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SUMMARY

The formation of somites, reiterated structures that will
give rise to vertebrae and muscles, is thought to be
dependent upon a molecular oscillator that may involve the
Notch pathway. hairy/Enhancer of split related[E(spl)-
related (her or heg genes, potential targets of Notch
signaling, have been implicated as an output of the
molecular oscillator. We have isolated a zebrafish
deficiency,b567 that deletes two linkedher genesherl and
her7. Homozygous b567 mutants have defective somites
along the entire embryonic axis. Injection of a combination
of herl and her7 (herl+7)morpholino modified antisense
oligonucleotides (MOs) phenocopies theb567 mutant
somitic phenotype, indicating that herl and her7 are
necessary for normal somite formation and that defective
somitogenesis ib567mutant embryos is due to deletion of
herl and her7. Analysis at the cellular level indicates that
somites in herl+7-deficient embryos are enlarged in the
anterior-posterior dimension. Weak somite boundaries are

often found within these enlarged somites which are
delineated by stronger, but imperfect, boundaries. In
addition, the anterior-posterior polarity of these enlarged
somites is disorganized. Analysis oherl MO-injected
embryos and her7 MO-injected embryos indicates that
although these genes have partially redundant functions in
most of the trunk region, herl is necessary for proper
formation of the anteriormost somites ancher7is necessary
for proper formation of somites posterior to somite 11. By
following somite development over time, we demonstrate
that her genes are necessary for the formation of alternating
strong somite boundaries. Thus, even though two potential
downstream components of Notch signaling are lacking in
herl+7-deficient embryos, somite boundaries form, but do
so with a one and a half to two segment periodicity.

Key words: Paraxial mesoderm, Presomitic mesoderm,
Somitogenesis, Notch signalinttgrl, her7, Zebrafish

INTRODUCTION underlies much of the segmentation of the adult. Many models
of somitogenesis propose the existence of oscillatory behavior
Segmentation of the body is a feature of development comman the PSM as one method of creating pattern from an
to many animals. There are at least two modes of segmentati@guivalent field of cells. In the ‘clock and wavefront’ model,
the division of an existing tissue and the sequential divisiocells in the PSM cycle between permissive and nonpermissive
of a continuously growing tissue. Within the insects,states (the ‘clock’) (Cooke and Zeeman, 1976). When this
segmentation in long germ band insects involves the divisioftlock’ interacts with a ‘wavefront’ (a maturation signal that
of an existing tissue whereas segmentation in short germ batells cells to segment), cells in the anterior PSM in the
insects is an example of the latter mode. During vertebrajgermissive state form a somite. Presumptive somites, as well
development, rhombomeres form from an existing field of cellss formed somites, comprise an anterior compartment and a
in the hindbrain, but somites form from a continuouslyposterior compartment (Keynes and Stern, 1988) (reviewed by
proliferating field of cells. As it is not yet clear if the Hirsinger et al., 2000). This has led to the suggestion that a
segmentation of long germ band and short germ band inseasmite boundary may be specified at the juxtaposition of
reflects conserved mechanisms (reviewed by Davis and Patahterior and posterior cell fates (Meinhardt, 1986; Durbin et
2002), it is an outstanding question as to whether there is a@ay., 1998; Durbin et al., 2000). In Meinhardt’s model, cells
conservation of segmentation strategies between insects aostillate between anterior and posterior cell fates (Meinhardt,
vertebrates. 1986). A single cell expresses one cell fate and instructs
The anterior to posterior formation of somites from theneighboring cells to adopt the opposite fate. This gives rise to
presomitic mesoderm (PSM) is a highly dynamic process thatscillations in the PSM that generate stable stripes of cells
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expressing anterior and posterior fates in the anteriormobbundary, demonstrating thierl and her7 are essential for
PSM. A somite boundary would then form at the juxtapositiomormal segmentation in zebrafish.
of anterior and posterior cells.
One pfithway @hat_ has been |mpl|qated as playmg. a _role WIATERIALS AND METHODS
biochemical oscillations that underlie somitogenesis is the
Notch signaling pathway. Homozygous null mice for the Notclyeprafish mutant alleles, stocks and husbandry
pathway me,mbe'NOtch Dlll{ RBPJK. presenllln' andLunatic Zebrafish embryos were obtained from natural spawnings of adult fish
fringe all display defects in somite formation (Hrabe deyept at 28.5°C on a 14 hour light/10 hour dark cycle and were staged
Angelis et al., 1997; Conlon et al., 1995; Oka et al., 1995;ccording to Kimmel et al. (Kimmel et al., 1995). The homozygous
Zhang and Gridley, 1998; Evrard et al., 1998; Koizumi et al.b567 mutation was isolated during a large scale mutagenesis screen
2001). In zebrafish, most of the fused somites class aff haploid progeny of Ffemales derived frony-ray mutagenized
mutations, includingafter eight/deltaD that are neurogenic males (see Walker, 1999). At approximately 10-11 hours post-
and thought to disrupt the Notch pathway, produce defects f@rtilization (hpf), 20 haploid embryos from each clutch were fixed
somitogenesis (van Eeden et al., 1996; van Eeden et al., 1998ernight in 4% paraformaldehyde (PFA) in phosphate-buffered
Holley et al., 2000; Gray et al., 2001). sahn_e_(PBS) and dechorionated. Embryos were processed by in situ
The most compelling evidence for a molecular oscillator i ybridization to detect transcripts of six genatching gland 1

; . - hggl (Thisse et al., 1994jloating head(flh) (Talbot et al., 1995),
the PSM was the discovery that a chick homologrosophila pax2.1(Krauss et al., 1991yalentino(val) (Moens et al., 1998jkh6

hairy, called hairyl, was expressed in a dynamic patterniogenthal and Nusslein-Volhard, 1998), anerl (Miller et al.,
(Palmeirim et al., 1997). During somitogenesigiryl is  1996). In situ hybridization was performed as described below, either
expressed in successive posterior-to-anterior waves @f Eppendorf tubes or in BEEM capsule baskets (see Moens et al.,
expression, with each wave having a periodicity of the time&996). We focused on mutations that specifically disrupéstigene
needed to make one somite. The dynamic expressiomigflL  expression and describe one mutatis67.

is not dependent upon protein synthesis, suggestinpdfrsi . .
expression is an output of the clock rather than part of the clodg2PPing the  b567 deficiency .

itself (Palmeirim et al., 1997). Since then, several other genddVA samples were prepared frobb67" and b567" diploid and

