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SUMMARY

Vertebrate epibranchial placodes give rise to visceral neuronal differentiation and maintenance. Consequently,
sensory neurons that transmit vital information such as increased cell death is detected indicating that the placodal
heart rate, blood pressure and visceral distension. Despite progenitor cells take on an apoptotic pathway.
the pivotal roles they play, the molecular program Furthermore, ectopic expression offoxil is sufficient to
underlying their development is not well understood. Here induce phox2apositive and neurogeninpositive cells.
we report that the zebrafish mutationno soul in which ~ Taken together, these findings suggest that Foxil is an
epibranchial placodes are defective, disrupts the fork head- important determination factor for epibranchial placodal
related, winged helix domain-containing protein Foxil. progenitor cells to acquire both neuronal fate and subtype
Foxil is expressed in lateral placodal progenitor cells. In visceral sensory identity.

the absence ofoxil activity, progenitor cells fail to express

the basic helix-loop-helix genaeurogeninthat is essential

for the formation of neuronal precursors, and the paired Key words: epibranchial placoddsxil, phox2a Neurogenin,
homeodomain containing geng@hox2athat is essential for ~ Zebrafish, Visceral sensory neurons

INTRODUCTION originates from the second epibranchial placode, associates
with the IXth (glossopharyngeal) cranial nerve, and innervates
One central question in vertebrate development is howaste buds, the heart and other visceral organs. The nodose
multipotent progenitor cells give rise to diverse cell types in aganglion originates from the third epibranchial placode,
organism. Such a question is arguably more profound in thessociates with the Xth (vagal) cranial nerve, and primarily
nervous system (the central and peripheral nervous systeinpervates the heart and other visceral organs (Baker and
CNS and PNS), where many hundreds of different cell typeBronner-Fraser, 2001). Once the connectivity of visceral
exist. Whereas CNS originates from the neural tube, PNS hasnsory neurons is established, their survival and maintenance
two different origins: the neural crest and cranial ectodermaire dependent upon GDNF, a neurotrophic factor of theBTGF
placodes. The cranial placodes are discrete regions efiperfamily (Buj-Bello et al., 1995; Moore et al., 1996; Trupp
thickened columnar epithelium formed at the junction of theet al., 1995).
neural and superficial ectoderm. They give rise to diverse In contrast to the knowledge about their physiological
structures such as the anterior pituitary gland, olfactory sensopyoperties and neurotrophic dependency, the molecular
epithelium, lens, and part of the cranial sensory ganglia (Lprogram underlying the specification of visceral sensory
Douarin, 1984). neurons is just beginning to be unraveled. The bHLH
Visceral sensory neurons are derived from such neurogenti@anscription factor Neurogenin 2 (Ngn2), a vertebrate
placodes, known as the epibranchial placodes. These neurdrmamologue of thérosophilaproneural genatonal (Jan and
constitute the distal ganglia of cranial sensory nerves and cardan, 1993), is expressed in the epibranchial placodes
out important functions including transmitting information on(Gradwohl et al., 1996; Sommer et al., 1996). Its expression
heart rate, blood pressure and visceral distension from tleincides with the timing when neuronal precursors delaminate
periphery to the central nervous system. Visceral sensoffyjom these placodes, migrate dorsomedially, and aggregate to
neurons are composed of the geniculate, petrosal and noddeem the distal gangliangn2 expression is confined to the
ganglia, which are developed in a rostral to caudal sequenaedifferentiated neuronal precursors and absent in the
The geniculate ganglion originates from the first epibranchiajanglionic anlagen. In contrast to Ngn2, the paired
placode, associates with the VIith (facial) cranial nerve, aniomeodomain transcription factor Phox2a is turned on in
primarily innervates taste buds. The petrosal gangliomlifferentiating visceral sensory neurons (Tiveron et al., 1996;
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Valarche et al., 1993). Targeted disruptionngin2in mice  two recombinants and marker 213938 yielded 23 recombinants out of
results in a transient loss of neuronal fate in geniculate (VI1th}76 individualno soulmutant embryos tested.
and pertrosal (IXth) ganglia at early stages, but the For mutation detection ino sou primers specific for théoxil
development of these ganglia appear to recover at later stageSNA were used to amplify genomic DNA from pools (~10) of the
possibly due to functional compensationrignl(Fode et al., " Sou'm“éam.lg‘”d W|Idli)t|ype S'bgng e”(“bryo.s'dPCRdprOdUCtS)from

. . ’ tant and wild-type sibling embryos (two independent sets) were
1998; Ma et al., 1998; Ma et al., 1999). Nevertheless, the ladg"
of ngn2 is shown to block the dela)mination of neuronaf(}%redly sequenced by automated cycle sequencers (ABI).
precursors from the placodes and abolish their pan-neurorgime lapse confocal analysis
fate in early stage embryos, but, Phox2a activation is NQtmbryos carrying aisletGFP (green fluorescent protein) transgene
affected in these embryos (Fode et al.,, 1998). Converselyiere  anesthetized with  0.01%  ethyl-m-aminobenzoate
inactivation of phox2ain both mice and zebrafish leads to methanesulphonate (Sigma), and mounted in 3% methyl cellulose.
atrophy of visceral sensory neurons (Guo et al., 1999a; Morifhey were viewed and photographed at different stages using a Bio-
et al., 1997), but they are able to undergo general neuron@fd confocoal microscope. After viewing, they were immediately
differentiation, as is evident from their expression of panfeturned to the 28.5°C incubator. The genotype of photographed
neuronal genes (Morin et al., 1997). These analyses sugg?gibryos was subsequently confirmed by genotyping with tightly
that two distinct subprograms controlled bgn and phox2a  "<ed polymorphic Z markers.

may operate independently in determining visceral sensoRyhole-mount in situ hybridization and immunostaining
neuronal identity. The genetic mechanisms that act upstreagigoxigenin- or fluorescein-labeled antisense RNA probes were
of ngnsandphox2ain the visceral sensory lineage are currentlyprepared from linearized templates using RNA labeling reagents
unknown. (Boehringer Mannheim). Hybridization and detection with anti-
In this study, we have analyzed a zebrafish mutant nametijoxigenin or anti-fluorescein antibodies was done as previously
no soul in which the development of most visceral sensorydescribed (Guo et al., 1999b). For two-color in situ hybridization, two
neurons fails to occur. The positional candidate approacRNA probes (digoxigenin- or fluorescein-labeled) were hybridized
reveals thaho soulencodes a winged helix domain-containing Simultaneously, and developed sequentially with purple and red
protein, belonging to thfoxil subfamily. Foxil expression is substrates (Roche). After staining, embryos were cleared with
detected in the placodal progenitor cells at the neural plafdYcerl e€ither whole-mounted = or sectioned for  viewing.

