Ortega, 1992).
pproximately eight copies of the plasmid have been inte-
rated into a single host chromosome site. Many of the
opies are arranged as direct repeats; however, multiple
earrangements of the plasmid sequences, including inter-
al deletions, are also present. Given the existence of
ultiple plasmid copies at the site of integration and the

ossibility that host sequences may have been rearranged
uring the illegitimate recombination events that led to
ransgenesis, it is clear that identification of a gene dis-
upted by insertional mutagenesis will often be simpler
ollowing retroviral infection than following DNA micro-
njection.

alyron Is a New Zebrafish Mutant

Our analysis of the development of a variety of tissues
and cell types in mutant embryos indicates that alyron is
phenotypically distinct from previously described zebrafish
mutants. The early reduction of premigratory neural crest
along the entire axis distinguishes aln from most neural
rest mutants (Neuhauss et al., 1996; Piotrowski et al.,
996; Schilling et al., 1996a,b; Kelsh et al., 1996; Odenthal
t al., 1996; Henion et al., 1996; Chandrasekhar et al.,
997). The effect of aln on the expression of dorsal but not
entral markers in the neuraxis distinguishes it from other
utations affecting dorsoventral patterning of the CNS

Jiang et al., 1996; Schier et al., 1996). The normal appear-
nce and number of Rohon-Beard sensory neurons distin-
uish the aln phenotype from that of mindbomb/whitetail
utants (Jiang et al., 1996; Schier et al., 1996). The previ-

usly described mutant whose phenotype most resembles
hat of aln is colourless (Kelsh et al., 1996). colourless
isplays pigmentation and ear morphology defects similar
o those displayed by aln, but genetic complementation
ests reveal that these mutations are nonallelic (C. J. Cre-
ekos and R. Kelsh, unpublished observations).

alyron Has an Early Defect in Neural Crest
Development

Many tissues are affected in mutant embryos, including
the chromatophores, the heart, the ear, and the CNS. It is
possible that the integration of plasmid sequences in the
SLAC113 line disrupted several gene functions, thereby
accounting for the pleiotropic defects exhibited by mutants.
Our results indicate that there is no compelling reason to
invoke this possibility. Many of the developmental abnor-
malities observed in alyron mutants can be traced to a
single primary defect: a reduction in the premigratory
neural crest. Analysis of snail-2, AP-2, and fkd-6 expression
indicated that premigratory neural crest was reduced along
the entire rostrocaudal axis of mutant embryos, being

nearly absent from the trunk and the tail. This finding
readily accounts for the absence of melanophores, xan-

Copyright © 1999 by Academic Press. All right
thophores, and HU antigen-positive dorsal root ganglia (C. J.
Cretekos and R. Kelsh, unpublished observations) in aln
mutants. Reduction in neural crest contributions could also
be responsible for the aberrant morphogenesis of the ear in
mutants, given that mutations in 14 other loci affecting
neural crest development in zebrafish display a similar ear
defect (Malicki et al., 1996; Whitfield et al., 1996). In
addition, our findings indicate that the failure of blood to
circulate probably results from the inability of mutant
hearts to effect the directional movement of fluid. This
defect might be secondary to a deficit in a neural crest
contribution to the heart. We have found that neural crest
descendants normally migrate into the heart in zebrafish
(Cretekos, 1998), as they do in other vertebrates, and
analysis of the Splotch (Pax-3) mutant indicates that the
neural crest contribution is required for effective heart
function in the mouse (Conway et al., 1997). Molecular
markers specific for the cardiac neural crest in zebrafish are
required to determine directly whether aln mutants are
deficient in this tissue.

Although several neural crest lineages are affected in aln
mutants, some tissues derived from the neural crest are
unaffected or only mildly affected in mutants. Because
mutant embryos exhibit developmental delay beginning at
about 22 h of development and die at about 3 days, it is
impossible to assess the ultimate differentiation of many
neural crest-derived tissues in mutants. The neural crest-
derived precursors of the enteric nervous system, which are
uniquely identifiable by their positions and their expression
of the c-ret gene (Bisgrove et al., 1997; Marcos-Gutierrez et
al., 1997), appear to be formed normally in mutant embryos.
Similarly, cranial ganglia that are formed in part with
neural crest contributions appear normal or only slightly
reduced in size in mutants compared with WT embryos
(Figs. 6I and 6L). Finally, goosecoid-expressing precursors of
head cartilage are generated, although abnormal. The find-
ing that no mutant specifically lacking all neural crest
tissue has been described in any vertebrate may mean that
multiple genetic pathways regulate induction of the neural
crest or that factors essential for all neural crest are also
required for the ontogeny of other early-arising tissues.

Role of alyron in Neural Crest and Dorsal Neural
Keel Development

alyron mutants have a severe deficit but not a complete
absence of premigratory neural crest. Despite Aristotle’s
advice that “he who considers things in their first growth
and origin . . . will obtain the clearest view of them”
(Aristotle, Politics, Book 1, Chapter 2), the mutant pheno-
type does not reveal precisely what role the gene has in
neural crest development. Lack of aln function could com-
promise the full induction, establishment of identity, or
proliferative expansion of the early neural crest.

Induction of the neural crest appears to require signaling via

BMP, FGF, and Wnt growth factors (reviewed in Baker and
Bronner-Fraser, 1997; LaBonne and Bronner-Fraser, 1998). As
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336 Cretekos and Grunwald
mesodermal and neural patterning appears normal in aln
mutants, it is unlikely that the mutation widely affects BMP
or FGF signaling in the embryo. Given our results indicating
that aln is required cell autonomously for chromatophore
evelopment, it is likely that aln functions within the earliest
ells of the neural crest lineage. Thus, if the mutation blocks
he induction process, aln might encode a neural-specific
eceptor for one of these growth factors.

If aln functions downstream of the inductive signals, the
oordinate effects of the mutation on Pax and Wnt gene
xpression make it difficult to distinguish a role in specifi-
ation from a role in proliferative expansion. The dorsal
eural tube phenotype of aln strongly resembles that seen
n both the mouse Pax-3 and the mouse Wnt-1/Wnt-3a
ouble mutant. Lack of melanocytes and cardiac neural
rest is characteristic of the Pax-3 mutant. Similarly, the
ln phenotype resembles the Wnt-1/Wnt-3a mutant in
everal respects. Both mutants exhibit a severe reduction of
igment cells, but only a partial reduction of other neural
rest-derived tissues. Overall, dorsoventral patterning ap-
ears spared in both mutants, but dorsal neural tube iden-
ity as measured by the level of Pax-3 gene expression

appears compromised in both mutants. Finally, in addition
to the defects that can be traced readily to the neural crest,
other aspects of development appear similarly affected in
the zebrafish and mouse mutants. For example, both mu-
tants display developmental retardation, and both mutants
appear to have abnormal cell death in the brain.

The finding that expression of both Wnt and Pax genes in
the dorsal neural tube is reduced in the aln mutant and in
the mouse Wnt-1/Wnt-3a double mutant (Ikeya et al., 1997)
suggests that Wnt signaling and Pax gene function regulate
each other. Given that alnz12 is unlinked to zebrafish Pax or

nt genes known to be expressed in the dorsal neural keel,
he aln mutation identifies a novel gene function. aln may
ncode a factor necessary for transmission of Pax gene
unction or Wnt signaling in the dorsal neural keel. Alter-
atively, aln may identify a new pathway that regulates Pax
nd Wnt gene expression. Molecular analysis of the gene
ill facilitate distinguishing these possibilities.
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