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The C. elegans Hand gene controls embryogenesis and early gonadogenesis
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SUMMARY

The C. elegansgenome encodes a single Hand bHLH gonadal precursors or their mesodermal predecessors;
transcription factor. Either hnd-1(RNAi) or a hnd-1  defects in primordial germ cells and germ line appear to be
deletion causes partially penetrant defects in viability and secondary. Inhnd-1 mutants, somatic gonadal precursors
gonadogenesis. Dead embryos and young larvae are often are generated normally, but are not maintained properly
misshapen at the posterior end. Our primary focus has and sometimes die. A similar role in controlling the
been the role ofhnd-1 in gonadogenesis. Wild-typeC.  maintenance of precursor fates has been described for
elegans has two somatic gonadal precursors and two other genes governing early organogenesis, including the
primordial germ cells in stereotyped positions within its  zebrafish Hand genéhands off We also report the discovery
four-celled gonadal primordium. The hnd-1 gene affects of two genes,ehn-1 and ehn-3 that have overlapping
the presence and position of both the somatic gonadal functions with hnd-1in embryogenesis and gonadogenesis.
precursors and primordial germ cells within the

primordium, but does not appear to have any role in later  Key words:C. elegansGonadogenesis, HAND, Organ primordium,
gonadogenesishnd-1 probably acts within the somatic  hnd-1, ehn

INTRODUCTION Somatic and germline precursors originate from distinct
embryonic lineages during gonadogenesis in other organisms
An organ primordium consists of precursor cells that generates well. InDrosophilg SGPs are specified by global patterning
all the diverse cell types of the mature organ. For some orgargenes that subdivide the mesoderm into discreet regions (Boyle
‘organ selector’ genes control all precursor cells within theet al., 1997; Boyle and DiNardo, 1995). Once specified, the
organ primordium, regardless of cell type (Gaudet and Manga]ift (eyes absent FlyBase) gene, which encodes a novel
2002; Gehring and lkeo, 1999). By contrast, precursor cells inuclear protein, maintains the SGP fate (Boyle et al., 1997).
other organ primordia are specified by the intersection ofhe mammalian gonadal mesoderm may similarly rely on
global patterning genes and may not rely on a single orgagenes that pattern the embryo as a whole (Capel, 2000). In
selector gene (Bradley et al., 2001; Lockwood and Bodmeagddition, several transcription factors affect development of the
2002). However, the generality of these mechanisms remaig®nadal mesoderm in micgvtl, Sfl, Lim1 (Lhx1 — Mouse
unknown. Genome Informatics) arl@mx2control both gonadal and non-
We have focused on developmental controls of the gonadgbnadal development (Kreidberg et al., 1993; Miyamoto et al.,
primordium in the nematodegaenorhabditis elegan3his organ  1997), whereakhx9appears specific for gonadogenesis (Birk
primordium is unusually simple: it is composed of two somaticet al., 2000). PGCs, on the other hand, are often formed outside
gonadal precursor cells (SGPs) and two primordial germ celthe gonad and later migrate to the developing gonad (reviewed
(PGCs). The SGPs generate all somatic tissues of the gonlagl Starz-Gaiano and Lehmann, 2001; Wylie, 2000). Once
proper (i.e. ovary or testis), as well as genital ducts (e.g. uterubere, the PGCs depend on the somatic gonad for survival and
vas deferens), whereas the PGCs give rise to all germ celfsy cell fate decisions within the germ line (Kimble and White,
including gametes. The SGPs and PGCs arise from distind®81; McCarter et al., 1997; Starz-Gaiano and Lehmann,
embryonic blastomeres and assemble into the gonada001).
primordium midway through embryogenesis (Fig. 1A,B) Several genes have been identified that control early
(Sulston et al., 1983). Within the mature primordium, the SGPgonadogenesis inC. elegans (Fig. 1C) (Hubbard and
(Z1 and Z4) reside at the distal poles and the PGCs (Z2 and ZGyeenstein, 2000). For examp@gn-2 and gon-4 control the
are situated proximally (Fig. 1C) (Kimble and Hirsh, 1979). Inonset and timing of gonadal cell divisions (Friedman et al.,
addition to this proximal-distal polarity, the primordium displays2000; Sun and Lambie, 1997), antt17, sys-1 wrm-1, lit-1
left-right and dorsal-ventral polarity (Fig. 1C). Therefore, theand pop-1 govern the asymmetric division of the SGPs
four-celled gonadal primordium is patterned in three axes.  (Siegfried and Kimble, 2002; Sternberg and Horvitz, 1988).
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1984).LGIV: ced-2(e1752)ced-3(n717)gon-4(q519)(Friedman et
al., 2000);,unc-24(e138)unc-5(e53)dpy-13(e184)andnDf41l LGX:
unc-9(e101). Dominant GFP balancersminl[mis14] for LGII
(Edgley and Riddle, 2001 T2[qls48] for LGI; andnT1[qls50] for
LGIV. gls48andqls50are insertions ofcEx9747ontohT2andnT1,
respectively. Molecular markemgts55[hnd-1(N)::GFH; gqls69[hnd-
1::GFPlacZ];, qls56 [lag-2::GFP] (Siegfried and Kimble, 2002);
lels129[pes-1::GFR (Molin et al., 2000)gls61[pes-1::GFR; ayls7
[hIh-8::GFP] (Harfe et al., 1998); andyls77 [unc-122::GFR
(Miyabayashi et al., 1999)qls56 and qls61 were generated by
microparticle bombardment (Praitis et al., 2001).

Plasmids and transgenes

All cloning was performed by standard methods (Sambrook et al.,
1989). PCR products were sequenced. Primer sequences are available
upon request. Transgenes were generated as simple arrays unless
otherwise noted.

hnd-1 cDNA (pJK849 and pJK901)

Using a probe from the coding region of C44C10.8, we isolated a
hnd-1cDNA from an embryoni€. elegan€DNA library (a gift from

P. Okkema) and subcloned it to make pJK849. Ait-15' end was
cloned by RT-PCR using embryonic total RNA, a primer to the SL1
trans-spliced leader and interiald-1specific primers. A full-length
hnd-1cDNA (pJK901) was assembled from the SL1 RT-PCR product

and pJK849.

Fig. 1. Early gonadogenesis {D. elegansSomatic gonadal
precursors (SGPs: Z1 and Z4), dark gray; primordial germ cells

hnd-1(FL)::GFP (pJK850)

! e o GFP coding sequences were amplified by PCR from pPD95.81 (a gift
(PGCs: Z2 and Z3), light gray. (A) SGPs are specified within the  fom A Fire) and subcloned intcdhad-1genomic fragment (pJK906).
mesodermal layer (white circles) and then migrate to meet PGCs. 53kg850 includes 1568 bp of tHend-1 sequence upstream of the
(B) SGPs and PGCs coalesce into the gonadal primordium, which a5/yTR and 182 bp downstream of th&J3R. pJK850 was injected
this stage has a left-right orientation. (C) During embryo with pRF4[Rol] (Mello et al., 1991) inthnd-1to generatejEx486

morphogenesis, the gonadal primordium shifts to an anterior- this array rescuedind-1 gonadal defects completelyn£136) and
posterior orientation, and acquires left-right and dorsal ventral axes.;gqyced lethality from 28% t?7 (n=190).