. . L9 . munostaining was performed as previously described (Guo et al.,
stage, prior to their subdivision into neurogenic placodes an 99b). TUNEL staining was carried out using the ApopTag kit

the expression ofngn Subsequently, its expression is according to the manufacturer's instructions.
maintained during the period of the birth of visceral sensory

neurons. Finally, its expression is extinguished upon th®NA and RNA injection

differentiation of visceral sensory neurons. The expression @apped sense RNA was synthesized by in vitro transcription from
both ngn and phox2aare defective in theno soul mutant, linearized pCS2 plasmids. DNA plasmids or in vitro transcribed RNA
indicating that in the absence d&bxil activity, placodal for eitherquil or lacZ were microi_njecte_d at the 1- to 8-cell stage.
progenitor cells fail to express both neuronal fate and subty @Ppropriate stages, they were fixed with 4% paraformaldehyde and
identity of visceral sensory lineage. Shortly thereafterProcessed for staining. Morpholino antisense oligonucleotide specific

: : : : foxil was provided by A. Fritz, the sequence iSTAATCC-
mcreasgd cell death is detected, suggesting that in the abse CTCCCTCCAGAAACAT.3. Gene Tools, LLC standard control
of their normal developmental program, the placoda

. . ligo was used. Oligos were injected at a concentration :
progenitor cells undertake an apoptotic pathway. Furthermore, g g : GG

ectopic expression dbxil in zebrafish embryos is sufficient Protein structure modeling

to induce ectopiphox2d andngn' cells. Taken together, our A comparative model of the winged helix domain was constructed by
analyses indicate that the winged helix transcription factoMODELLER (Sali and Blundell, 1993), relying on its high (41-62%)
No soul/Foxil is an important determination factor forsequence identities to the template structures of genesis (Marsden et

epibranchial placodal progenitor cells to acquire both neuron&l-, 1997), FREAC-11 (van Dongen et al., 2000), and AFX (Weigelt
fate and subtype visceral sensory identity. etal., 2000) determined by NMR spectroscopy. The native and mutant

7-residue segments (57-63) were modeled de novo in the context of
the rest of the comparative model (Fiser et al., 2000).

MATERIALS AND METHODS

Fish stocks and maintenance RESULTS

Fish breeding and maintaining were performed as previousl . . . .

described (Guo et al., 1999b). Embryos were raised at 28.5°C ailﬁ‘feCtS of the epibranchial placode-derived visceral

staged according to Kimmel et al. (Kimmel et al., 1995). sensory neurons in the  no soul mutant

In a molecular marker-based genetic screen for mutations that
affect the development of dopaminergic and noradrenergic
neurons, we have recovered a mutant namedou) which

Mapping and cloning

AB/EK female fish carrying th@o soulmutation were crossed to

wild-type WIK male fish, and #progeny were raised to adulthood. . . : )
Genomic DNA was extracted from pools of wild-type sibling anolselectlvely disrupts one group of noradrenergic cells, the arch

mutant embryos, and PCR reactions were performed usinESSOCiated CA (AAC) cells (Guo et al.,, 1999b). Since AAC

microsatellite marker primers (Knapik et al., 1998). The genetiC€lls are thought to originate from epibranchial placodes, we
linkage of no soulto microsatellite markers was established by€xamined if the epibranchial placode-derived visceral sensory

detection of differential amplification of wild-type and mutant DNA neurons are affected by the mutation. We crossed the GFP,
pools (Knapik et al., 1998), and microsatellite marker Z1400 yieldedinder the control of thislet 1 promoter/enhancer, into thm®
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soul mutant background. Thislet 1-GFP transgene allowed no soul
direct visualization of the epibranchial placode-derived sensot
neurons, cranial motor neurons and their associated nerves,
living zebrafish (Higashijima et al., 2000). Time-lapse confoca
analysis detected the emerging VIith (geniculate) ganglia in th
26-hour postfertilization (hpf) wild-type sibling embryo (Fig.
1A,C). In theno soulmutant embryo, the VIIith ganglia were
not detectable (Fig. 1B,D). By 48 hpf, while all three
epibranchial-placode derived ganglia were observed in th
wild-type embryo (Fig. 1E,G), all were missing in the soul
mutant embryo except the most distal division of the Xtr
ganglia, which appeared to be reduced (Fig. 1F,H). The defec
persisted to later stages, suggesting thatnthesoulmutant
suffers permanent deficits of epibranchial placode-derive
visceral sensory neurons (Fig. 11,J). In contrast to viscer:
sensory neurons, the cranial motor neurons appeared
develop normally in theno soulmutant (Fig. 1B,D,F,H,J).
Taken together, these analyses indicate that niesoul
mutation causes an eradication of the Vlith and IXth and
reduction of the Xth epibranchial placode-derived viscera
Sensory neurons.

In addition to Islet-GFP analysis, we also stained embryo
with the monoclonal antibody mAb16 Al1, which recognizes
a specific epitope of the pan-neuronally expressed Hu protei
and labels cranial sensory ganglia in vertebrates (Marusich
al., 1994; Wakamatsu and Weston, 1997). We found the
consistent with the analysis with Islet-GFP, nascent neurons
the VIith (geniculate) and IXth (petrosal) ganglia are absen
and the Xth (nodose) ganglia are reduced imthsoulmutant
(Fig. 1K,L). In addition to epibranchial placode-derived
ganglia, the antibody also labels other cranial ganglia includin
the trigeminal and lateral line ganglia (Raible and Kruse
2000). The trigeminal ganglia (V), which are composed o
cutaneous sensory neurons that innervate the face and jaws i
other parts of the nervous system, appeared normal inothe
soul mutant (Fig. 1K,L). The lateral line ganglia, which
are involved in sensing water movement, however, ar
differentially affected in théo soulmutant: those that are in
close association with the VIith and IXth cranial nerves
appeared to be absent, those in association with the Xth cran
nerve appeared to be reduced, whereas those that are near
Vth (trigeminal) ganglia appeared to be preserved (Fig. 1K,L)
In addition to cranial sensory neuronal deficits, tloesoul
mutant is defective in subsets of pharyngeal arches (Guo et ¢