AR P : aploid embryos (Postlethwait et al., 1994). PCR ulserd mapping
have been shown to have a similar ‘cycling’ expression patterprimers (forward 5CAATCCTCTCAACCACGGAC-3 and reverse

including hes herandheyfamily members in zebrafish, chick 5_AcaGcAAAGACCCCAGAACA-2) amplified the expected 638

and mouse (Holley et al., 2000; Jouve et al., 2000; Leimeistgf, product from 285567 embryos and failed to amplify a product

etal., 2000; Bessho et al., 2001a; Bessho et al., 200hBJic  from 18b567 embryos. Other Linkage Group 5 (LG5) markers were

fringe in chick and mouse (McGrew et al., 1998; Forsberg egimilarly tested to estimate the size of the deficiency. Primer

al., 1998; Aulehla and Johnson, 1999), alelta homologs sequences used for mapping (Fig. 1) can be retrieved from the

(deltaCanddeltaD) in zebrafish (Jiang et al., 2000). Zebrafish Information Network (ZFIN), the Zebrafish International
We have undertaken a genetic approach to understanding tResource Center, University of Oregon, Eugene, OR 97403-5274;

role of hairy/E(spl}related her) genes during somitogenesis World Wide Web URL: http://zfin.org/ (see Sprague et al., 2001) or

in zebrafish. We have isolated a deficiern®67, that deletes oM the authors.

both herl and(?er? bgerf1_eﬁ. (I_Eike octjhe; Nf)tcrgggth\évay ml_JtatmslMorpholino injections

In mouse and ze ra} 1S vrard e E.‘ " » Kusumi €t aly,,mholino-modified  antisense  oligonucleotides  (MOs)  were

1998; Zhang and Gridley, 1998; Durbin et al., 2000; Holley eaesigned and synthesized by Gene-T%oIs, LCC. Antis(ense)sequences

al., 2000; Jiang et al., 2000) and the moHigs7knockout  and locations relative to the start site are:

(Bessho et al., 2001d)567mutant embryos show a disruption  herlaMO, 5-GACTTGCCATTTTTGGAGTAACCAT-3 location:

in somite anterior-posterior (AP) polarity. This disruption is+1 to +25;

phenocopied by injection of MOs (Nasevicius and Ekker, herlbMO, 5-ACACCTTCAGTATTGTATTCCCGCT-3location:

2000) againsherl+ her7. The abnormal expressionadéltaD  —49 to —24; .

and deltaC in herl+7 MO-injected embryos indicates that Ner7aMO, S-TCAATGAGGATATGATTCCAGAAAA-3' location:

coordinated expression afelta cycling genes requireber =50 t0 25 ) .
genes. Thusherl and her7 may feed back into the clock as her7lbMO 5-TTTCAGTCTGTGCCAGGATTTTCAT-3 location:

+1 to +25;

well as being a potential output of the clock. Injection of either °y o4 MO 5-AGGAGTCATTGCTGTGTGTCTTGTG-3 location
herlorher7MOs indicates a partial functional redundancy for_;g tg +9.

these genes. Howevdrerlis necessary for the formation of  MOs were solubilized in water to a stock concentration of 50
the most anterior somite boundaries &7 is required for  mg/ml. The stock solution was diluted to a working concentration of
the normal formation of more posterior somite boundaries. 10.5-5 mg/ml in ¥ Danieau solution as described (Nasevicius and
contrast to the fused somites-type mutabées des and Ekker, 2000) and supplemented with 0.1% Phenol Red (Sigma). In
aei/deltaD where a number of anterior somites are spareda,xperiments where several MOs were injected together, the diluted
somitic defects inb567 mutant and MO-injected embryos single Dar)iea.u _MQ solutions were mixed in equimqlar concgntrations
span the entire body axis. In bot567 mutant embryos prior to microinjection. Zebrafish embryos were injected with 2-3 nl

s . . _of the Danieau MO solution or Danieau control (no morpholino) at
and herl+7 MO-injected embryos, all somites are larger Nipe 1-4 cell stages. Note thhérl MO-injected embryos refers to

the AP dimension than wild-type somites. These enlargemeryos injected wittherlaandherlbMOs andher7 MO-injected

somites are delineated by stronger boundaries with at leaghpryos refers to embryos injected witer7aandher7bMOs.
one weak boundary attempt within the large somite. Thus,

herl+7-deficient embryos have an ‘alternating boundary’In situ hybridization and immunocytochemistry
phenotype of strong boundary/weak boundary/strongvhole-mount in situ hybridization was performed as previously
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described (Jowett, 1999). F59 was used to visualize myosin fibel
previously described (Crow and Stockdale, 1986; Devoto et al., 19 A
[-catenin antibody staining was performed as described (Topczev

et al., 2001). The original micrographs @fcatenin staining were
inverted in Adobe Photoshop to facilitate visualization of tl
pseudocoloring (also performed in Adobe Photoshop).

~ LG 5

E l_ {0 cM; 0 cR)

z1167 (58.7 cM; 2723 cR)

Analysis of somite development

Live 14- to 18-somite embryos were mounted on a double-brid
slide (a coverslip with 2 adhereduin coverslips) in 0.004% Tricaine
in embryo medium (Westerfield, 1995). The embryos were tt
viewed in succession under the microscope. An acetate sheet
taped to the monitor and the somites traced. Somite bounc
formation was judged by focusing medially and laterally to gair
three dimensional view of boundary formation. Strong boundat
were denoted with solid lines and weak boundaries were denoted
dashed lines. New acetate sheets were used for additional time p
At the conclusion of the time lapse, these sheets were aligned
each other (the yolk plug and tail were also traced to facilit
alignment), taped on a computer monitor, and traced using Ad
Photoshop.

z3804 (64.4 cM; 3874 cR)

Jak2b (68.4 cM)

z22250 (72.7 cM; 3737 cR)
z14143 (77.2 cM; 4000 cR)
fb55b08 (77.8 cM)
fc52d05 (78.5 cM; 4028 cR)
fb36h09 (79.1 cM; 4042 cR)
fb18a08 (79.7 cM; 4053 cR)

her1, her7, ndr3, 24299, 211632,
fb54d10, fa08h08, fc52f06, fb79f05

(79.8-83.6 cM; 4098-4104 cR)

fc51h09 (88.1 cM; 4125 cR)

fb38b11 (90.22-109.1 cM; 4184 cR)
Tb66f07, fcd6b01 (106.7 cM; 4190 cR)