The first SGP division is asymmetric and segregates the potential to
make two regulatory cells: anchor cells (AC) and distal tip cells hnd-1(N)::GFP (pJK848)

(DTC). Genes crucial for early SGP divisions are noted. The first two exons and 1540 bp upstream oftthé-15'UTR were
PCR amplified and cloned into pPD95.81 (a gift from A. Fire).
pJK848 was injected intanc-4(e120)with the co-injection marker

For germline developmengie-1andnos-2control PGC fate and pNC4-21Linc-44] (Miller and Niemeyer, 1995) and N2 DNA to

influence their incorporation into the gonadal primordiumcreateqEx447and, subsequentlgls55 With the exception of SGPs,

(Seydoux et al., 1996; Subramaniam and Seydoux, 1gggpd-1(N)::GFPwas detected in cells that also expitebsl, a marker

Tenenhaus et al., 2001). In this paper, we report thaCthe for body muscle (Krause et al., 1990).

elegansHand bHLH transcription factdind-1is important for  q.1--GFplacz (pJK900)

early gonadogeneSIS as well as for er_nbryogenea_s. Specifica ehnd-1promoter (plus 11 N-terminal codons) was PCR amplified

hnd-linfluences the number and position of SGPs in the gonadgh, cloned into pPD96.04 (a gift from A. Fire). pJK900 was injected

primordium, and affects body shape in the embryo. Aifftel  with pRF4[Rol+] to createEx492and, subsequentlgls69.pJK850

gene is expressed broadly in the embryonic mesoderm and thaf pJK900, but not pJK848, express GFP in several head cells that

more specifically in the SGPs. Our results suggesththdtl  we have not identified.

governs maintenance of SGP fate and SGP survival. We also

report the discovery of two genetic enhancerbraf-1, named HS-hnd-1 (pJK902) . .

; : i ; ; A. Fire) to generate pJK902, which was injected mitg61 with the
functions withhnd-1in embryogenesis and gonadogenesis. co-injection marker pRFA[ROM] to makeEx493 Embryos were
subjected to two 30-minute heat pulses at 33°C, with a one hour
recovery interval. Resulting L1 larvae were scored for extra SGPs
MATERIALS AND METHODS usingpes-1::GFP.

Strains hih-1::hnd-1GFP (pJK904)

Animals were grown at 20°C unless otherwise noted. All strains wer@ hnd-1::GFPfusion was generated by inserting GFP intoRisél
derivatives of Bristol strain N2 (Sulston and Horvitz, 1977). Thesite of the full-lengtthnd-1cDNA (pJK901).hnd-1::GFPwas then
following mutations are described by Hodgkin (Hodgkin, 1997) orcloned into pPD51.45 (Krause et al., 1990) to generate pJK904, which
cited referenced.Gl: gon-2(q388)Sun and Lambie, 1997) asgis-  was injected intdind-1with the co-injection marker pRF4[Rol+] to
1(g544) (Miskowski et al., 2001)LGlII: hlh-1(cc450)(Chen et al., make qEx496 this array rescuechnd-1 gonadal defects and
1994); unc-104(e1265)rol-6(e187) and mnDf93(Sigurdson et al., marginally rescued lethality (20%+=372).
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lag-2::hnd-1GFP (pJK905) PA). DAPI staining was performed as described by Kadyk and Kimble
A hnd-1::GFPfusion (see above) was cloned into pJK590 (Blelloch(Kadyk and Kimble, 1998).

et al., 1999) to generate pJK905, which was injectedhintb1 with .
the co-injection marker pRF4[Rol+] to makgEx497 this array ~ €/"1-1 and ehn-3 genetics _

partially rescuechnd-1 gonadogenesis defects and did not rescuehn-1(q638) was identified in a EMS mutagenesis screen for

lethality (24%,n=192). gonadogenesis mutants (L.D.M., K. Siegfried, F.-H. Markussen,
unpublished). ehn-1(g690) and ehn-3(q689) were obtained in
hnd-1 genomic DNA (pJK906) an ehn-1 non-complementation screen of 2251 haploid genomes:

A plasmid carryinghnd-1genomic DNA was amplified by PCR; it EMS mutagenized males were crossed ebn-1(q638) rol-6
contained the same upstream and downstream sequencebras in hermaphrodites, and F2 progeny screened for gonadal defects. By
1(FL)::GFP. pJK906 was injected with pPD136.6dhyo-3:'YFR (a  three-factor mapping, we positionetin-1betweerunc-104androl-

gift from A. Fire) and pJK907pes-1::CFR into hnd-1to make 60n linkage groupl, andehn-3betweerdpy-13andunc-5on linkage

gEx495 this array was used for mosaic analysis. group IV. ehn-1is almost maternally and zygotically sufficient
for gonadogenesis. From aehn-1(q638) rol-6 mother, 1% of
pes-1::CFP (pJK907) heterozygous cross progeny had defects2p1); from anehn-
Thepes-1promoter from pUL#MJAL (Molin et al., 2000) was cloned 1(q638) rol-6/++ mother, none of theehn-1 rol-6 homozygous
into pPD136.64 (a gift from A. Fire). progeny had defect1¥199). ehn-3has minor dominance: <1% of

ehn-3 unc-6++ had gonadogenesis defeais22).
hnd-1 RNA interference and deletion
Double-strandedhnd-1 RNA was generated, using pJK849 as
template, and injected at 1 mg/ml. Thad-1(q740)deletion was RESULTS
isolated essentially as described by Kraemer et al. (Kraemer et al.,

1999), and backcrossed eight times. To test for maternal effect¥he C. elegans Hand gene affects embryogenesis
hnd-1 females, generated bipg-1 RNAi (Jin et al., 2001), were and gonadogenesis

crossed with N2 males [17% of the cross-progeny died as embryos . .

young larvae r=313), and all adult progeny had normal gonads?LFIedC.teleggn\_;genonle ;(r)]g](-).deRs aksmgledHlincti) b:_'nggrgOtw
(n=260)]. To test for zygotic lethality, we scored progenyuné€-9 ( edent and vervoort, » Ruvkun an obert, )- We
hnd-1/++ mothers [6% died as embryos or larvaea3s). To  initially investigatechnd-1(C44C10.8) because of its sequence

investigate whethehnd-1(q740)was a null allele, RT-PCR was Similarity to vertebrate proteins implicated in Notch signaling
performed on mutant and wild-type worms, using primers to a regiofSaga et al., 1997). THend-1gene is predicted to have four

retained in théand-1deletion. Template RNA was prepared from 20 exons encoding a 226 amino acid protein with one bHLH
gravid adults using TRI reagent (Molecular Research Center). A PCBomain and no other motif (Fig. 2A,B). We confirmed these four

product was obtained only from wild-type worms. exons in a single cDNA and identified tHeefd using RT-PCR
o ) with the trans-spliced leader SL1 (Fig. 2A; Materials and

Tests for hnd-1 genetic interactions Methods). During the course of this work, we isolakeuti-

hih-1 1(q740) a deletion mutant that removes 674 bp fromhihe-1

Progeny ofhlh-1/+; hnd-1 mothers had 55% embryonic and larval 5' flanking region, as well as its first two exons and introns (Fig.