F P
.’W.
—

X

1999b) and show variable defects of the otic vesicles (data nFig. 1. Theno soulembryos are defective in visceral sensory neurons.
shown). They do not develop swim bladders and die aroundAnterior is to the left. Lateral views of wild-type (left) and soul
dpf. Taken together, these analyses indicate thandhsoul  (fight) embryos expressinglet GFP (A-J) or labeled with the

monoclonal antibody mAb16A11 (K-L). (A-D) 26 hpf embryos

gene is required for the development of subsets of Cranl‘showing that the VIith ganglia are not generated in the mutant, whereas

SEnsory neurons ?nd cr%nlofamal stlruc_:tures. Fhor the'tr)est o:1.t‘cranial motor neurons appear normal. (E-H) 48 hpf embryos showing
manuscrlpt,_ we locused our analysis on the epIdrancilgnat the viith and IXth ganglia are absent while the Xth ganglia are
placode-derived visceral sensory neurons to elucidate theduced. (1,J) ~3-day old embryos showing persistent defects in visceral

mechanism of action of th® soulgene. sensory neurons of the mutant. (K,L) Anti-Hu antibody labeling of 50
hpf embryos showing that the trigeminal ganglia appear normal, while

no soul encodes a winged helix domain-containing both epibranchial and lateral line ganglia are defective indtsoul

protein of the Foxil subfamily mutant. The identity of theo soulmutant embryos shown in all figures

To identify the gene that is disrupted by tieesoulmutation is confirmed by genotyping wit_h closely Iinked_ polymorphi_c markers
: . . '\ 121400 and Z13938. AD, anterior dorsal ganglia; AV, anterior ventral
\tl)ve genetlcallly map%e_d the_ mutatl()”r_1 to Ilnkakge grozulel&)G) 1‘gang|ia; M, middle lateral line; mV/mVII/mX, the Vth, VIIth, or Xth
etween p(_) ymorphic microsatellite mar_ _ers - ,an(motor neurons; ov, otic vesicle; OT, ocular and trochlear motor nuclei;
Z13938. Primers for both markers amplified two distinctp posterior lateral line; V, trigeminal ganglion: VII, geniculate

fragments using genomic DNA prepared from both parentganglion; IX, petrosal ganglion; X, nodose ganglion. Scale ba00
and wild-type sibling embryos, while amplified only one of (A-B, E-F, K-L), 70um (C-D, G-J).
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two fragments in DNA fromno soul mutant embryos, identified in an expression cDNA screen (Kudoh et al., 2001),
indicating genetic linkage (data not shown). A winged helixhas been located at this interval by radiation hybrid mapping,
domain-containing gene of the Foxil subfamily, which wasand found to be essential for otic development (Solomon et
al., 2003). Given the otic phenotypes we observed imthe
A Sib no soul soulmutant and the closeness in genetic distance beta@en
soulandfoxil, we sought to determinefiéxil is disrupted in
(DcATTAAACGAC ©cATTAAACGAC the no soulmutant. We cloned and sequendexil from the
I'\ no soul mutant embryos, as well as from their wild-type
|: siblings. This analysis revealed that tttesoulmutant carries
] n a single substitution from serine to proline at amino acid 194
I ]'Wr'“ (Fig. 2A,C). This substitution was never found in wild-type
' “"' g siblings or infoxil from other species (Fig. 2C). Furthermore,
Pro Leu Asn Asp serine-194 is an absolutely conserved residue in helix H3, the
recognition helix of the winged helix DNA binding domain
(Gajiwala and Burley, 2000). Secondary structure prediction
and comparative protein structure modeling (Sali and
Blundell, 1993; Fiser et al., 2000) indicated that the change
of the serine-194 to the helix-breaking proline residue
shortens the critical recognition helix of the winged helix
domain, which in turn is likely to destroy its ability to bind to
DNA (Fig. 2B). It is probable that approximately one half of
the crucial residues in the H3 recognition helix are not able to
interact with DNA: the number of atomic contacts at less
than 4.5 angstroms between the ab initio-modeled 7-residue
segment and DNA in thao soulmutant is less than half
of that in the wild type. In summary, both
Nos/Foxil 1 MFLEGERIM AFGQQSSCETSEL QQerIL ISNFSMYQQNLHHHgHHH P the -expe-rlmental . evidence -and theoretical
Xfoxile 1 -MNSIHLPS EQRTSAEL%H%KG =A$N ---------- FSM %ﬁg considerations provide strong evidence thahite
gz;‘;ls?s s I NLYY-—omeoe ENF CEMESH soul mutation disruptgoxil.
- Scanning of sequence databases revealed that
theno soul/foxilsequences are most similar to the

Nos/Foxil 61 A PESYAWGAEEPSTNPYLWNSPAI TS PYESSNEC Jgle]SElES ORQFL [ '$ i X :
Xfoxile 50 QANERY A ABVAPETNPYLWEGP VS ‘SSE =P ‘QRQF Xenopus foxilcgene (47.3% overall identity),
Mfkh10 18 ORATSEReCEE YEIIENPYLWLNGANTZI=PHY Lz GINASEFLEY: Y QYOR (L PE=- human HEH3 (46 9% overall identity) and

Genesis_WHD_ 1 A A
. f mouse fkh10 (46.6% overall identity). The
Smmmmmmmmmmmeeee Winged helix motif----- F : H H : H :
S CCELIEKIVRPPYS Y SALIAMAIQNEDKKLTLSQIYQYVADNFPFY greatest similarity lies in the winged helix domain,
RISIEASOIE AT ANV Ol TGRSO -NIZat:  whereas only limited similarity is detected outside
i HOEECTRERRIIREBINGRN. (i region (Fig. 2C). To verify that disruption

no soul

Nos/Foxil 121 GSA
Xfoxilc 109 CG
Mfkh10 72 --
Genesis_WHD_ 1 ------mmeemmmmeean

Nos/Foxil 181
Xfoxilc 169
Mfkh10 130
Genesis_WHD_ 42 KFP

SKAGWQNSIRHSLNDCFKKIRRDEDDPGKGNYWTLDPNCEKMFDNGNFRRADE]