RESULTS

Somite formation is disrupted in a zebrafish

.. lim3 (99.5-104.7 cM; 4227 cR)
deficiency mutant that deletes two  her genes, herl - 213 (101.3 oM; 4230 cR)
and her7 21813 (103 cM; 4245 cR)

In a haploid-based screen designed to identify mutations.
affecting early embryonic gene expression (see Materials al:gﬁ

Meth_qu), we re_coveredyeray-[nduceq deficiencypS567, that hybridized with an in situ hybridization screen cocktail including
specifically abolishes expression ofiary-relatedgeneherl 7.5 forkhead6floating headvalentinoandherl (A) Wild-type

(Fig. 1). Theherlgene is normally expressed in two or threeempryo; (B)b567mutant embryo lackingerl expression (arrows).
stripes in the PSM of wild-type embryos (Muller et al., 1996)(C,D) Although somite formation is disruptediB67mutant

but hairy/E(spl}related expression is not detectedbB67  embryos (D) as compared to wild-type embryos (C), overall embryo
mutant embryos (Fig. 1A,B). Several other genes wergorphology is normal at this stage. (E) Map oftb@&7deficiency.
included in our in situ hybridization cocktail (see Fig. 1A total of 25 markers, including SSLPs (z-markers), ESTs (prefixed
embryos (Fig. 1A,B). Somite boundary defects are observifm DNA prepared fronb567 andb567 embryos. Markers that

. 1.herlandher7are included in thb567deficiency and567
tant embryos have somitic defects. (A,B) Dorsal view of embryos

: : : . failed to amplify fromb567 DNA samples are indicated in red. Map
in b567 mutant embryos at all stages of somitogenesis (Fi ositions are indicated in cM (indicating relative position on the

.:LC’D)' Qverall morphology |b567m_utant embryos, however, integrated map [ZMAP] that includes all 6 independent mapping

is relatively normal during the first day of development,yanels) and in cR (indicating position on the T51 mapping panel, on
suggesting that the effect on somitic gene expression anghich 18 of the tested 25 markers have been mapped). Approximate
somitogenesis is specifit567 mutant embryos do twitch. centromere position is indicated by a thick black box. The solid red
Generalized neural degeneration begins after the first day ftifie indicates the extent of the deficiency and the dashed red line
development il567mutant embryos, and mutant embryos dieindicates the possible location of the telomeric breakpointbb6&
between 80-120 hours post-fertilization (data not shown). Latéleficiency deletes approximately 92-174 cR (~15-22 cM) of LG 5.
phenotypes have not yet been examined in detail.

Becausénerlis not expressed ib567 mutant embryos, we distal breakpoint is located within a larger interval, but the
suspected that tHe&567deficiency might delete tHeerlgene. mapping data together allows us to estimate that the deletion
Using a PCR strategy (see Materials and Methods), wis not any larger than ~22 cM. Because a large number of genes
confirmed thatherl, and other closely linked markers on could be absent in a 22 cM interval, we next used an antisense
Linkage Group 5, were missing on thE67 deficiency  morpholino approach to identify which genes were likely
chromosome (Fig. 1E). One of the additional deleted genes tissponsible for the mutant somitic phenotype.
her7, anotherhairy/E(spl}related gene that is expressed in a N ) _
highly overlapping pattern witherl (M. U., unpublished; M.  The somitic phenotype of ~ b567 is due to the deletion
Gajewski, D. Sieger, B. Alt, C. Leve, S. Hans, C. Wolff, K.of herl and her7
Rohr and D. Tautz, personal communication). T&67 As shown in Fig. 1p567is a deficiency that results in the
deficiency also deletes tmlr3 gene and a number of ESTs deletion of a number of genes. Bolterl and her7 are
for which gene expression data is not available (Fig. 1E). Thganscribed in the PSM, suggesting that these genes may
resolution of the genetic map in the region is somewhdunction in somitogenesis and their loss may be responsible for
uncertain, but we have localized the proximal breakpoint of ththe segmentation defectshB67 mutant embryos. To test this
deficiency to a 0.1-3.9 cM interval nelaerl andher7. The  hypothesis, we inhibiteterl andher7 mRNA translation by
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Table 1.herland her7 ‘knockdown’ mimics the b567 somite phenotype

Somite phenotype of embryos at ~18 héurs

Antisense Dose Total no. No. of Normal somite Partial somite ‘Full’ somite
morpholino (MO)* (ng) of embryos experiments morphology (%) disruption (%) disruption (%)
Control 0 692 26 99 1 0
her1* 2 56 2 85 15 0
hert# 4 17 1 59 41 0
hera** 6 63 3 30 70 0
her#*+ 10 35 3 0 100 0
her7 2 33 2 48 52 0
her7 4 24 1 58 42 0
her7. 1t 6 48 3 15 85 0
hers 1t 10 30 3 0 100 0
herl#+her78 1+1 164 5 4 40 55
herl*+her78 2+2 41 4 2 10 88
herl#+her78 3+3 169 6 0 0 100
hert*+her78 5+5 74 4 0 3 97
herdl 2 97 3 81 19 0

*Morpholinos were diluted in3 Danieau solution containing 0.1% Phenol Red to a final concentration of 1-3 ng/nl and approximately 2 nl was injected into
the yolk cell at the 1-2 cell stage (Nasevicius and Ekker, 2000). Controls were injected @véhiéau containing 0.1% Phenol Red.

TEmbryos with normal overall morphology at ~18 hours were scored. Partial somite disruption indicates that somite bourtslavgréeéeserved, but not
along the entire axis. ‘Full’ somite disruption is equivalent tdo@&7somitic phenotype.

*Mixture of two antisense morpholindseflaandherlh of equal concentration.

SMixture of two antisense morpholindsef7aandher7b of equal concentration.

Ther4MO-injected embryos often have multiple morphological defects; at a dose of 4 ng, all embryos die before somitogenesistydesicered do not
display a normal overall morphology; thus, the abnormal somite phenotype in some embryos may reflect general patterning defects.