Iethaht)g, compared with 25% defects fdh-1/+ (Chen et al.,, 1994)  2A). Consistent witthnd-1(q740peing a null allele, we did not

and 28% defects fdind-1 this work). detecthnd-1mRNA in hnd-1mutants (Materials and Methods).
The following were evaluated using number of gonadal arms as Igurthermorehnd-l(RNAi)and thehnd-1deletion caused similar

measure: defects (Table 1), suggesting that both represent strong and
sys-1 perhaps complete loss-of-gene function.
100% ofsys-1/+; hnd-1/+worms had two armsng89). sys-1/+; To explorehnd-1function, we examined botind-1(RNAi)

hnd-1had 68% gonadal arms, compared with 70%hiud-1alone  animals and théind-I-deletion mutant. Similar defects were
and <1% forsys-1/+ sys-1dominantly enhances other Sys mutantsobserved, and penetrance, recessivity and maternal effects
(K. Siegfried, unpublished). were analyzed in the mutant (Materials and Methods). The
hnd-1phenotype includes a partially penetrant lethality (28%,

gon-4 n=909), as well as partially penetrant gonadal defects in

100% ofgon-4/+; hnd-1/+ worms had two armsnE112). gon-4;
hnd-1double mutants had 30% gonadal arms4), compared with

43% forgon-4(Friedman et al., 2000) and 70% fund-1 Table 1. Penetrance ohnd-VEHN adult gonadal defects
gon-2 Gonadal morphology (%)*
At 20°C, the progeny ofjon-2; hnd-1worms had 78% gonadal Genot Two One Ab | N‘?”_‘EI
arms (=89), compared with 70% fdind-1and 100% forgon-2 Snobpe arms arm normal vistble  n
(Sun and Lambie, 1997). The progeny gin-2; hnd-lworms  Wild type 100 0 0 0 >1000
shifted to 25°C as L4s resemblgdn-2alone (most had no visible hnd-1(q740) 48 41 6 5 656
gonad). hnd-1(RNAi) 41 51 4 5 332
ehn-1(q638) 89 10 0 0 638
. . ehn-1(q638)/mnDf93 88 11 1 0 361
Antibody staining ehn-1(g690) 87 12 1 1 351
Embryos were fixed essentially as described by Miller and Shakeshn-1(q690)/mnDf93 86 12 2 0 524
(Miller and Shakes, 1995), and then stained witiPGL-1, a  ehn-3(q689) 82 15 3 0 1031
component of P granules (Kawasaki et al., 19a8iLH-1 (Krause  €hn-3(q689)/nDf41 75 20 5 1 197

et al.,, 1990) or-UNC-54 (Miller et al., 1983) for body muscle. . o
Secondary antibodies were used at 1:400 (Jackson Labs, West Grove . ercentage of surviving adults)(
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Fig. 2. Thehnd-1gene encodes tt@.
elegandHand transcription factor.
(A) hnd-1(formerly C44C10.8) genomic

organization. White, untranslated regions;
gray and black, coding region; black, basic
helix-loop-helix (bHLH) domain. Brackets B

below mark end points d¢ind-1deletion.
(B) Amino acid sequence alignment of
bHLH domains of human (hXenopugx),
zebrafish (z)Drosophila(Dm) and

C. elegangCe) HAND proteins. (Chnd-1
reporters. Tophnd-1(FL)::GFPinserts
GFP after amino acid 163. Middlend-
1(N)::GFP fusesGFP to the N terminus of
HND-1 and uses thenc-543'UTR (light
gray). Bottomhnd-1::GFPlacZreplaces
most of thehnd-1coding region with a
GFPlacZfusion and theinc-543'UTR
(light gray).GFP andGFPlacZare not to
scale.
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surviving adults (52%n=656). Aside from gonadal defects variable body shape defects, typically in the posterior (Fig.
and minor body wall abnormalitieend-1survivors appeared 3A,B). Mosthnd-1embryos contained pharynx and gut (Fig.
normal. Thehnd-1mutant was recessive: the gonadal defect8C,D), as well as muscle, as evidenced by twitching. Because

had no maternal effect, but both maternal and zydutit-1

activities were important for viability.

hnd-1 affects embryo morphogenesis

hnd-1::GFP is expressed in mesodermal precursors (see
below), we compared body wall muscles in wild-type and
hnd-1 embryos using am-myosin antibody (Miller et al.,
1983). Both wild-type antind-1late-stage embryos have four

hnd-1 mutants can die as embryos or young larvae witlquadrants of body muscle (Fig. 3E,F) (Miller et al., 1983),

F__,_r -

AN

o-myosin

o-myosin

although muscle fibers were sometimes disorganized in
mutants (Fig. 3F).

hlh-1 has striking similarities tdind-1 The hlh-1 gene
encodes a MYOD-like bHLH protein, amth-1 mutants have
severe defects in embryo morphogenesis but generate body
muscle normally (Chen et al., 1994). We examihed-1;
hih-1 double mutants to determine whether these two bHLH
proteins might have overlapping functions, but double mutants
made body muscle (not shown). Furthermore, we found no
significant genetic interaction betwedmh-1 and hnd-1
(Materials and Methods). Therefored-1andhlh-1appear to
function independently.

hnd-1 governs SGP number and position

Wild-type hermaphrodites possess two gonadal arms. By
contrast, adult hermaphrodites depletedhiod-1displayed a
range of gonadal shapes: two gonadal arms (Fig. 4A); a single

Fig. 3.hnd-1morphogenesis defect. (A,C,E) wild type, (B,DhRd-
1(q740) (A) Wild-type L1 with normal body morphology. The
gonadal primordium is bracketed. Three cells are visible: Z1, black
arrow; PGCs, white arrows; Z4 is in a different focal planeh(il} 1

L1 with typical body shape defect (black arrow). Arrested larvae
often have vacuoles in the head (arrowheads). (C) Wild-type pretzel-
stage embryo is elongated and contains pharynx (ph) and gut.

(D) hnd-1pretzel-stage embryo has not elongated posteriorly
(arrow), but has a fully developed pharynx and gut tissue, which can
be disorganized. (E) Wild-type embryos stained witmyosin
antibodies. Two muscle quadrants are visible in this plane
(arrowheads). (F)nd-1embryos generate four muscle quadrants,
which can be disorganized posteriorly (arrow); three quadrants are
visible in this plane (arrowheads). Scale barp0



hnd-1 and gonadogenesis 2885
pes-1.:GFP

central

Fig. 4.hnd-1gonadal defects. (A-D) LAnd-1(RNAI)
hermaphrodites, DAPI stained to highlight nuclei. Dashed line
delineates the extent of the gonad. Arrowhead, distal end; carat, 71
center of gonad (vulva). (A,B) Anterior half of animal is on the left,
posterior on the right. (A) Two-armed gonad. (B) One-armed gonad.
(C) No apparent gonad. (D) Abnormal gonad.