SKAGWQNSIRHNLSLNDCFKKVPRDEDDPGKGNYWTLDPNCEKMFDNGNFRR i i i

SKAGWQNSIRHNLSLNDCFKKVPRDEDDPGKGNYWTLDPNCEKMFEDNGIKSDS Flg' ZfTheno .sc.)u'gene e_ncodes a nged he|_|X
________________ domain-containing protein that belongs to fitvei 1

subfamily. (A) ABI automated sequencer-produced

NOS/FoxilT 241N Pl M EVKSEMMIKLAGISELMS AEPELONEPIE B SPSAEIGRIFS chromatographs showing that the ‘Séis mutated to
Xfoxilc 229 S--AEAV [V =$R A G$G S2EN | TPESFENEYS ‘SPCLN Pro in theno soulmutant. (B) Comparative model
Mikn1o - 190 $STSSLAZEIENELLASSHIPIIEP QEIBD TASE TIITER i- BPECGUEER)  showing that the predicted conformations of the native

G is_ WHD, N ..
enesis - and mutated segment are different. The ab initio
i modeled segment is in green (the rest of the protein is
Nos/Foxil 293 §IG SIM S Gy AVRSR EGSSA € IQH(SGHIFEPPSEP! . . . . .
Xfoxile 287 FESEMTLE .___VNRQM&%V%LS '-NITGE%#AEP%LQDNS% shown in brown), the proline mutation is shown in the
Mikh10 248 FESTMANSANESESY S92 BAMGQNSUENEYIPLTNLEHGNGGERP ball-and-stick style (red), and the bound DNA is blue.
Genesis_WHD_ In the mutant model, the C terminus of the recognition
helix is shortened by one turn and the loop connecting
Nos/Foxil  341NRL_ - [I-Y [ETERINSGLINSIS FEGSE the recognition helix to the subsequBrstrand is shifted significantly relative
Xfoxilc 344 PSYYST FSETHCNNQ AREGSE . .
MfkhiO 308 VAT FALGEGSVINeLS SINT A EdE to the native model. These conformational changes decrease the extent of
Genesis_WHD_ interactions between the protein and DNA, assuming DNA is positioned as in
the template structures. (C) Sequence alignment betmaesoul/foxil
D Xenopugxfoxilc), mouse (Mfkh10) and the winged helix domaimgefesis
that was used for comparative structure modeling. The winged helix motif and
the position of th@o soulmutation are marked. (D) Confocal image showing
the control and théoxil morpholino-injected embryos. Although motor
neurons are normal, epibranchial placode-derived visceral sensory neurons are
defective as in theo soulmutant. mV/mVII/mX, the Vth, VIith and Xth motor
neurons; OT, ocular and trochlear motor nuclei; VII, geniculate ganglion; IX,
petrosal ganglion; X, nodose ganglion.

AWQNSIRHNLSLNDEKEPREMENPGKGNYWTLIGSE®

Control foxf? MO
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of foxil is the cause of visceral sensory neuronal defectBxpression of no soul/foxil
observed in thao soulmutant, we injected wild-type embryos Embryological experiments have mapped the origin of cranial
with a morpholino (MO) antisense oligonucleotide placodes to the border of neural plate and future epidermis
(Nasevicius and Ekker, 2000) specifiddail. Thisfoxil-MO (Baker and Bronner-Fraser, 2001). At the tailbud stage (~10
oligo but not the control oligo produced a phenotype that idpf), foxil expression is found in bilaterally symmetric
indistinguishable from that oho soul foxil-MO-injected domains at the boundary of lateral neural plate/epidermis (Fig.
embryos had variable otic defects and were defective iBA), suggesting that it is expressed in lateral cranial placodal
subsets of pharyngeal arches (data not shown). Furthermoppgenitor cells. As the neural tube forms, ftiné1-expressing
the visceral sensory neuronal phenotype was alsdomains become elongated and by 24 hpf, the expression of
indistinguishable from that of theo soulmutant (compare foxilis somewhat reduced but still detectable (Fig. 3D). By 36
Fig. 2D with Fig. 1F) in all the injected embryas(20), thus  hpf, its expression is still present lateral to the neural tube (Fig.
confirming thatno soulis indeedfoxil. This result also 3G). Cross sectioning showetbxil expression in the
suggests that theo soulmutation is likely to be a strong to ectodermal layer. Weak expression was also detected in a few
complete loss-of-function allele édxil. internal cells, which most likely represent delaminating
neuronal precursors (Fig. 3GBy 48 hpf,foxil
expression domain has moved ventrolaterally,
foxi1 zngni phox2a and appears to be in the pharyngeal arch
j primordia (Fig. 3M). Cross sectioning detected
foxil expression again in the ectodermal layer
(Fig. 3M). Thus, the expression patternfokil
is consistent with its role in cranial sensory
neuron and pharyngeal arch development.

As mentioned earlier, visceral sensory
neuronal lineage expresses two transcription
regulatorsngnandphox2a We compared their
expression to that ofoxil to determine their
spatial and temporal relationships. A single
zebrafishngn gene, thengn 1lis expressed in
cranial sensory ganglia (Andermann et al.,
2002; Blader et al., 1997; Cornell and Eisen,

Fig. 3. Spatial and temporal expressiomaf
soul/foxil, ngnandphox2a In situ hybridization with
antisensao soul/foxi, ngn, or phoxZR&NA probe.
Anterior is to the left, except in G and 3M inset,
where dorsal is at the top. (A-C) Dorsal view of
tailbud stage embryo showimg soul/foxil
expression in the lateral cranial placodal domain
(epibranchial and otic placodes; arrows), whijg
andphox2aare not yet detectable in this domain.
(D-F) Dorsal views of 24 hpf embryos showing
persistent expression fufxil (arrow) in the lateral
cranial placodal region, whileggnandphox2a
expression are detected in the vicinityf@fil.
(G-L) Dorsal views of 36 hpf embryos showing that
all three genes are expressed in close proximity to
one another. (Gbelow) A cross section through the
} foxil-expressing domain: the large arrow points to
foxil-expressing cells in the ectodermal layer, while
ohosoa/foxit the small arrow points to cells weakly expressing
X foxilthat are likely delaminating neural precursors.
XS (M-O) Lateral views of 48 hpf embryos. (Mbelow)
g A cross section through tliexil-expressing domain:
the arrow points to thioxil-expressing cells.
(P,Q) Double in situ hybridization showing the
— overlapping expression @xil (red) andhgn(P) or
phox2a(Q) (purple). The arrow indicates the nodose

iy / / (X) ganglionic region. (R) Double in situ hybridization showing the overlapping expression of

e B R 2 phox2a(red) andoxil (purple). All three epibranchial placode-derived sensory ganglionic regions
m"(& B . are indicated with arrows. AD, anterior dorsal lateral line; MHB, mid-hindbrain boundary; NP,

j"f.‘-"' 4 Y neural plate; NT, neural tube; O, octaval/statoacoustic ganglion; ov, otic vesicle; VII, geniculate