**The first 1-4 anterior somite boundariesharl-MO injected embryos appear to be enlarged or disrupted.

TTSomites in the posterior trunk and tail are enlarged in the AP dimension

injecting morpholino antisense oligonucleotides (MOs) intais indistinguishable from control-injected embryos (data not
zebrafish embryos (Nasevicius and Ekker, 2000). Two norshown). As somitogenesis is disrupted hierl+7 deficient
overlapping MOs were designed for boigrl (herlaMO and  embryos, we next examined whether anterior-posterior (AP)
herlb MO) andher7 (her7aMO andher7b MO). Injection  somite polarity and expression of cycling genes was normal in
of all four MOs f(erl+her? perturbed formation of all herl+7-deficient embryos (Fig. 2)myoD and paraxial
somites (Table 1) and mimicked thEb67 mutant somitic  protocadherin (papc/pcdh® are markers of posterior and
phenotype. Injection of equivalent or higher dose dfeal  anterior somite polarity, respectively (Weinberg et al., 1996;
MO combination lierla MO+herlb MO) or a her7 MO  Yamamoto et al., 1998). SegmentayoD expression in the
combination ller7aMO andher7bMO) failed to phenocopy posterior half of formed somites is disrupted in bb867
theb567mutant somitic phenotype (Table 1). Injectiorhefl ~ mutant andherl+7 MO-injected embryos. In these embryos,
MOs produced slight morphological defects in anterior somitemyoD expression is not restricted to the posterior half of
(somites 1-3), whereas injectiontadr7 MOs caused boundary formed somites and is instead expressed in all paraxial cells
defects in posterior somites caudal to somite 11. As a contrdkig. 2A-D). In wild-type embryospapc is segmentally

a morpholino targeted againker4, which is only weakly expressed in the presumptive anterior half of the next two
expressed in the PSM (Takke and Campos-Ortega, 1999), wesmites that will form (Fig. 2E,G). In botherl+7 MO-

also tested. Most embryos injected whtbrd MOs displayed injected and567 mutant embryospapcis expressed broadly
normal somite morphologyher4 MO-injected embryos that throughout the anterior PSM (Fig. 2FH). In wild-type
did show segmentation defects also had extensive generalizechbryos, ephrin receptoephA4 and ligand ephrin B2
disruption suggestive of MO toxicity. These results indicateexpression is refined to stripes denoting the anterior and
that the segmentation defectdbb67mutants are likely caused posterior aspects, respectively, of mature somites and the next
by the specific lack dierlandher?. The observation thaerl  presumptive somite (Durbin et al., 1998). In contrast, both
and her7 MOs individually produce distinguishable somitic ephA4 (data not shown) anephrin B2 (Fig. 2Q,R) are
phenotypes, but together mimic th867mutant phenotype at expressed throughout the paraxial mesoderimeoi+7 MO-
lower doses than the single injections (Table 1) suggests thiajected embryos. Thus, the AP polarity of somites is disrupted
herl and her7 have partially, but not completely, redundantin herl+7-deficient embryos.

functions. Previous analysis of Notch signaling pathway mutants
) . demonstrated that disruption of one component can affect the
Segmental expression of paraxial mesoderm genes expression of other Notch pathway genes (Zhang and Gridley,
is disrupted in  h567 mutant and MO-injected 1998; Hrabe De Angelis et al., 1997; Holley et al., 2000).
embryos For example, Delta signaling is required for the dynamic

Paraxial mesoderm specification imerl+7 MO-injected expression ofairy/E(spl)felated genes in both mouse and
embryos appears normal, as expressi@ptdndtbx6 (Griffin zebrafish (Jouve et al., 2000; Holley et al., 2000). Interestingly,
et al., 1998; Hug et al., 1997) ier1+7 MO-injected embryos Hes7, but not Hesl,is required for dynamic expression of



lunatic fringe (Bessho et al., 2001; Jouve et
2000). We examined whether expression of N
pathway components was affected567mutan
andherl+7MO-injected embryos. The express
of notch normally a posterior somite polal
marker in wild-type embryos, is much m
uniformly expressed inherl+7 MO-injectec
embryos (Fig. 2M,N). In wild-type embryos, b
deltaC and deltaD are dynamically expressed
the posterior PSM but the expression of tl
genes becomes fixed in the anterior PSM ir
posterior or anterior half of the next presumg
somite, respectively (Jiang et al., 2000).bB67
mutant ancher1+7 MO-injected embryogjeltal
is expressed in a broad band in the anterior
rather than in discrete stripes as in wild-i
embryos (Fig. 2I,J, and data not shown).
expression ofleltaCin the anterior PSM is al
seen in a large band iherl+7 MO-injectec
embryos (Fig. 2K,L). The pattern of expres:
does not vary amonberl+7-deficient embryo:
suggesting that there is no coordinated dyn
expression ofleltaCor deltaD. In mouseMesp2
a gene encoding a basic helix-loop-helix pro
is expressed in the presumptive rostral regic
somite minus 1 (the somite that will form ne
and has been shown to interact genetically wit
Notch pathway (Takahashi et al., 2000).
expression ofmespAin b567 mutant embryc
resembles thenespAexpression in botbeaanc
mib mutant embryos: there is one broad doma
reduced expression rather than in 2 sharp bar
in wild-type embryos (Fig. 20,P) (Sawada et
2000). Thus,herl and her7 are required fc
segmental expression of both Notch path
genes and the specification of AP polarity.
As hairy/E(spl}related genes are transcriptic
repressors that feedback on Notch signi
(reviewed by Davis and Turner, 2001),
prediction would be that outputs of No
signaling other tharherl and her7 should b
activated in herl+7 MO-injected embryo:
Zebrafishfocal adhesion kinaséfak), shows
specific response to_aedtion of the Notcl
pathway via activate&uppressor of HairlesgX-
Su(H)1/Ank and not to_inhibitionof the Notcl
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Fig. 2. AP patterning of somites is disruptedhierl+7 MO-injected andb567

mutant embryos. WT denotes wild-type embryos, and MO dehetés-7 MO-

injected embryos. All panels are dorsal views with anterior towards the top.
Developmental stages are indicated at the bottom right. The segmental expression
of papcandmyoDis disrupted throughout somitogenesis in MO-injectedb& &y
mutant embryos (A-H). The Notch ligandsltaD anddeltaCare expressed
throughout the presumptive somite rather than being restricted to the anterior or
posterior half, respectively (I-L). Expression of a Notch recepiatich5,is also
disrupted (M,N). In addition, the expressiomuEspAis downregulated and not
segmental il567mutant embryos (O,P). Bo#phrin B2(Q,R) andfak (S,T) are
expressed throughout the paraxial mesoderm instead of in posterior half-somites.