. ) Fig. 5.Gonadal primordia ilnd-1L1 larvae. All images arend-
gonadal arm (Fig. 4_5)? no apparent gonad (F'Q- 4C); Of (RNAI) Black arrow, SGP with name of cell; asterisk, PGC.
abnormal gonads (Fig. 4D). ‘Abnormal gonads’ include §A-C)pes-1::GFPmarks SGPs, GFP overlays DIC image.
variety of shapes, most typically an amorphous mass (Fig. 4D)A,B) Primordium with two SGPs. Right focal plane shows Z1
One-armed and two-armed gonads were frequent and wef). Left focal plane shows Z4 (B). (C) Primordium with one SGP,
usually fertile, whereas absent and abnormal gonads were ldek focal plane. (D) Primordium with no SGPs, two PGCs are
common and were always sterile (Table 1). A similar, but lesBresent, but are separated. (#agd}2::GFP marks SGPs. (E-G) Two
penetrant effect was seen in males (not shown). We conclu@&Ps in normal positions. Z1 is at anterior pole on right (E), Z4 is at
thathnd-Lis important, but not essential, for gonadogenesis.POSterior pole on left (F). Z1 and Z4 extend cytoplasmic processes to

The gonadal morphologies innd-1 mutants suggested a meet mid-ventrally (G, white arrow). (H-J) Primordium with one

X ; . isplaced SGP. Z1 is displaced dorsally (H), Z4 is located at the
defect early in gonadogenesis. Therefore, we examined SGEsgierior pole (). Z1 and Z4 meet mid-dorsally via a thin

in hnd-1gonadal primordia, using either nuclgmes-1::GFP  cyioplasmic process (J, white arrow). Scale bams
(Molin et al., 2000) (Fig. 5A-C) or cytoplasmiag-2::GFP,
which reveals cellular processes (Blelloch et al., 1999) (Fig.
5G,J). Whereas all wild-type gonadal primordia had two SGPs
(Table 2A),hnd-1primordia could have two (Fig. 5A,B), one affect the position of the SGPs within the primordium and
(Fig. 5C), zero (Fig. 5D) or even three SGPs (Table 2A)within the animal.
Therefore hnd-1is important for determining SGP number. N )

SGP position was also affected ind-1 mutants. In wild ~SGP number and position are crucial for
type, the two SGPs reside at the distal poles of the primordiurgonadogenesis
flanking the PGCs and extending cytoplasmic processes We usechnd-1mutants born with aberrant gonadal primordia
meet mid-ventrally. In mosihnd-1 mutants, SGPs occupied to investigate how organization of that primordium affected
similar polar positions (Table 2B), and extended ventrajonadogenesis. Specifically, we uspes-1::GFP to score
processes (Fig. 5E-G). However, in sohmal-1 mutants, one  SGPs irhnd-1L1 larvae, permitted the animals to develop and
or both SGPs were not at the pole, but instead were found mateen examined them again as L4s. Our results (Table 3) led to
centrally in the primordium (Table 2B). When an SGP waghree conclusions. First, mdstd-1primordia with a wild-type
misplaced dorsally, it extended cytoplasmic processes alorappearance (two SGPs placed at the poles) generated wild-type
the dorsal surface of the primordium (Fig. 5H-J). Finally, inappearing adults with two gonadal arms (93%&70).
somehnd-1 mutants, SGPs were observed ectopically (Tabl&herefore, hnd-1 appears to play little or no role in
2B). These ectopic SGPs could be in animals with either twgonadogenesis after formation of the gonadal primordium.
or three total SGPs; as predicted, ectopic gonadal arms haS8econd, most primordia containing one SGP generated adult
been observed in rafend-1 mutants. Thereforehnd-1can  gonads with only a single arm (98%53); none made two
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Table 2. Effect ofhnd-I/EHN mutants on SGP number primordium. A simple interpretation is tHad-1acts in SGPs,

and position which in turn are essential for germline survival and
A SGP number positioning.
Percentage of animals hnd-1 expression during wild-type development
Three  Two  One No To investigatehnd-1 expression, we constructed three GFP
Genotype* SGPs SGPs SGP  SGP n reporters (Fig. 2C).hnd-1(FL)::GFP inserts GFP coding
wild type 0 100 0 0 64 sequences into the third exon of the full-length HND-1 protein;
E”g'i(gﬁ‘ﬁ) g 21 gg i 12? this reporter rescueldnd-1mutants (Materials and Methods).
eﬂn:lqu%')) 5 %0 10 o 106 hnd-1(N)::GFPinserts GFP more N-terminally and replaces
ehn-3(q689) 0 89 8 2 171 the hnd-1 3'UTR with the unc-_54 3'UTR. hnd—l::GFP|aCZ
ehn-1(q638); ehn-3(q689) 0 5 35 60 43 replaces most of thand-1 coding region with GFP anfi-
ehn-3(q689); hnd-1(RNA) 0 4 29 67 49 galactosidase coding sequences, andutie543'UTR. All
. . o . threehnd-1reporters expressed GFP in largely the same cells,
nﬂggﬁg“ﬁfg#g?ggﬁﬁ Integrateples-1::GFR but hnd-1(N)::GFPandhnd-1::GFPlacZexpressed GFP at a
higher level and expression persisted longer. The rescue by
" hnd-1(FL)::GFP suggests that its expression is relevant to
B SGP position hnd—lgunétion. % P
Percentage of SGPs in each position The hnd-1 reporters expressed GFP in the MS, C and D
Genotype* Pole Positidn Centraf  Ectopic® n embryonic lineages (Fig. 6A). Expression was first observed in
wild type 100 0 0 128 four MS great-granddaughters, four C great-granddaughters
hnd-1(q740) 87 9 4 162 and two D daughters (Fig. 6B). These MS descendants give
Zﬂﬂjggg’%‘; > o 3 1o rise to the SGPs and other mesodermal cells (Fig. 6A) (Sulston
ehn-3(q689) 96 4 0 320 et al., 1983); the C- and D-expressing cells all generate body
wall muscle (Sulston et al.,, 1983). Expression continued
*All contain qls61, which is an integratepes-1::GFP through one cell division (Fig. 6C) and then became difficult
1SGP at Its normal position within the primordium. to detect usinghnd-1(FL)::GFP. hnd-1(N)::GFP remained
SGP misplaced centrally within the primordium. detectable in some cells within these MS and C lineages (Fig.