'{’f'\ \ * § ganglion; IX, petrosal ganglion; X, nodose ganglion. Scale baru@bQA-F, G-1), 100um (M-O),

50 um (J-L,R), 25um (G,M"), 10pm (P,Q).
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2002; Korzh et al., 1998). Zebrafighhox2a/soullessvas  mutant (Fig. 4B). In fact, they appeared to expfesgl at a
originally discovered in the same genetic screen that identifidtigher level compared to their wild-type siblings, suggesting
the no soulmutation, and is expressed in the epibranchiathatfoxil negatively regulates its own expression (Fig. 4A-D).
placode-derived visceral sensory ganglia (Guo et al., 1999a)Vhile the progenitor cells are still present in tteesoulmutant

In tailbud stage embryos, whef@xil expression is detected at this stage, we detected ngn or phox2aexpression in the

in the lateral cranial placode progenitor cells, neitheepibranchial placodes (Fig. 4E-H). Double in situ hybridization
neurogenimor phox2ais detected in this region (Fig. 3B,C), with foxil andngnor foxil andphox2afurther confirmed that
indicating thatfoxil expression precedes that of batthand  while foxil-expressing progenitor cells are still present, they
phox2a At 24 hpf, expression of bothgn and phox2awas fail to initiate the expression afgn and phox2a(Fig. 41-L).
initiated in the visceral sensory neuronal lineage (Fig. 3E,F)
and such expression was more pronounced by 36 hpf (Fi
3H,1). At this stagefoxil, ngn andphox2aare expressed in
the vicinity of one another (Fig. 3J-L). The expressiongr

is also detected in other cranial sensory ganglia (Fig. 3E,H
By 48 hpf,ngnis weakly detected in a few cells apdox2a

is expressed in many differentiating visceral sensory neuror
(Fig. 3N,0). Double in situ hybridization witlexil andngn
(Fig. 3P) orfoxil andphox2a(Fig. 3Q,R) confirmed that the
foxil-expressing domain overlaps with those rajn and
phox2a

no soul

Epibranchial placodal progenitor cells fail to initiate

ngn and phox2a expression and subsequently

disappear in the no soul mutant

To further look into the relationship betwefaxil, ngn and
phox2a we examined their expression in the soulmutant.
Sincefoxil expression precedes that of boiin and phox2a
foxil may be required to initiate their expression in the viscere
sensory neuronal lineage. Alternativelyxil may be required
to maintain the integrity of progenitor cells, that is, in the
absence ofoxil activity, the progenitor cells disappear or are
transformed to other cell types, thus, precluding thei
expression ohgn and phox2aand subsequent acquisition of
visceral sensory neuronal identity. To look into these
possibilities, we compared the state of progenitor cells an
their expression ohgn and phox2a Since the mutatedo
soul/foxilgene still gave rise to stable transcript, we used th
foxil RNA to mark the presence of progenitor cells. At 24 hpf,
thefoxil-expressing progenitor cells are present inneoul

Fig. 4. Foxil-expressing progenitor cells are present at 24 hpf but fail
to initiatengnandphox2aexpression in thao soulmutant. Anterior

is to the left in A-L, and dorsal is to the top in M-N. (A-D) 24 hpf
embryos showing that tHexil-expressing domain is still intact in the
no soulmutant and is apparently upregulated. (E-H) 24 hpf embryos
showing thahgnandphox2aexpression in the epibranchial placodes
fail to be initiated in th@o soulmutant. (I-L) Double in situ showing
that whilefoxil-expressing cells (red) are still present, they do not
expressignor phox2a(purple) in theno soulmutant. (M-P) Cross M N
sectioning through th®xil (purple)- andhox2a(red)-expressing
domain in 24 hpf embryos, showing tliaxil-expressing cells do not
appear to delaminate and ploox2d sensory neurons are generated
in theno soulmutant. (M,N) Nomarski views, (O,P) rhodamine
fluorescence. The arrows point to fbril-expressing cells in the
ectodermal layer, while the arrowhead points to cells that weakly
expresdoxil, are likely to be delaminating neural precursors, and
overlappingphox2a+epibranchial sensory neurons. AD, anterior
dorsal lateral line; MHB, mid-hindbrain boundary; NP, neural plate;
NT, neural tube; O, octaval/statoacoustic ganglion; ov, otic vesicle;
OT, ocular and trochlear motor nuclei; VII, geniculate ganglion; IX,
petrosal ganglion; X, nodose ganglion. Scale bar t0@A-B, E-H),
50um (C-D, I-L), 40pm (M-P) 25um.
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Consistent with the lack ohgn and phox2a expression, anteriorly locatedfoxil-expressing progenitor cells were no
sectioning analysis offoxil and phox2a double-labeled longer present in the mutant (Fig. 5A,B). At this and later
embryos revealed thdoxil-expressing epibranchial placode stages, thegn-andphox2aexpressing ganglia were absent in
progenitor cells fail to delaminate and subsequently fail taghe VIith and IXth ganglionic regions, and much reduced
expressphox2a (Fig. 4M-P). Taken together, this analysisin the Xth (Fig. 5C-F,1,J). The expression phox2h a
suggests that in the absencd®fil activity, visceral sensory downstream target gene phox2ain some cell types and a
progenitor cells fail to initiate the expression mgn and regulator ofphox2ain other cell types (Pattyn et al., 1997) is
phox2a In addition, thengnexpression in lateral line placodes abolished in the VIith and IXth ganglia. However, its
was also absent in tm® soulmutant (Fig. 4F), suggesting that expression in the Xth ganglion is largely unaffected by the
foxil is also required to regulate the development of thesmutation (Fig. 5G,H), suggesting thathox2b may be
placodes. independent ofoxil and phox2ain at least subsets of the
While foxil-expressing progenitor cells are present in the 2é0dose ganglion. Taken together, these analyses favor the
hpf no soulmutant embryos, by 36 hpf, it is clear that thehypothesis thafoxil is required to initiatengn and phox2a
expression in the epibranchial placodes, and the failure to do
so leads to the disappearance of progenitor cells.