pathway via a dominant negati&uppressor c.
Hairless (X-Su(H1PBM) (Henry et al., 2001; Wettstein et al., stain myosin fibers (Crow et al., 1986; Devoto et al., 1996)
1997). The expression &k in herl+7 MO-injected embryos affirms that somites ith567 mutant embryos are enlarged in
resembles that of embryos injected with activ&agressor of the AP dimension compared to wild-type embryos (Fig. 3C,D).
Hairless suggesting that the Notch pathway may be activateth wild-type embryos, muscle fibers span the length of one
in herl+7 MO-injected embryos (Fig. 2S,T). somite and terminate at the boundary of adjacent somites. In
b567mutant ancherl+7 MO-injected embryos, muscle fibers
Somites in her1+7 MO-injected and b567 mutant cross boundaries and terminate within the myotome (Fig. 3C-
embryos are enlarged in the AP dimension E). Expression of ditin homolog that labels mature somite
In wild-type embryos, somites form with a regular temporaboundaries also reveals that somite periodicity is altered in
and spatial periodicity (Fig. 3A). Ib567 mutant embryos, b567mutant embryos. In wild-type embryos, chevron-shaped
somites are enlarged in the AP dimension (Fig. 3B). Thergtin expression is regularly spaced along the AP axis (Yan et
appear to be weak (incomplete) boundaries within the strongat., 2002). Inb567 mutant embryostitin staining delineates
(though imperfect) boundaries that delineate the large somiteemites that are poorly formed and enlarged in the AP
(Fig. 3B, arrowheads). Immunohistochemistry using F59 talimension (Fig. 3F,G).
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embryos. Thus, analyzing somite formationhar-deficient
embryos at high resolution has revealed a consistent pattern in
what might otherwise be characterized as merely disrupted
somites. In wild-type embryos, somitic boundaries are formed
via the alignment and epithelialization of presumptive border
cells (Henry et al., 2000). A boundary is thus flanked by a neat
row of rectangularly shaped border cells (Fig. 4B). Boundaries
in herl+7 MO-injected embryos are also flanked by
rectangular, aligned border cells (Fig. 4D,F). Although the
border cells inb567 mutant embryos are slightly more
disorganized, aligned rectangular cells do flank the strong
boundaries. This indicates tharlandher7are not necessary

for border cell morphogenesis. Howevieerl and her7 may

be necessary for the refinement and strengthening of alternate
somite boundaries.

E I“ The stronger boundaries observedhgrl+7 MO-injected
embryos extend further in the dorsal-ventral dimension than
WT those ofb567embryos. The difference could be explained by
(1) incomplete inhibition ofher mMRNA translation in MO
- v experiments or (2) the deletion of another gene inbf&7

her1+7 MO b567 3 deficiency. If the first scenario accounts for the differences
observed, we would postulate that alternate somite boundaries
Fig. 3. Somites ifb567mutant embryos are enlarged in the AP are more sensitive to a decreasehérl+7 activity. In the

dimension. Whereas live 24 hpf wild-type embryos have reiterated second scenario, we would postulate that an additional gene
somites over regular intervals (A, arrowsy67mutant embryos (B)  that is deleted in thb567 deficiency is required to facilitate

have enlarged somites (arrows) with weak boundaries in between alignment of border cells in the dorsal-ventral dimension.
(arrowhead). (C-E) F59 staining highlights the large, irregular

boundaries in both567mutant anderl+7 MO-injected embryos. her1 functions in anterior somite formation, while
Again, arrows denote strong boundaries and arrowheads denote weglr7 functions in posterior somite formation

g)c();rnedsasriloes 'Oyggﬁcﬁ?ég:ggir;?gff large somites is seen by The observation that somiteshar1+7 MO—injt—_zcted qnd)567
mutant embryos are enlarged in the AP dimension led us to
analyze the specific defects in embryos injected with either
We have observed thab67mutant embryos have imperfect herlor her7MOs. Most somites iherlMO-injected embryos
somites that are enlarged in the AP dimension. In additiorgre well formed with normal periodicity (Fig. 5A), however,
weak boundaries appear to form within the enlarged somitethe anterior-most somites are defective. There is a range of
In order to more carefully assess the functiomefgenes in  defects observed, from fusion of either somites 1 and 2 or
somite morphogenesis, we analyzed somite morphology at tlsemites 2 and 3, to disrupted boundary formation among these
cellular level inherl+7 MO-injected embryos by using an somites. This relatively subtle but consistent effecherfl
antibody againgt-catenin (Topczewska et al., 2001). We askedViOs strongly suggests there is an early roléhéo for which
two questions: where are boundaries forming in these embrydser7 cannot compensate. lmer7 MO-injected embryos, the
and what is the morphology of the boundaries that do form&vo most recently formed somites are clearly enlarged (Fig.
Unlike wild-type boundaries, the boundaries that forra567  5B). Analysis of somite formation irher7 MO-injected
mutant otherl+7 MO-injected embryos are not fully extended embryos at later stages (18-24 somites) also indicated a clear
in either the dorsal-ventral or medial-lateral dimensions. Wérend of ‘strong boundary/weak boundary/strong boundary/
therefore defined a strong somite boundarnhéndeficient weak boundary’ (blue and red boundaries in Fig. 5C,
embryos as one that extends at least 90% of the dorsal-ventraspectively). Somites anterior to somite 11 were normally
dimension and occupies one third of the mediolateralormed. This indicates thdtterl cannot compensate ftwer7
dimension. Somites irherl+7 MO-injected embryos are in the posterior trunk and tail.
consistently larger in the AP dimension compared to wild-type In herl+7 MO-injected embryos, somites along the entire
embryos (Fig. 4). While it is sometimes observed that a somiteP axis are enlarged (Fig. 4C,E) addltaD expression is
of wild-type size does form in between large somites (data nalisrupted in early and late somitogenesis (Fig. 5G, and data
shown), the average spatial periodicity of somitehénl+7  not shown). Embryos injected wither7 MOs, however,
MO-injected embryos is approximately one and a half to twanly display morphological segmentation defects late in
somite equivalents (Fig. 4). Weak boundaries in the middle acfegmentation (Fig. 5B,C). We therefore tested the hypothesis
the large somites were observed herl+7 MO-injected thatdeltaDexpression would be normal early in somitogenesis
embryos (arrowheads, Fig. 4D,F). These weak boundaries dvat disrupted later. Indeed, this was the case. At the 2-somite
defined as such because they appear to be formed from a fetage, twodeltaD stripes (similar to those in wild-type
cells lining up but do not extend in the dorsal-ventral orembryos) were observed in the anterior PSvhén7 MO-
mediolateral dimension. The observation of weak boundariasjected embryos (Fig. 5D,E); whereas, at the 10-somite stage,
within the large somites suggests a strong boundary/wealne largedeltaD band, instead of two smaller bands, is
boundary/strong boundary segmentation pattern in thessbserved (Fig. 5I). Thus, inappropriateeltaD expression
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Fig. 4. Somites irherl+7 MO-injected embryos are enlarged in the