Spes-1::GFRexpressing cells outside of the gonadal primordium.

n, number SGP cells scored. 6D), but disappeared from most body muscle cells by the

comma stage of embryogenesis (Fig. 6E). Then,htiek1
reporters were expressed in the SGPs (Z1 and Z4) as they
arms. Finally, primordia with wild-type SGP number butapproached the PGCs to form the gonadal primordium
aberrant SGP position often generated defective gonads (26¥ig. 6E,F). Shortly after the primordium was assembied;
n=23). Therefore, SGP position within the primordium may bel(N)::GFP expression was reduced or disappeared (Fig. 6G).

important for gonadogenesis. GFP was not detected in the SGPs at hatching or post-
. ) embryonically (not shown). Therefornd-1 appears to be
Effects on germline developmentin  hnd-1 mutants expressed during embryogenesis in mesodermal precursor cells

The gonadal primordium ihnd-1 mutants sometimes lacked that generate predominantly body wall muscle, and then in
PGCs. In primordia with two SGPs, 7% lacked one or botli8GPs.

PGCs (=59), and in primordia with one SGP, 40% were

missing at least one PGQ=47). To investigate whether The hnd-1 gene is not required for specification of

the two PGCs were made imd-1mutants, we stained ~100- the SGP fate

cell embryos with a germline-specific antibody;PGL-1  The most common gonadal defect md-1 mutants is a
(Kawasaki et al., 1998): all had two PGL-1-staining cellsmissing SGP (Table 2A). To investigate whether both SGPs are
(n=237). Thereforehnd-1 does not affect the generation of made inhnd-Imutant embryos, we used thad-1(N)::GFP
PGCs, but instead affects their maintenance within the gonadadporter, which is an early SGP marker. We found both SGPs

Table 3. Correlation of gonadal primordium and adult gonad inhnd-1 mutants

Gonadal primordium Adult gonad (%)

Number None
Genotype* of SGPs SGP position Two arms Onearm  Abnormal visible n
Wild type 2 Both at poles 100 0 0 0 64
hnd-1f 2 Both at poles 93 6 1 0 70
hnd-1f 2 One at pole, one misplaced 74 9 17 0 23
hnd-1f 1 Pole 0 98 2 0 53
hnd-1f 1 Misplaced 0 71 29 0 7
hnd-1f 0 Not applicable 0 0 0 100 4

*All contain gls61, an integrateges-1::GFRP
TIncludes botthnd-1(RNAiandhnd-1(q740)
*Presence and position of Z1 and Z4 were scorgaebyl::GFPexpression.
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Fig. 6.hnd-1::GFPexpression. A
(A) Lineage diagram depicting - 0
cells that expredsnd-1::GFP
(green). Dashed lines indicate 20
approximate stage of embryo: - 40
in panels B-D. (B-H) Confocal L 60
images of embryos expressin
hnd-1::GFP(green). - 80
(B-D) Projections of z-series;
embryos were observed over
time to identify cells. (Bhnd-
1(N)::GFP expression is first
detected in four granddaughte
of MS, descendants of MS.ap
and MS.pp, in four
granddaughters of C,
descendants of C.ap and C.p|
(C.xp), and in two daughters 220
D. (C)hnd-1(FL)::GFP - 240
expression in granddaughters

- 100

- 120
- 140
- 160
- 180
- 200

minutes after first embryonic division

MS.ap/MS.pp and daughters 250 i
C.ap/C.pp. (Dpnd-1(N)::GFP - 280 Jhody, e
expression fades after the ne» L 300

SGPs (Z1 and Z4)

division of mosthnd-1

expressing cells but is retaine

in daughters of MS.appp and HLH-1
MS.pppp, and in daughters
of C.ppp and C.app.

(E-H) Embryos fixed and
stained witho-HLH-1 or a-
PGL-1 (red). (E) Unlike HLH-1
(red), which is detected in boc a
muscle lineages throughout - hnd-1
embryogenesis (Krause et al.,
1990),hnd-1(N)::GFPis absent from body muscles by the comma-stage of embryogenesis; at this time, expression is seen inhittiZz4. (F)
1(N)::GFPis detected in Z1 and Z4 as they meet the PGCs (Z2, Z3), marked by PGL-1 (red). (G) Shortly after, expression is absent from Z1
and Z4. (Hhnd-1embryos expredsnd-1(N)::GFPin Z1/Z4.

present and in their normal position near the PGCs (Fig. 6Hilh-8::GFP to mark the M mesoblast (Harfe et al., 1998) and
n=29). Thereforehnd-1is not necessary for SGP specificationunc-122::GFPto mark coelomocytes (Miyabayashi et al., 1999).
or SGP migration to the PGCs. All wild-type L1s had a singlehlh-8::GFP-expressing M
After formation of the gonadal primordium, SGPs remainednesoblast, as expectea=61). Similarly, mosthnd-1 mutants
associated with PGCs ihnd-1 embryos; none were seen had a single M cell, but a few had two M cells (58463) or no
detaching. Instead, SGP nuclei sometimes became smaller avidcell (2%, n=63). Those with an additional M cell had two
hnd-1reporter expression faded prematurely (38%4,3). The  SGPs, suggesting that extra M cells were not transformed SGPs.
simplest hypothesis is thAhd-1is required for maintenance Likewise, occasional extra coelomocytes were seen, but overall
of SGP fate and possibly SGP survival. hnd-1mutants had marginally fewer coelomocytes than wild type
We next investigated whether ectogind-1 expression (5.5 versus 5.9 on average per animaB0). Importantly, the
could transform other cells to the SGP fate. To this end, wextra coelomocytes could be in worms with two gonadal arms.
used a heat-inducible promoter to expréswl-1 during  Thereforehnd-lappears to have a low-penetrance effect on M
embryogenesis but found no ectopic SGPs, as assaymebby cells and coelomocytes, but this is unlikely to account for the
1.:GFP (Materials and Methods). We also expressed a fullmissing SGPs.
length HND-1::GFP fusion protein under control of either of To determine whether SGPs are lost as a result of
two mesodermal promoters (see below), but again did ngrogrammed cell death lmd-1mutants, we examindthd-1;
observe ectopic SGPs. These results are consistent with tbed-3double mutants using thees-1::GFPmarker The ced-3
proposed role fohnd-1in controlling SGP maintenance or gene is required for all programmed cell deaths (Ellis and

survival. Horvitz, 1986). Inhnd-1single mutants, 42% were missing at
) least one SGP (Table 2A), andcied-3; hnd-Jdouble mutants,
What becomes of SGPs in  hnd-1 mutants? 45% lacked at least one SGR=69). Therefore, SGP loss does

The missing SGPs ihnd-1 mutants might be explained by not appear to rely oced-3dependent programmed cell death.
transformation to a different cell type, or by cell death. To explore Next, we investigated whether SGPs dietima-1mutants.

the first idea, we reasoned that the most likely transformatiom C. eleganscell corpses resulting from either programmed
would be to a different mesodermal cell type. We tested this usiray necrotic cell death are engulfed by their neighbors (Chung



2888 L. D. Mathies, S. T. Henderson and J. Kimble

right focal plane left focal plane in the AB and MS lineages (Moskowitz and Rothman, 1996),