WT no soul
. . 3 Increased cell death in the lateral cranial placodal
A 2 'm 2 ' "\*‘ region of the no soul mutant
LN \ bl i =F To look into the disappearance fokil-expressing progenitor
_gw E’“"P\ cells in theno soulmutant, we carried out TUNEL labeling to
=+ I P » determine if these cells undergo apoptosis. As described above,
foxif W el foxil * ' the foxil-expressing progenitor cells are still present inrthe

soul mutant at 24 hpf (Fig. 4B). At this stage, the pattern of
cell death appeared comparable in the mutants and their wild-
type siblings (Fig. 6A-D). However, 4 hours later, at 28 hpf,
we observed an increased number of TUNEEIS in the
vicinity of the VIIth and 1Xth ganglionic regions in tim@® soul
mutant (Fig. 6E-H). Some TUNELcells posterior to the otic
vesicle and in the vicinity of the Xth ganglia were also
detected. By 36 hpf, when thaxil-expressing progenitor cells
are absent in the region of the VIIith and IXth ganglionic
regions, TUNEL cells were no longer detected in these
regions. This is consistent with the observation that dead cell
are cleared quite rapidly in zebrafish (Cole and Ross, 2001).
Instead, we saw increased TUNH&tells in the Xth ganglionic
region (Fig. 61-L). This analysis suggests that upon the failure
to initiate their normal developmental program, the progenitor
cells undergo apoptosis.

Faw

No soul/Foxil is sufficient to induce  phox2a* and
ngn* cells at ectopic locations

J Given thatno soul/foxilis required to initiate the normal
or development of visceral sensory neurons, we next asked if it
e is sufficient to do so. We injected wild-tygexil RNA or
s DNA into one- to eight-cell stage zebrafish embryos and
5 analyzed the expression afgn and phox2a by in situ
phox2a ' phox2a - hybridization. At low concentrations (~10 pgfor |n_Je_cted
DNA constructs or ~50 ngl for injected RNA), the injected
Fig. 5.no soul/foxitexpressing cells later disappear in tieesoul embryos appeared morphologically normal, and we did not
mutant. Anterior is to the left. (A-B) 36 hpf embryos labeled with ~ observe ectopic expression of eitimgn or phox2a(data not
foxil showing that the anteriorly locatéakil-expressing cells are shown; n=100). However, when we increased the
absent in th@o soulmutant. (C-F) 36 hpf embryos labeled witn ~ concentration ofoxil (~30 ngful for injected DNA constructs
(C,D) andphox2a(E-F) showing their expression in the visceral or 200 ngyl for RNA), ectopicphox2d (~50%,n=50) and
sensory neurons are Iarggly absent._(G,_H) 36 hpf embryos labeled ngmt (~40%, n=50) cells were detected (Fig. 7C,D). In
with ﬁ’.hO.Xstho"‘t””ght.Tat.t'ts EXpression '”ﬂt]hex\t/r']'th a”? IXth addition, the injected embryos showed morphological
anglia I1s absent, wnile Its expression in the anglia appear : .
gorr%al in the mutant. (1,J) 60 Fr)1pf embryos Iabeleg wi%beapp deformlt_y. Tp determln_e Wh‘?thef the ectophDXZaandngn
expression is due tfwxil or is secondary to morphological

showing that the deficits continue in the soulmutant. AV, anterior N . e R -
ventral lateral line; MHB, mid-hindbrain boundary; O, deformity, we carried out double in situ hybridization with

octaval/statoacoustic ganglion; OT, oculomotor and troclear motor foxil andphox2aor foxil andngn Indeed, ectopiphox2&
nuclei; VII, geniculate ganglion; IX, petrosal ganglion; X, nodose ~ and ngr* cells were located in the region that ectopically
ganglion. Scale bar: 1Q0m. expressedfoxil (Fig. 7E,F). These data suggest thmtt

ydy 09
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Jdy vz

pajoalul-|1xo-

' ‘Q 4 i,
foxi1/phox2a e Y foxil/ngn

Fig. 7. Ectopic expression doxil. Anterior is to the left.

(A,B) Dorsal views of control embryos labeled withox2aandngn
antisense RNA probes, respectively. (C-F) 24fbpifl-injected
embryos, labeled with (Jhox2a showing ectopiphox24 cells on
the yolk surface (arrows); (Dign showing ectopiagn® cells on the
yolk surface (arrow); (Efpoxil (red) andphox2a(purple), showing
thatphox24 cells do express ectopiaxil; (F) foxil (red) andhgn
(purple), showing thatgn' cells do express ectoffioxil. Scale bar,
100pm.

Jdy gz

DISCUSSION

The development of visceral sensory neurons represents a
simple model system to examine the molecular mechanisms
that control progenitor cell commitment and differentiation.
Here we report that through a systematic genetic screen, we
have identified a mutation namet sou) in which the
development of visceral sensory neurons is severely disrupted.
We further show thamo soulencodes Foxil, a winged helix
domain-containing transcription regulator that is expressed in
the placodal progenitor cells. Our analyses suggest that Foxil
Fig. 6. TUNEL staining of whole-mount wild-type (left) amb soul activity is required for the coordinated expression of both
mutant (right) embryos. C,D,G,H KL are higher magnification viewsneuronal fate and subtype identity in the visceral sensory
of A,B,E,F,1,J, respectively. (A-D) 24 hpf embryos showing lineage: in the absencefokil activity, the placodal progenitor
comparable TUNEL staining in wild-type and soulmutant _cells fail to express bothgn and phox2a and subsequently
embryos. (E-H) 28 hpf embryos showing increased TUNEL Sta'n'ngundergo apoptosis. Furthermore, ectofixil expression

in the anterior lateral cranial placodal region. (I-L) 36 hpf embryos . - .
showing increased TUNEL staining in the posterior cranial placodal !nduces ectopiphox2d a”dﬂg.r“ Ce”.si suggesting that _at least
region. MHB, mid-hindbrain boundary: ov, otic vesicle. Scale bar: N Some cellular contextxilis sufficient to promote visceral

