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Summary

In sex determination, globally acting genes control a and the male gonad is malformed. By contrastfkh-6
spectrum of tissue-specific regulators to coordinate the mutant hermaphrodites exhibit no sign of sex reversal.
overall development of an animal into one sex or the other. Most fkh-6 hermaphrodites form a two-armed symmetrical
In mammals, primary sex determination initially occurs in ~ gonad resembling that of the wild type, but differentiation
the gonad, with the sex of other tissues specified as a of the spermatheca and uterus is variably abnormal. The
secondary event. In insects and nematodes, globally acting function of fkh-6 appears to be restricted to the gonadkh-
regulatory pathways have been elucidated, but the more 6 mutants have no detectable defects in extra-gonadal
tissue- and organ-specific downstream effectors of these tissues, and expression of a rescuintkh-6 reporter is
pathways remain largely unknown. We focus on the control gonad-specific. Genetic and molecular analyses plafidn-6
of sexual dimorphism in theC. elegangjonad. We find that  downstream oftra-1, the terminal regulator of the global
the forkhead transcription factor FKH-6 promotes male  sex determination pathway, with respect to the first
gonadal cell fates in XO animals. Loss-of-functiorfkh-6 gonadal cell division. We conclude thatfkh-6 regulates
mutant males have feminized gonads and often develop a gonadogenesis in both sexes, but is male specific in
vulva. In these mutant males, sex-specific cell divisions and establishing sexual dimorphism in the early gonad.
migrations in the early gonad occur in the hermaphrodite

mode, and hermaphrodite-specific gonadal markers are Key words: Sex determination, Gonad, Gonadogen@sislegans
expressed. However, sexual transformation is not complete Forkhead

Introduction differentiation. Although cell-cell interactions play a role

Sex determination is the process by which cells, tissues atgunter and Wood, 1992), master regulators suchaa$ of
indeed animals are directed to develop as one of two sexes. The €/egansor Sex lethalof Drosophila are expressed in all
gonad must be specialized to support different modes &exually dimorphic tissues, both gonadal and extra-gonadal,
gametogenesis in each sex, and development of other tissif¥ cell-autonomously control their sexual differentiation
and organs also is sexually dimorphic in most animals. Fdfeviewed by Cline and Meyer, 1996). Despite differences in
sexual reproduction to occur, not only must the gona(Ijlow sex determination is coqrdlnated, some aspects of the
differentiate into a functional testis or ovary, but other sexuallyrocess may be evolutionarily conserved between phyla:
dimorphic tissues must also adopt the same mode as the gondtgmbers of a protein family sharing the DM DNA-binding
either male or female. Two general strategies have evolved #9main regulate sex determination in vertebrates, insects and
ensure that sexual dimorphism of the gonad is coordinated wifftmatodes (Erdman and Burtis, 1993; Lints and Emmons,
that of other tissues. In vertebrates, the gonad itself plays2902; Matsuda et al., 2002; Nanda et al., 2002; Raymond et
dominant role: primary sex determination initially occurs in theal., 2000; Raymond et al., 1998).