~ and then in SGPs (Miskowski et al., 2001). Each promoter was
fused to a full-length, rescuindgind-1::GFP cDNA and
expressed ihnd-1mutants. Expression of HND-1::GFP by the
hih-1 promoter rescued thend-1gonadogenesis defects, from
52% to 5% defectivenE42). By contrast, HND-1::GFP driven
from thelag-2 promoter, which is expressed in the two SGPs
(Fig. 5G), did not appreciably rescimd-1 gonadogenesis
defects (36% defective=108). The latter experiment has the
caveat that this promoter is switched on after SGPs assemble
into the gonadal primordium and it may not be expressed in
dying SGPs. From theh-1::hnd-1GFPresult, we suggest that
HND-1 acts in early mesodermal lineages.

hnd-1 acts independently of other early
gonadogenesis genes

Thehnd-1SGP defects are the earliest observed to date among

Fig. 7.Cell death irhnd-1mutants. Gonadal primordia: black arrow, any genes contr_ollln@. elggan:gonadogeness. To mvesngatg
SGP with name of cell; asterisk, PGC. (Adg}-2mutants have no whetherhnd-1might funct|pn. with ot'her early gonadogenesis
corpses near gonad. Z1 is in the right plane (A) and Z4 is in the left 9€Nes, we explored genetic interactions betveehland two
plane (B). (C,Died-2; hnd-ldouble mutant. Z1 is missing, buta ~ Mutant classes. The first type, representeddny2andgon-4
cell corpse occurs in its place at the anterior pole of the gonadal ~ (Friedman et al., 2000; Sun and Lambie, 1997), controls the
primordium (C, open arrow). Z4 is present (D). Scale bam5 onset of cell divisions in the gonad but not in other tissues
(Fig. 1C). Gonadal divisions are delayedgon-2 or gon-4
single mutants (Friedman et al., 2000; Sun and Lambie, 1997),
et al., 2000; Ellis et al., 1991). The engulfment of cell corpsebut not inhnd-1 mutants §=5). Moreover,hnd-1; gon-2and
relies on several genes, includiogd-2(Ellis et al., 1991). In  hnd-1; gon-4 double mutants have additive phenotypes
ced-2single mutants, no cell corpses were evident near th@Materials and Methods). Therefofeyd-1does not affect the
gonad (Fig. 7A,B;n=54); however, inced-2; hnd-1double  onset or timing of gonadal divisions and acts independently of
mutants, cell corpses were found near the gonad (Fig. 7C,Bpn-2andgon-4
28%, n=50). Importantly, the presence and site of corpses The second class of early gonadogenesis genes, represented
correlated with SGP absence. We observed no cell corpses negrsys-1 (Miskowski et al., 2001), is required for SGPs to
gonads with two SGP:1£53), mostly anterior or right cell produce daughter cells with different developmental potential
corpses near gonads missing Z1 (4/5; Fig. 7C), and onifFig. 1C). In wild type, each SGP generates one distal tip cell
posterior or left cell corpses in those missing Z4 (8/8). IndeedPTC), whereas insys-1 mutants they make no DTCs
in one cell corpsehnd-1::GFP was faintly expressed, (Miskowski et al., 2001). Mosind-1SGPs that were properly
indicating that it had been specified originally as an SGP (dafsositioned generated DTCs (96%193; Table 3), and no
not shown). Therefore, SGPs appear to diend-1mutants.  genetic interactions were found witys-1 (Materials and
o ) o Methods). Thereforehnd-1 does not appear to affect SGP
hnd-1 activity acts in somatic tissues to control asymmetric divisions, but instead ensures that two SGPs are
gonadogenesis present and properly positioned in the gonadal primordium.
Both SGPs and PGCs are affectedhiml-1 mutants. To learn o _
where hnd-1 functions, we used a combination of mosaicldentification of genetic enhancers of ~ hnd-1
analysis and transgenic experiments drivinghthd-1coding  To identify additional genes controlling SGP development,
region with tissue-specific promoters. we screened for EMS-induced mutants withhiad-Ilike
In C. elegansmosaic animals can be made by loss of extragonadogenesis phenotype and discovered loss-of-function
chromosomal arrays that carry transgenes and that ameutations ofhn-landehn-3[for enhancer of Hand (Materials
transmitted with varying fidelity at each cell division (Herman,and Methods)]. Theehn-1 and ehn-3 mutants had low-
1984). For this study, we created an extra-chromosomal arrgenetrance gonadal defects (Table 1). Ebn-1 gonadal
that carries a rescuingnd-1 genomic fragment and two defects could be rescued either maternally or zygotically, but
fluorescent markersmyo-3::YFPto mark body muscle and ehn-3exhibited no maternal effect (Materials and Methods).
pes-1::CFP to mark SGPs). We then identified ‘germline Furthermoreghn-1had low-penetrance lethality, but lethality
mosaics’, animals that retained the array in somatic tissues bwtis negligible irehn-3mutants (Table 4).
failed to transmit it to their progeny; such animals have lost the The gonadal primordia oéhn-1 and ehn-3 mutants had
array in divisions generating the germline blastomere P4 (sedsent or misplaced SGPs, as described abovérfdrl
Fig. 6). All six germline mosaics had a wild-type gonadalmutants (Table 2A,B). Howevehnd-1, ehn-1 and ehn-3
primordium, which suggests thatd-1activity acts in somatic  displayed subtle differences in their spectrum of defects. For
tissues rather than in the germ line. example, ectopic SGPs were seenelm-1 but not ehn-3
To further explore wherbnd-1acts, we used either of two mutants, and onliind-1mutants generated extra SGPs (Table
promoters:hlh-1, which is expressed in body muscle and no2A). Despite these minor differences, the primary defects were
in SGPs (Krause et al., 1990);lag-2, which is first expressed similar among the three mutants, which suggests that they may
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Table 4. Genetic interactions between thiend-/EHN genes

Gonadal morphology (%)* Lethality (%)
Two None Larval Dead

Genotype arms visible n. lethal embryos nr
hnd-1(q740) 48 5 656 26 8 909
ehn-1(q638) 89 0 638 5 0 671
ehn-1(q690) 87 0 351 5 9 413
ehn-3(q689) 82 0 1031 0 1 1046
ehn-1(q638); ehn-3(q689) 4 20 779 2 6 853
ehn-1(q690); ehn-3(q689) 2 36 474 8 0 495
ehn-1(q690); hnd-1(q740) 15 26 114 4%8 11 651
ehn-3(q689); hnd-1(q740) 0 82 376 é 8 437
ehn-1(q638); ehn-3(q689); hnd-1(RNAI) 0 81 63 488 24 130

*Percentage of living adults)() with two gonadal arms (Two arms) or no visible gonad (None visible).
TLethality is a percentage of total progeny)(

*Arrested larvae often had severe body shape defects.