100um (A,B,E,F,1,d), 5Qum (C,D,G,H K,L). sensory neuronal development (Fig. 7). Taken together, our
work identifies an important upstream regulatory molecule that

controls both pan-neuronal character and subtype identity in

visceral sensory neurons (Fig. 8) and supports the emerging

soul/foxilis sufficient to inducgohox2& and ngnt cells at  view that multi-faceted transcriptional cascades are crucial for

ectopic locations. It is worth noting that the ectopimx2a&  the generation of diverse neuronal types from initially

andngnt cells were largely confined to the yolk surface (non-multipotent neural progenitor cells (Anderson and Jan, 1997,

neural ectoderm), and only a small number of cells becantedlund and Jessell, 1999).

phox2a or ngn* within the ectopidoxil-expressing domains o o

(Fig. 7C-F). These observations are consistent with the fadfanscriptional control and the role of  foxi1 in

that not all endogenousxil-expressing cells becanmgn* determining epibranchial placode-derived visceral

and phox2a&, and further suggest thabxil needs to S€Nsory neurons

cooperate with additional signals to determine visceraDifferential regulation of gene expression is essential to the

sensory neurons. control of development. In the case of epibranchial placodes,
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A of foxil activity, while foxil-expressing progenitor cells are
@ Foxit still present in the@o soulmutant, they express neithegnnor
phox2a Thusfoxilis required to coordinatgyn-mediated pan

(O Neurogenin ) - - .
neuronal fate andphox2amediated subtype identity in

§Phoca placodal progenitor cells. Sincfoxil encodes a putative
transcription regulator, a simple mechanism would be that
B Wt nosou C . foxil could directly activate the transcription ofgn and
N sauikod! phox2a The fact that thdoxil-expressing domain is much
OO / \\, broader than that afgnandphox2asuggests thdbxil needs
Neurogenin  Phox2a Apoptosis to cooperate with yet unidentified factors to turn on the
expression ofngn and phox2a Bmp7 from the pharyngeal
0 O ‘ - endoderm has been shown to be an inducing factor for
Fian-neufonal ute: Sultype iceniity epibranchial placodes (Begbie et al., 1999). It will be important
ﬁ @ \ / in the future to determine fioxil is regulated by Bmp7 in
Visceral sensory neurons zebrafish.
It is worth noting that in the absence faixil activity,

Fig. 8. Schemata depicting the rolefokilin visceral sensory pIacodaI.progemtor cells qppar_ently undergo apopt93|s. This
neuron development. (A) Amorigxil-expressing cells (red), observqnon suggests thaixil is mv_olved in suppressing the
neuronal precursors delaminate and expngsgyellow) andphox2a ~ @poptotic pathway in these progenitor cells. Since nébxill-
(green) to adopt epibranchial sensory identity. Foxil expression in €Xpressing cells undergo apoptosis in ieesoulmutant, it
the placodal progenitor cells coordinate the expressiogménd appears unlikely thafoxil directly represses pro-apoptotic
phox2a which regulate neuronal fate and subtype specification, genes. Rather, apoptosis may be an alternative pathway when
respectively. (B) Dorsal views of tiiexil-expressing domain (red),  the normal developmental program is not initiated. Whereas it
ngrrexpressing domain (yellow), apthox2aexpressing domain is not well understood how progenitor cells choose to
(green). thdoxil-expressing domain in the tail bud stage embryos gjfferentiate or undergo apoptosis in vertebrates, it has been
(09 eines e esbyancil (o) placodal progentcr Sl reparte hat progenior cels can iher undergo autonomic
g P b P neurogenesis or apoptosis in culture in response to different

rostral to caudal sequence (middle, 24 hpf; bottom, 32 hpf). Inche . .
soulmutant, epibranchial placodal progenitors cells are born but thefoncentrations of TG (Hagedorn et al., 2000), suggesting

neuronal specification fails to occur, resulting in the subsequent losghat progenitor cells can adopt distinct fates in response to
of placodal progenitor cells by apoptosis and absence of visceral ~ different extrinsic signals.
sensory neurons at later stages. The nodose ganglion may be formed ) ) )
by foxil-independent mechanisms or by compensation from other FOXxil as a forkhead related winged helix domain-
cell lineages. (C) Hierarchical regulation in visceral sensory neuronatontaining transcription factor
determination. Winged helix domain (also known as the forkhead domain)
was originally found in th®rosophila forkheadyene and the
rat hepatocyte nuclear factor GHNF-3), which function in
a few transcription factors have been identified, including théetermining terminal structures in tHgrosophila embryo
bHLH factorngn the paired homeodomain factox2a and  (Weigel et al., 1989), and in controlling gene expression in the
the homeodomain proteitix (Andermann and Weinberg, liverin mice (Lai et al., 1990), respectively. Subsequently more
2001; Qian et al., 2001) that appears to act later in thian 100 winged helix domain-containing genes have been
differentiation of these neurons. Studiesngi and phox2a identified in species ranging from yeast to human, which serve
reveal thatngn is required to determine generic neuronalsuch diverse functions as early patterning, differentiation and
identity (e.g. the ability to outgrow axons and dendrites) busurvival (refer to http://www.biology.pomona.edu/fox.html).
does not affect the subtype identity (e.g. neurotransmitteX-ray and solution NMR structures of a number of winged
phenotype and connectivity pattern) in the epibranchiahelix proteins have been determined. These studies identify the
placode-derived sensory neurons, whemasx2ais essential H3 recognition helix as the most important DNA-binding
for the subtype differentiation of epibranchial placode-derivegortion of a winged helix (Gajiwala and Burley, 2000).
visceral sensory neurons but not their pan-neuronal identit)lutations in this region completely abolish DNA binding
These studies suggest that generic neuronal fate and neuroffalevidence et al., 1993). Here we show that mioe soul
subtype identity may be controlled by different subprogram#nutation lies in the H3 helix, changing a conserved serine to
in vertebrates (Anderson, 1999; Bertrand et al., 2002). Thegroline. Our comparative modeling analysis strongly suggests
also raise the question as to what the upstream regulatoityat theno soulmutation would disrupt DNA binding and thus
factors are and whether they would be required for th&he regulation of downstream target genes. Furthermore, the
coordinated expression of these subprograms. morpholino experiment phenocopied tm® soul mutant
Whereas factors likelig2 (Mizuguchi et al., 2001; Novitch phenotype. Taken together, we believe that itiwe soul
et al., 2001; Zhou et al., 200Mashlandphox2b(Pattyn et mutation probably represents a severe to complete loss of
al., 1999) have been identified that coordinate pan-neurontinction allele offoxil
fate and subtype identity of motor neurons and autonomic Based on the similarity within the winged helix domain, the
ganglia respectively, molecules that carry out such function iwinged helix domain-containing proteins are further classified
the cranial sensory neuronal lineage have not been identifié#fo more than 15 subfamilies. Relatively little is known about
Our study suggests thimixil is one such factor. In the absencethe expression pattern and function offited1 subfamily. Our
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study withno souldemonstrates thdibxil is required for the  Anderson, D. J.(1999). Lineages and transcription factors in the specification
development of zebrafish epibranchial placode-derived visceralof vertebrate primary sensory neuro@sirr. Opin. Neurol9, 517-524.