AP dimension. All panels are confocal micrographs with black and
white inversed, side views @fcatenin staining in 17- to 18-somite
embryos. A-F, are the same confocal micrographs as A-F, without
any pseudocoloring. (A,B) Wild-type embryo. (A) Anterior somites
are chevron-shaped and posterior somites are more block shaped.
Red-brown and blue colors denote alternating somites. The
anteriormost somite shown in (A) is somite 11, panels C and E are at
approximately the same AP position. (B) A higher magnification

view of A showing the epithelial, cuboidal border cells (yellow and
pink) that flank the intersomitic boundary. (CH&r1+7 MO-

injected embryos. Somites in these embryos are larger in the AP
dimension. It is important to note that the stronger somite boundaries
that are denoted by pseudocoloring are defined as such by their 3-
dimensional structure: these boundaries occupy at least 90% of the
dorsal-ventral dimension and 30% of the mediolateral dimension (as
determined by viewing all of the focal planes, not just the one
shown). (D,F) Some weak attempts at boundary formation in
between stronger boundaries (arrowheads) are seen in these confocal
sections. The weak boundaries do not meet our stronger boundary
criteria.

could be strengthened. We analyzed somite formation over
time and determined that the latter explanation is most likely.
It has previously been shown that somite boundary formation
proceeds via the alignment of clefts (Wood and Thorogood,
1994). The clefting of strong boundariesbh67 mutant and
herl+7 MO-injected embryos, although much more evident
than clefting of weak boundaries, does not occupy the entire
mediolateral extent of somites and is best visualized in three
dimensions by focusing through the entire mediolateral extent
of the somite. We followed somite development by tracing the
boundaries of live embryos approximately every 30-40 minutes
(see Materials and Methods). We followed somite development

£, 3 R 8 in her7MO-injected embryos because the posterior somites in

*‘»_\M . £2 0 B NS : these embryos resemble thosaénl+7MO-injected embryos
“hert+7MO - b ¥ - P ¢SS but somite boundaries are easier to visualize.

- e In wild-type embryos, a new strong somite boundary was

seen approximately every half hour=f boundaries in 2
embryos) (Fig. 6A,D). Because tracings were made every 30-
40 minutes, a new strong boundary that occupies the entire
dorsal-ventral and mediolateral extents of the PSM had usually
formed in wild-type embryos (Fig. 6A,D). We also sometimes
observed weak clefting as a wild-type boundary was forming
(data not shown). Strong boundary formation was observed in
her7 MO-injected embryosnE18 strong somite boundaries
formed in 5 embryos), however, there was more variability in
correlates well with the commencement of somite boundartiming of boundary formation than in wild-type embryos as
defects inher7 MO-injected embryos. Interestingly, we also shown in Fig. 6B and C. Furthermore, somite boundary
observed milder disruption of presomitleltaD expression at formation in these embryos was delayed relative to wild-type
the 10-somite stage imerl MO-injected embryos (Fig. 5H). embryos (data not shown).

N

However, the somitic expression deltaD in herl MO- Somites inher7 MO-injected embryos are enlarged in the
injected embryos is segmental. AP dimension, yet weak boundaries are observed within these
large somites (Fig. 5). In order to understand the roleeof
Selective strengthening of boundaries underlies the genes in somite formation it is necessary to analmwhese
large somites in  her7 MO-injected embryos weak boundaries are forming relative to the strong boundaries.

The phenotype oherl+7 MO-injected embryos, alternating As outlined above, one possibility is that after a large somite
strong and weak boundaries, is quite intriguing. There are &rms inher7 MO-injected embryos, it subsequently becomes
least 2 possibilities to explain this observation. First, the strongubdivided. If this were true, we would visualize strong
boundaries could delineate large somites and then the webkundary formation (delineating a large somite) prior to weak
boundaries could subdivide the large somites. Alternativelhoundary formation within the large somites. This was not
weak boundaries could form and a subset of these boundarigsserved in her7 MO-injected embryos. Instead, weak
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Fig. 5.herlandher7are partially
redundant. (A-C) Confocal
micrographs, side views of embrya
stained fo3-catenin to outline cell
boundaries. A B' and C are non-
colorized versions of the confocal
micrographs. (A) The first 2-3
somites irher1 MO-injected
embryos (15 somite stage) are
disrupted. The arrowhead denotes
attempt at a somite boundary that
does not extend fully in either the
mediolateral or dorsoventral
dimensions. All other boundaries
appear normal. (B) While anterior
somites are normal imer7 MO-
injected embryos (15 somite stage
posterior somites are enlarged. Th
first somite shown is somite 9.

(C) Interior boundaries partially
recover over time iher7 MO-
injected embryos (22 somite stage
Strong boundaries are highlighted
blue. Weak boundaries are shown
red. (D-l)deltaD expression
correlates with abnormal somite
morphology inher7 MO-injected
embryos. EarlyleltaD expression (2
somite stage) is unaffectedhier7
MO-injected embryos compared to control embryos (D,E), but later (10 somite diglgg),expression is disrupted (F,1) similariier1+7
MO-injected embryos (G). Interestingly, presomitic mesoderm expressimitaDis partially disrupted imer1 MO-injected embryos (H),
but somite morphology is normal posterior to somite 3 (A).