SLarvae died as L1s with no obvious morphological defects.

function in a common pathway to control early gonadall(N)::GFP to mark hnd-1 transcription and SGP formation.

development. The ehn-1 and ehn-3 single mutants both expresséad-

) _ ) 1(N)::GFP in two SGPs €hn-1 n=35; ehn-3 n=31).
Functional relationships between the  hnd-1 and Therefore ghn-1andehn-3do not controhnd-1transcription
EHN genes in SGPs, which is consistent with the idea that they function

To investigate the functional relationships betweenhti@1  in parallel tohnd-1 Furthermoreehn-3; hnd-Idouble mutant

and EHN genes, we first investigated double and triple mutanenbyros made two SGPs=8), but few possessed SGPs at

(Table 4). Althoughhnd-1, ehn-1andehn-3single mutants all hatching (4%; Table 2A). Therefore, liked-1, theehn-1and

had relatively low-penetrance gonadal defects, the double amthn-3 genes do not affect SGP specification but instead

triple mutants showed increased penetrance (Table 4). Fmfluence SGP fate or survival.

example, 80-90% afhn-1landehn-3single-mutant adults had

two gonadal arms, but almost none of ¢a-1; ehn-3louble

mutants had two gonadal arms (2-4%; Table 4). Similarly, onl{pISCUSSION

5% of the double mutants had two SGPs at hatching (Table

2A). By contrast, larval lethality did not increase in ¢éfe-1; In this paper, we investigate the controls governing

ehn-3 double mutant. Thereforeshn-1 and ehn-3 may be development of theC. elegansgonadal primordium. Our

partially redundant for SGP development. primary focus is théhnd-1 gene, which encodes the single
The ehn-1; hnd-1and ehn-3; hnd-1double mutants were Hand transcription factor in th€. elegansggenome (Ledent

also more defective than any of the single mutants, but eaemd Vervoort, 2001; Ruvkun and Hobert, 1998). Animals

double mutant was unique. For the gonadogenesis defbots, lacking hnd-1 activity have partially penetrant defects in

3 enhancechnd-1 more strongly than diéhn-1.Thus, some gonadogenesis and embryogenesis (this work). In addition, we

ehn-1; hnd-ldouble mutants made two gonadal arms and onljrave found two genetic enhancers bihd-1 that have

about one-third had no apparent gonad. By contraghneB;  overlapping functions. We discuss the roles played by these

hnd-1double mutants had two gonadal arms, and most had mgenes irC. elegan®rganogenesis and compare our findings to

visible gonad (Table 4). Intriguingly, this situation wassimilar studies in other organisms.

reversed for lethalityehn-1 enhancedhnd-1 more strongly .

than didehn-3for both embryonic and larval lethality. One fnd-1 and control of SGPs in the gonadal

simple explanation is that the three genes are all partiallprimordium

redundant, but that each has acquired an individual role in th¥ild-type C. eleganshas four gonadal precursors, two SGPs

repertoire of activities normally carried out byd-VEHN  and two PGCs, in stereotyped positions within the primordium.

genes (see Discussion). hnd-1 mutants affect the presence and position of these
The ehn-1; ehn-3; hnd-1riple mutant appears additive for precursors in the primordium and within the animal. Thus,

theehn-1; hnd-Jandehn-3; hnd-Idefects. Thus, the penetrance hnd-1 mutants can possess fewer than normal, as well as

of the triple mutant with respect to lethality is similar to that ofmispositioned, SGPs or PGCs. Timed-1gene probably acts

theehn-1; hnd-Jdouble mutant, and the penetrance of the triplecell autonomously in the SGPs or their precursors to control

mutant with respect to gonadal defects is similar to that of thearly gonadogenesis. Howevémd-1 does not affect SGP

ehn-3; hnd-Imutant (Table 4). The fact that the triple mutantspecification, because the correct number of SGPs is generated

is not fully penetrant may suggest the existence of one or moie all hnd-:mutant embryos. Nor does it cause SGPs to

additional genes involved in the process, or it may indicate thée transformed into either of two mesodermal types

the ehn-1or ehn-3mutant is not a null. (coelomocytes and the M mesoblast), although it remains
To begin addressing relationships betweeretiregenes and  possible that they are transformed into muscle cells. Instead,

hnd-1at a molecular level, we examined expressiomrad-  we suggest thaind-1is required for SGP survival.
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What happens to SGPs hmd-1 mutants? We used two three single mutants have partially penetrant gonadal defects,
classes of cell death mutantsed-3 which eliminates all and mutations in two of the thrémd-1andehn-] also affect
programmed cell death (Ellis and Horvitz, 1986), aad-2  viability. Each of the double mutants has a more severe
which is defective in cell corpse engulfment (Ellis et al., 1991)gonadogenesis defect, which suggests at least two pathways
At first glance, our results appear contradictory: we observecbntrol SGP survival. Redundancy frequently results from gene
extra cell corpses ihnd-1; ced-2ouble mutants, but saw no duplication (Ohno, 1970). However, only one Hand homolog
increase in the number of SGPs hmd-1; ced-3double exists in theC. eleganggenome, and neith&hn-1nor ehn-3
mutants. One simple explanation is that SGPs diedsde3  maps to a region containing any predicted bHLH protein.
independent pathway. Alternatively, if the SGPs no longeirherefore, théand-1and EHN genes redundantly control SGP
expressed markers of their fate (epgs-1, they would not development, but they are unlikely to represent paralogous
have been identified in our analysishofd-1; ced-3mutants. pathways.

Therefore, it remains possible thatd-1 mutant SGPs fail to Intriguingly, ehn-1enhancesind-1lethality more strongly
maintain their fate and die via programmed cell death. In eitheéhan it enhances thbnd-1 gonadal defect, wherea=hn-3
case, the correlation between missing SGPs and extra celhihances thénd-1 gonadal defect but not its lethality. The
corpses strongly supports the idea thadl-1is required for identity of hnd-1 as a putative bHLH transcription factor
SGP survival. provides a molecular framework for considering the

Why might SGPs die inhnd-1 mutants? One simple enhancement dfind-1by ehn-1andehn-3 One idea is that
explanation is that inhibition of apoptosis is part of the normaéhn-1 and ehn-3 might encode, or control the activity of,
developmental program, as has been suggested for the wingé@mnscription factors that cooperate whithd-1in the regulation
helix transcription factor Fork head Drosophila salivary  of partially overlapping sets of target genes. Regardless of the
gland development (Myat and Andrew, 2000). Alternativelymolecular mechanism, thénd-1/ehn genes clearly have
cells may be programmed to die when they receive ambiguowserlapping, but non-equivalent, functions in embryonic
developmental cues. This idea is supported by the extensidevelopment and gonadogenesis.
apoptosis seen in many developmental mutants [e.% )

Pax6eyelessmutants (Halder et al., 1998)]. Becaused-1 egulation of mesoderm development by Hand