sensory neurons. The expressiorb(ehopus foxildas been Anderson, D. J. and Jan, Y. N(1997). The determination of the neuronal
phenotypeln Molecular and Cellular Approaches to Neural Development

recently reporte_d (Pohl_ et al., 2002). S|.m|Iar to our f|nd|_ngs, (ed. W. M.Cowan), pp. 26-63. New York: Oxford University Press.

the XenopusgFoxilc is initially expressed in an epidermal ring Baker, C. V. H. and Bronner-Fraser, M.(2001). Vertebrate cranial placodes.
around the neural field, and subsequently, is exclusively I. Embryonic inductionDev. Biol.232, 1-61. _
localized to placodal precursor cells. The targeted disruptioBegPie. J., Brunet, J. F., Rubenstein, J. and Graham, 41999). Induction

: ; ; of the epibranchial placodeBevelopmeni26, 895-902.
of a probable homologudskh10 (Foxil), in mice leads to Bertrand, N., Castro, D. S. and Guillemot, F(2002). Proneural genes and

defects in inner ear deve|0pmer]t (Hulander et al., 1998). OtiC e specification of neural cell typ@¢at. Rev. NeuroscB, 517-530.
defects were also observed in tin®@ soul mutant (our Blader, P, Fischer, N., Gradwohl, G., Guillemot, F. and Strahle, {1997).
unpublished observation)_ Furthermore, otic defects were well The activity of Neurogenin 1 is controlled by local cues in the zebrafish
characterized in theearsaymutation, which is another allele _ €mbryo.Development24, 4557-4569. .

- - - . Buj-Bello, A., Buchman, V. L., Horton, A., Rosenthal, A. and Davies, A.
of fOX':,l (SOIOmon et al, 2003)' It will be mter_estlng_ to M. (1995). GDNF is an age-specific survival factor for sensory and
determine whethdfkh1Oor a related forkhead gene is required  autonomic neuronsleuron1s, 821-828.
for the development of visceral sensory neurons in mice.  Clevidence, D. E., Overdier, D. G., Tao, W., Qian, X., Pani, L., Lai, E. and

Costa, R. H.(1993). Identification of nine tissue-specific transcription

Differential effects of no soul on subgroups of factors of the hepatocyte nuclear factor 3/Forkhead DNA-binding-domain
visceral Sensory neurons family. Proc. Natl. Acad. Sci. US90, 3948-3952.

. . Cole, L. K. and Ross, L. S(2001). Apoptosis in the developing zebrafish
Visceral sensory neurons include the geniculate, petrosal antembryo.Dev. Biol.240, 123-142.
nodose ganglia, which have distinct but also overlappin@ornell, R. A. and Eisen, J. S.(2002). Delta/Notch signaling promotes
Connectivity patterns. Fate mapping experiments show thatformation of zebrafish neural crest by repressing Neurogenin 1 function.
they all derive from the epibranchial placodes (Baker and Development 29, 2639-2648.

. dlund, T. and Jessell, T. M.(1999). Progression from extrinsic to intrinsic
Bronner-Fraser, 2001). However, in th@soulmutant, we saw signaling in cell fate specification: a view from the nervous sy<Beih96,
a differential effect on these neurons: whereas the geniculatez11-224.
and petrosal neurons fail to develop, the nodose ganglia afriser, A., Do, R. K. and Sali, A.(2000). Modeling of loops in protein

; ; i structuresProtein Sci9, 1753-1773.
partially .Spar.ed' Irjterestlngly, I‘.IOdOS.e ganglia were also Ie‘lg—sode, C., Gradwohl, G., Morin, X., Dierich, A., LeMeur, M., Goridis, C.
affected in mice with l:arge"ed disruptionr@n 2 (Fode et al., and Guillemot, F. (1998). The bHLH protein Neurogenin 2 is a
1998) ancphox2a(Morin et al., 1997). These analyses suggest determination factor for epibranchial placode-derived sensory neurons.
that although the three distal ganglia share a developmentaNeuron20, 483-494.
Oi"igin7 different mechanisms may Operate in theirGajiWala, K. S. and Burley, S. K.(2000). Winged helix protein€urr. Opin.

; ; ; ; Struct. Biol.10, 110-116.
determination. Interestlngly, we observed that unllkeGradwohl, G., Fode, C. and Guillemot, F(1996). Restricted expression of

geniculate and petros"?‘l gan.g_lia, which expphngapriqr to a novel murine atonal-related bHLH protein in undifferentiated neural
phox2h nodose ganglion initiatgzhox2bexpression prior to precursorsDev. Biol. 180, 227-241.

that of phox2a Therefore, it is possible that the commitmentGuo, S., Brush, J., Teraoka, H., Goddard, A., Wilson, S. W., Mullins, M.
and differentiation of at least subsets of nodose ganglion isC- and Rosenthal, A.(1999a). Development of noradrenergic neurons in

. ioe : . the zebrafish hindbrain requires BMP, FGF8, and the homeodomain protein
under the control of yet unidentified regulatory hierarchies. Soulless/Phox2a\euron24, 555.-566.

Alternatively, other neural progenitor populations are able t@uo, s., wilson, S. W., Cooke, S., Chitnis, A. B., Driever, W. and
compensate for the loss of epibranchial placode-derived Rosenthal, A.(1999b). Mutations in the zebrafish unmask shared regulatory
nodose progenitor cells. For example, compensation from pathways controlling the development of catecholaminergic neubEns.

; ; - Biol. 208 473-487.
Cardlac neural crest cells has been preVIOUS|y rePorted. I—rﬂa edorn, L., Floris, J., Suter, U. and Sommer, L(2000). Autonomic
animals whose nodose precursors have been ablated (Harriso urogenesis and apoptosis are alternative fates of progenitor cell
et al., 1995). communities induced by T@FDev. Biol.228 57-72.
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