- 2S5

Fig. 6. Alternate somite boundaries TIME ==
are strengthened tmer7 MO-

injected embryos. Embryos were A 0 min 45 90 120 150
examined approximately every 30-
40 minutes. The somites that had WT

formed at the beginning of the
experiment (A,B,C) are shown in
black. Anterior is towards the top
and left in A-C, and at the left in
D,E. Development at the first time
point is shown in red, the second i
green, the third in pink, and the
fourth in purple. In wild-type
embryos (A), a strong somite
boundary forms at every time poin
Weak boundaries are sometimes
seen as somites are forming, but

were not observed in this particula D Summary: W E her7 MO
embryo. Inher7 MO-injected []: 0 min
embryos (B,C), somite boundary I I B ’“'"l —

formation is altered in 3 ways. Firs ol = S B 1 TiMe )

weak boundaries persist much lon ' * : I

than in wild-type embryos and are | ~60 : =S
therefore more frequently observe : bf o

(dashed lines). Secondly, weak an - -
disorganized attempts form in a | l I : I : |

segmental fashion but only alternawe

boundaries are strengthened (solid lines). Finally, large somites sometimes subdivide into 2 normal somites after thefonaratiomore
posterior somites. (D,E) A cartoon summary of somite formation in wild-type (Dhen@dO-injected embryos (E). In wild-type embryos,
somites form in an anterior- to-posterior fashion approximately every 30 minutes7IMO-injected embryos, weak boundaries (dashed
lines) form in a segmental fashion. However, only some weak boundaries are strengthened (solid lines).
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boundaries were visualized bed strong boundaries formed. transcriptional mechanisms allow the expression of these
Furthermore, most strong boundaries (82%) were preceded pyoteins in the A or P half of the somite. Alternatively, there
weak boundaries at the same or similar location. Thusgrin  may be genes that have not yet been isolated that are expressed
MO-injected embryos there are weak attempts at boundarprmally in the anterior and posterior halves of presumptive
formation that proceed in an AP progression, but only a subssbmites inherl+7 MO-injected embryos.
of these attempts (approximately every other boundary) The expression opapc and deltaD in wild-type embryos
becomes strengthened. delineates the anterior half of a prospective somite (Holley et
al., 2000; Yamamoto et al., 1998). A wide band of strong
expression of botHeltaDandpapcis seen irb567mutant and
DISCUSSION MO-injected embryos. It is possible that this entire band of
deltaD and papc expression is perceived in the presomitic
We have isolated a deficiency that deletes hhigy/E(spl)} mesdoerm as anterior identity and somite borders thus form at
related genekerlandher?. Injection of antisense morpholino the juxtaposition ofpapc/deltaBDexpressing cells with cells
oligonucleotides demonstrates that the somitic phenotype dfiat do not strongly exprepapc/deltaD Therefore, although
b567 mutants is largely due to the deletionhafrl andher7. intrasegmental polarity may not be necessary for segment
Both herl+7 MO-injected andb567 mutant embryos display formation, it is possible that the driving force behind the
disrupted gene expression in the paraxial mesoderm aridrmation of enlarged somites is the formation of a boundary
imperfect somites display a one and a half to two segmelietween a large group of cells expresgiagcand those that
periodicity relative to wild-type embryos. Thdeerlandher7  are not (Kim et al., 1998). The formation of a weak boundary

are required for normal somite formation. in between the strong boundaries could be due to the normal
) ) . ) expression of genes involved in AP differentiation that are not

A delineation of anterior and posterior half- yet identified or were not surveyed in this study.

segments may not be necessary for boundary

formation herl and her7 function partially redundantly

It has been proposed that the juxtaposition of anterior anthe somitic phenotype di567 mutants is phenocopied via
posterior half-segments may determine where a somit@jection of MOs againgterl+her7. Single injection of either
boundary forms (Meinhardt, 1986; Durbin et al., 1998; Durbirher1MOs orher7MOs does not phenocopy the somitic defects
et al., 2000; Jen et al., 1999). In support of this hypothesis, $een irb567mutant embryos. The dose required to phenocopy
has been shown that transplantation of cells expresgpingn  the somitic defects ab567 mutant embryos throughout the
A4, a marker of anterior somite polarity, can locally rescuembryonic axis irherl+7 MO-injected embryos is much less
boundary formation ifssmutant embryofssmutant embryos (3 fold) than the doses required to partially disrupt
are unique among the known zebrafish segmentation mutargsgmentation in embryos injected with eitherl or her7

as they form no somitic boundaries (van Eeden et al., 1996YI10s (Table 1). Thusherl and her7 appear to function

In addition, anterior somite polarity markers are not expresse@dundantly. However, some defects in somitogenesis are
in fss mutant embryos; instead, markers of posterior polarityobserved in embryos singly injected with eitherl MOs or

are expressed throughout the paraxial mesoderm (Durbin et diger7 MOs. In herl MO-injected embryos, the anteriormost
2000). In other zebrafish mutants, suctbas, des, miland  somites are frequently fused suggesting el has an early
aei/deltaD cells expressing anterior and posterior markers arinction for whichher7 cannot compensate (Fig. 5). er7
intermingled in the mutant paraxial mesoderm, and mutarilO-injected embryos, somites posterior to approximately
embryos fail to form somites in the posterior trunk and tail (varsomite 10-13 are enlarged in the AP dimension much as
Eeden et al., 1996; van Eeden et al., 1998; Durbin et al., 2008pmites inb567 mutant ancherl+7 MO-injected embryos are
Holley et al., 2000). As in this latter class of mutants, markeréig. 5). Thusher7 appears to have a late function for which
of AP somite polarity are also misexpressed%67 mutant herl cannot compensate. These data indicate that although
and herl+7 MO-injected embryos. We have tested fourherlandher7have partially redundant functions, they are both
anterior markersp@apc/pcdh8, deltaD, mespA, Ephahd five  required for normal somitogenesis.

posterior markersnfyoD, deltaC, notch5, fak/ptk2, ephrin)B2  hairy/E(spl}related genes encode transcriptional repressors
and the expression of all of these genes is continuous withthat bind to DNA as either hetero- or homodimers (reviewed
the PSM and somitic mesoderm (Fig. 3). However, boundaridsy Davis and Turner, 2001). The partial redundanchesf.

do form in herl+7 MO-injected embryos (again, stronger and her7 may be explained in light of the ability of these
boundaries extend at least 90% of the dorsal-ventral dimensi@moteins to function as hetero- or homodimers. It is possible
and one third of the medial-lateral dimension)hbrl MO-  that eitherherl or her7 homodimers may be sufficient for
injected embryosdeltaDis correctly expressed in the mature normal somite formation in much of the trunk buerl
somitic mesdoerm, but is not expressed in a tight band in tHeomodimers are not sufficient for normal somite formation in
anterior half of the PSM. Despite this disruption in AP polaritythe tail. Alternatively, it is possible that othieer genes such

of the PSM, somites in these embryos (except for the moss her4 or her6 (Takke et al., 1999; Pasini et al., 2001) are
anterior somites) form just as in wild-type embryos (Fig. 5)upregulated and heterodimers including new combinations of
These data suggest that the somite that is about to form ddder proteins are sufficient for segmentation in the trunk.