SGPs initially show evidence of their fate (they express SGanscription factors

markers and migrate to the PGQOse favor the idea th&ind-  The hnd-1gene encodes the single Hand transcription factor
1is required for maintenance of cell fate and that in its absende theC. elegangienome (Ledent and Vervoort, 2001). Higher
the SGPs die. SimilarlyPax6/eyelessnutants generate eye vertebrates contain two Hand genesH#&nd/Handl and
primordia that express early markers of their fate @gye dHand/Hand2, whereas a single family member has been
enhancerlacz) and later undergo programmed cell deathidentified in zebrafish (Yelon et al., 2000), ascidians (Dehal et

(Halder et al., 1998). al., 2002) and flies (Moore et al., 2000). Vertebdttandis
o expressed in lateral plate mesoderm and is important for
hnd-1 and embryonic viability development of mesodermal organs, including heart and limbs

In addition to gonadal defectbind-1 mutants can die as (Firulli et al., 1998; Riley et al., 1998; Srivastava et al., 1997,
embryos or young larvae with body morphogenesis defect¥elon et al., 2000). ThBrosophilaHand gene is expressed in
Elongation of the embryo is driven largely by cell shapehe dorsal vessel (heart) and visceral mesoderm, but its
changes in the hypodermis (Priess and Hirsh, 1986). Howevédunction is not known (Moore et al., 2000). T@e elegans
mutants affecting muscle development also disrupt the proceband genehnd-1, is first expressed broadly in mesodermal
(e.g. Bejsovec and Anderson, 1988; Chen et al., 1994recursors that generate striated muscles, and then is restricted
Waterston, 1989). Of particular interest to this work is theo the somatic gonadal precursors; its function appears to affect
hih-1 gene, which encodes the. elegansmyoD homolog both muscle and gonadal development. Therefore, all Hand
(Krause et al., 1990); its loss disrupts development of bodgenes explored to date are expressed in mesodermal cells and,
wall muscles and causes a characteristic morphogenesis defettere studied, are important for mesoderm development.
(Chen et al., 1994). We explored the possibility tirat-1may The defects itnd-1have intriguing similarity to the defects
similarly be involved in body muscle development. Howeverjn the zebrafish Hand gene callednds off(han) Thus,han
hnd-1; hilh-1 double mutants still make body muscle, mutants generate the normal number of precardiac cells, but
suggesting that these bHLH proteins control different aspecthese cells cannot differentiate and a midline heart tube fails to
of muscle development. Although speculative at the currerform (Yelon et al.,, 2000). Similarly, SGPs are specified
time, we suggest thand-1may play a role in muscle fate that correctly inhnd-1mutants, but they often fail to maintain their

parallels its role in controlling SGP fate. fate and can subsequently die. The fate of the cardiac precursors
) . ] ) in zebrafisthanmutants is not known (Yelon et al., 2000). We

Three genes with overlapping functions in SGP suggest that the zebrafish and nematode Hand genes may play

development parallel roles in controlling cardiac and gonadal precursor cells,

The hnd-1 deletion has incompletely penetrant gonadal andespectively. Interestingly, zebrafieshnmay also be important
embryonic defects. Yet, the mouse and zebrafish Hand mutarits gonadogenesidian mutants have defects in migration of
are completely penetrant (Firulli et al., 1998; Riley et al., 1998germ cells to the gonad as well as abnormalitiepar2.1
Srivastava et al., 1997; Yelon et al., 2000). Why migmi@&1-  expression in the putative gonadal mesoderm (Weidinger et al.,
null mutant exhibit partially penetrant defects? One simpl€002). Therefore, zebrafidhan mutants, likehnd-1 mutants,
explanation is genetic redundancy. We have identified twanight have defects in development of the gonadal mesoderm.
geneseghn-landehn-3 that enhance thend-1phenotype. All  Our identification ofhnd-1as a regulator of somatic gonadal
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developmentiiC. elegansaises the possibility that Hand geneshnd-1 is to maintain the somatic gonadal fate and thereby

are ancient regulators of gonadogenesis. prevent the death of the somatic gonadal precursors. It remains
] ) to be seen whether the maintenance of cell fate and cell survival
Genetic controls of early gonadogenesis are intimately linked during the development of other organs.

How does the control of SGP developmenhhg-lJehngenes _ o

compare to the genetic regulation of early gonadogenesis inThe authors thank Mike Krause, lan Hope, Piali Sengupta and
other animals? Although genes have been identified that govepysan Strome for strains, antibodies and reporter constructs.
formation of the early gonad in botBrosophila and Additional strains were provided by tr@aenorhabdltlsGene_tlcs_
vertebrates, the genetic control of early gonadogenesis remafgnte- We are grateful to Peggy Kroll-Conner for her contributions
relatively uncharted territory. Perhaps most analogous. to to"the deletion screen and for meticulous strain maintenance. We

. . . . thank Kellee Siegfried and Christopher Tilmann for critical reading
elegans hnd-/ehngenes isDrosophila clift which encodes & of the manuscript, and two anonymous reviewers for helpful

novel nuclear protein required for both SGP development igomments. L.D.M. was supported by an NIH postdoctoral fellowship
the gonad and for photoreceptor survival in the eye (Boyle eind by the Howard Hughes Medical Institute. J.K. is an investigator
al., 1997). Thelift effect on SGPs is remarkably similar to thatwith the Howard Hughes Medical Institute.
of the hnd-Zehngenes: SGPs are generatectlift mutants,
but they do not coalesce into a gonadal primordium and ar.
lost over time (Boyle et al., 1997). Furthermore, ectajift
expression, like ectophmd-lexpressmn, dld not mcr.ease SGP Bejsovec, A. and Anderson, R1988). Myosin heavy-chain mutations that
number (qu,le et al".1997)' Therefore, liked-1, C“.ft may disrupt Caenorhabditis eleganshick filament assemblyGenes Dev2,
not be sufficient to direct SGP development on its own. In 1307-1317.
mice, several transcription factors have been implicated iBirk, O. S., Casiano, D. E., Wassif, C. A., Cogliati, T., Zhao, L., Zhao, VY.,
development of the genital ridge, a mesodermal swelling Grinberg, A., Huang, S., Kreidberg, J. A., Parker, K. L. et al. 2000).
destined to generate the somatic gonad (Birk et al., 2000;N2fu:‘e'zﬁogognag?§f§ genehx9is essential for mouse gonad formation.
Capel, 2000). IrsflandWtlknockout mice, the genital ridge pielioch, R., Santa Anna-Arriola, S., Gao, D., Li, Y., Hodgkin, J. and
forms initially but it does not develop further; instead, the ridge Kimble, J. (1999). Thegon-1gene is required for gonadal morphogenesis
regresses because of programmed cell death (Kreidberg et alin Caenorhabditis elegan®ev. Biol. 216 382-393. _
1993; Luo et al., 1994). Therefore, although these genes &pY!e: M., Bonini, N. and DiNardo, S(1997). Expression and function of
. A TR clift in the development of somatic gonadal precursors withiDtbgophila
encode different transcription factors, the similarities in mutant ,osodermpevelopment 24 971-982.

phenotype suggest parallels in the genetic control of somatibyle, M. and DiNardo, S.(1995). Specification, migration and assembly
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