gonad, which then secretes hormones that induce appropriatelhe global regulators of sexual development presumably act
sexual differentiation of other tissues (reviewed by Nef andia more tissue-restricted downstream genes. Indeed, several
Parada, 2000). Consequently, master regulatory genes like tligsue-specific sexual regulators have been identified in worms
mammalian testis determining geBey, although expressed and flies; for example, in the nematoGe elegansthe DM
only in the gonad, initiate a process that masculinizes the entidomain protein MAB-3 controls male development of the
body. A second strategy, which is used by insects anihtestine and parts of the nervous system (Shen and Hodgkin,
nematodes, relies on more direct control of target tissu#988; Yi et al., 2000), the related protein MAB-23 regulates
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male development of mating muscles, nervous system amgbnadogenesis resembles that of hermaphrodites. By contrast,
posterior hypodermis (Lints and Emmons, 2002), and FOG-the overall morphology of mutant hermaphrodite gonads is
and FOG-3 act in the germline to promote spermatogenesi®rmal in most animals, although mutants are infertile, because
(Barton and Kimble, 1990; Ellis and Kimble, 1995). Similarly, of defects in the differentiation of the hermaphrodite somatic
in Drosophila Fruitless controls male development of the CNSgonad. Extra-gonadal tissues in both sexes appear to be normal
and musculature (Ito et al., 1996; Ryner et al., 1996), Takeoir fkh-6 mutants, andkh-6 reporters are expressed only in the
acts in fat cells in the head to promote male courtship behavigonad. Genetic and molecular analyses suggestktin&tacts
(Dauwalder et al., 2002) and Dissatisfaction regulateslownstream ofra-1in the first division of the somatic gonadal
courtship behavior in the nervous system of both sexes (Finlgyrecursor cells, which establishes gonadal sexual dimorphism.
et al., 1997). Although the action of such proteins begins t€ollectively, these results indicate that FKH-6 is an organ-
reveal how global regulators impose sexual dimorphism ospecific regulator of sexual dimorphism.

individual tissues, the downstream regulators remain unknown

in many tissues. In particular, no gonad-specific sex-

determining gene has been identified in any invertebratédlaterials and methods

despite the central role in sexual reproduction of the gonad arg ,ins and genetic methods

'ts_lt]r'lghly dlm?(rphlc anatomy Ln Imc:cst speclltfjs_,. hi . thC' elegansstrains were cultured and genetically manipulated as
IS paper Tocuses on control of sexual dimorpnism 1N tQeqqripeq previously (Sulston and Hodgkin, 1988). Strains were

gonad ofC. elegansThe two sexes of. elegansare the self-  aintained and experiments conducted at 20°C unless otherwise
fertilizing hermaphrodite (chromosomally XX) and the malestated. Most strains includednam-8(e1489)or him-5(e1490)igh
(XO). Hermaphrodites can be considered females with sperrmcidence of male mutation. The following mutations were used in
a view underscored by the existence of closely relatethis study: LGII, bli-2(e768); 1in-31(n301); unc-4(e120); tra-
nematodes that reproduce as typical females and male¥el095) LGIII, tra-1(€1099) LGIV, him-8(e1489) LGV, him-
Therefore,C. eleganssex determination is likely to rely on a 5(€1490).

primal male/female control mechanism, with more recent Integrated transgene arrays were as follajis56[lag-2::gfp, unc-
regulatory modifications that permit hermaphroditism (Fitc é?;]]\;(?_ bzg'fg[[:%"sllsi}gfpﬁn 1%‘23]’;(2“]'\/; ezIs1[K09C8.2::gfp,
and Thomas, 1.997.)' A_rguably the_most cru0|a_1l global regulatd?‘ sylSSb[cdh-S::ggfp, a%y9120+]; tnIéS[Iim-?::gfp, pRF4]; lels8[pes-

of sex determination itC. eleganss tra-1, which promotes :ofp; PRF4}

female development in hermaphrodites and encodes TRA-1A, g7|s2[tkh-6(pro)::gfp, unc-119+]it]

a zinc-finger protein of the Ci/GLI class of transcription factors  andqls76][tra-1::gfp, pRF4]

(Hodgkin, 1987; Zarkower and Hodgkin, 1998%-1 activity Extrachromosomal transgene arrays were |eEx468]3.3:gfp,

is essential for all aspects of female sex determination ipRF4]; and ezEx138fh-6FL)::gfp, pRF4].

somatic cells and also plays a crucial role in the germline fkh-6mutations were maintained in trans to the balamded [dpy-
(Hodgkin, 1987; Schedl et al., 1989). TRA-1A controls somel0(e128) mis14]ll where misl4 carries the integrated array
downstream targets by direct transcriptional repression (CthEx9747ccEx9747is an extrachromosomal array composed of three
and Ellis, 2000; Conradt and Horvitz, 1999; Yi et al., 2000)GFP constructs, one driven by a gut-specific enhancer and the
The picture emerges, therefore, that TRA-1A promotes femafgners bymyo-2and pes-10promoters (Edgley and Riddle, 2001).