not have to be subdivided into prospective anterior and The dynamic expression dfairyl in the PSM is not
posterior halves at the mRNA level in order for a boundary taependent upon protein synthesis (Palmeirim et al., 1997),
form. However, we have not tested all markers of AP polaritysuggesting thahairyl does not negatively regulate its own
In addition, we currently lack the tools to determine if post-expression. However, it has been demonstrated Hesft/
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promoter activity is increased inHes7knockout mouse and Sawada et al., 2001). FGF signaling in the posterior PSM
that Hes7 can repress transcription in vitro (Bessho et al.keeps cells in an immature state. At a critical level of FGF
2001a; Bessho et al.,, 2001b). Furthermore, HES1 has besignaling in the more anterior PSM, cells appear to become
shown to negatively autoregulate its own transcriptiorellocated to a particular somite. Thus, ectopic FGF in the PSM
(Takebayashi et al., 1994). We have been unable to assess @jemerates smaller somites, presumably by slowing down the
effects ofherl and her7 on their own transcription because reception of the ‘wavefront’ signal such that fewer cells are
b567is a deficiency, and because our experiments suggest tladlocated into each somite. Conversely, inhibition of FGF
herlandher7morpholinos stabilize the corresponding mRNA signaling generates larger somites, and it was hypothesized
transcripts (data not shown). We have showntliee¢MOs do  that this affect was due to an increase in the number of cells
not perturb segmentation (Table 1), but this does not precludkat received the ‘wavefront’ signal. We have observed that
the possibility that upregulation of additionaér genes (or fgf8expression in the tailbud bkrl+7MO-injected embryos
other genes altogether) could account for the delayed formatisasembles that of wild-type embryos (data not shown). It thus

of boundaries irherl+7 MO-injected embryos. seems to be unlikely that the enlarged somitds5B¥ mutant
o o . and herl+7 MO-injected embryos reflect changes in the

Somites in MO-injected embryos form by selective ‘determination front’. However, we have not investigated the

strengthening of boundaries expression of othefgfs or the activation of ERK in MO-

We have shown that somite boundariesharl+7-deficient injected embryos.

embryos are enlarged in the AP dimension. The spatial o )

periodicity of somite formation in these embryos is one and g€r genes and synchronization of the segmentation

half to two somites. By following somite development overclock

time, we have observed that the stronger somite boundaries tltathas been proposed that one role for Notch signaling
do form inher7 MO-injected embryos are formed via selectivein coordinating somite formation is to synchronize the
strengthening of weak boundaries (Fig. 6). We predict that thescillations between neighboring cells (Jiang et al., 2000). In
enlarged somites that form rer-deficient embryos also form herl+7-deficient embryos, a large band of upregulation of
by selective strengthening of weak boundaries. CombinedleltaD anddeltaCis seen. This is presumably due to the lack
these data suggest that therl andher7 genes are necessary of the transcriptional repressors encodechésl andher?. If

to form strong boundaries on schedule. Furtherntee, and  there were additional outputs of Notch signaling (such as
her7 are necessary for the strengthening of alternate wedknhancer of split-relategdroteins [ESRs] as found Kenopu}

boundaries. (Jen et al., 1999) then these outputs would be constitutively
) activated in the presence of the ligadéttaCanddeltaD. The
her genes and the segmentation clock nonsegmental expression dak in herl+7 MO-injected

It was first demonstrated in chick thHairyl is expressed in embryos (Fig. 2) suggests that there are outputs of Notch
repeating posterior to anterior progressing waves of expressiaignaling besideberl andher?. Thus, a larger group of cells
(Palmeirim et al., 1997). Other Notch pathway genes are alsnay be synchronized and respond to the ‘somite formation
expressed in waves, includimgnatic fringein the chick and signal’, or ‘wavefront’, by making a larger somite. The
mouse (Forsberg et al., 1998; McGrew et al., 1998; Aulehlpresence of a weak boundary forming in the middle of enlarged
and Johnson, 199%leslandHes7in the mouse (Jouve et al., somites in herl+7-deficient embryos could reflect subtle
2000; Bessho et al., 2001a; Bessho et al., 20dd)aD, differences in synchronization.
deltaCandherlin the zebrafish (Holley et al., 2000; Jiang et ] ) )
al., 2000; Sawada et al., 2000). The dynamic expression &imilarities and differences in segmentation
hairyl and hairy2 is not dependent upon protein synthesisstrategies
(Palmeirim et al., 1997; Jouve et al., 2000). This observatio®ne outstanding question in the field of evolutionary
has led to the suggestion thnatiryl may not be a component developmental biology is how segmentation in different phyla
of the clock but rather an output of the clock (Palmeirim et alhas evolved. If a general consensus could be defined, it would
1997; Jouve et al., 2000)erl expression does not oscillate in probably be that somite formation is not analogous to segment
aei/deltaDembryos, indicating thdterl may be downstream formation inDrosophila(reviewed by Davis and Patel, 1999).
of Notch signaling (Holley et al., 2000). Thus, hiérlis  The formation of enlarged somites with a one and a half to two
downstream of Notch signaling and an output of the clocksegment periodicity ilmerl+7 MO-injected embryos is thus a
Notch signaling may be a component of the segmentatiovery interesting phenotype. It is unlikely that this phenotype
clock. We show thadeltaCanddeltaDdo not cycle irherl+7  reflects a strict pair rule function fberlandher7because it
deficient embryos. Thus, althoudherl+7 may be direct is sometimes observed that a normal segment is formed in
outputs of the segmentation clock they also could feed badietween two large somites. Furthermore, not every large
into the clock. Alternatively, Notch signaling, as wellres1l  somite is the same size.
expression, may also be an output of the segmentation clock.However, it is possible thaer genes may play a role outside
In this scenarioherl+7 MOs may either feedback into the of Notch signaling in the formation of alternate boundaries during
clock to eliminatedeltaC and deltaD cycling, or these MOs zebrafish segmentation. Tribolium castaneuma short germ
may eliminatedeltaC and deltaD cycling via constitutively  band insect, mutants that display a pair rule phenotype have been
activating Notch signaling. isolated (Sulston and Anderson, 1996; Sulston and Anderson,
Recently, it has been shown that FGF signaling encodes1®98; Maderspacher et al., 1998). Théolium itchy mutant
‘determination front’, the position of which affects the size ofdisplays a clear strong boundary/weak boundary phenotype as
somites in both chick and zebrafish (Dubrulle et al., 2001lassayed byengrailed expression and is missing odd thoracic
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