Il fates b ina th . tivity of théBtaterozygotes were identified as animals of normal size with GFP
cell 1ales by repressing the expression or activity of genes pression in the pharynx and intestine, and mutants were identified

otherwise would direct male development in specific tissuegs animals of normal size lacking GFP expression in these tissues.
(reviewed by Zarkower, 2001).

Despite major differences in mature gonad morphologysolation, mapping, and genetic manipulation of  fkh-6
between the two sexes, most regulators of gonadogenegiitations
identified so far play similar roles in both sexes (Hubbard antkh-6(ez16)was isolated in an F2 EMS mutagenesis screen (Sulston
Greenstein, 2000; Friedman et al., 2000; Mathies et al., 2008nd Hodgkin, 1988) dfim-8(e1489pnimals carrying the integrated
Miskowski et al., 2001; Siegfried and Kimble, 2002). Indeed@'rayezis} which contains the male seminal vesicle and vas deferens
even tra-1, in addition to its essential role in directing markerK09C8.2::gfp KO9C8.2 was identified in a cDNA microarray

. - reen for sex-enriched L4 mRNAs, comparing XX wild-type (N2
hermaphrodite gona_dal develqpment, glso has a minor mIegirmaphrodites with XX pseudomalesa(z;E(ol-lg(K_T,, W \)(/i?v.( )
male gonadogene.S|s (Hodgkin, 1987; SC“‘?d' et gl., .198 einke, and D.Z., unpublished). Mutant lines with abnormal or absent
(L.M. et al., unpublished). Therefore, sexual dimorphism in th%09C8.2::gfp expression were identified using a dissecting
gonad may not arise by execution of unrelated parallehicroscope with fluorescence optics. Thk-6(q641)allele was
developmental programs in each sex, but rather by sex-specifielated in a F2 EMS mutagenesis scrednimf5(e1490pnimals for
modulation of an underlying common gonadogenesis programgonadogenesis defects.

In this respect, control of. elegansgonadogenesis may  The ezl6and 641 mutations were mapped betwekm31 and
resemble genital disc developmenDirosophilg in which the  let-172 on LGII by three-factor mapping, and further localized
Doublesexbranch of the sex-determination pathway sexPy deficiency mapping. The deficienciesaDf4 nDf3 and nDf4
specifically modulates the response to cell signaling pathway@mplementedez16and 641 whereasccDf4, ccDf7, ccDf5 and

: : e ccDf1failed to complement. Single nucleotide polymorphism (SNP)
found in both sexes (r_eVIewed by Chrls_tlans_en et al,, 2002). ecombinant mapping (Wicks et al., 2001) plaeed6to the left of
In the . work described here, we identify the . forkhe_a polymorphism contained in the cosmid MO3A1. A cosmid from this
transcription factor FKH-6 as a regulator of sexual dlmorph|srrrlegi0n (B0286) was injected with pRFIE6(su1006sd) (Mello et
in the C. elegansgonad. The gonad dkh-6 mutant males 5| 1991) inteez16/min‘hermaphrodites and found to rescuedhs6
is feminized: hermaphrodite-specific gonadal reporters argutation. Fertilefkh-6 homozygous hermaphrodites afikti-6 males
expressed; a vulva is frequently present; and earlwith normal gonadal morphology were scored as positive for rescue.
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A PCR fragment containing 6.7 kb fixh-6 upstream of the predicted mutagenesis with the QuikChar§feSite-Directed Mutagenesis Kit
start codon and 2 kb downstream of the predicted stop codon al§¢Btratagene).

rescuedezl6mutants. In addition, RNAI directed agairfish-6 gave ] ) )

the same phenotypes @sl6andq641 RNAI directed againdkh-6 Genetic mosaic analysis

was performed by feeding bacteria expressing double-stranded RNkh-6(ez16)mutant hermaphrodites carrying an extrachromosomal
corresponding tfkh-6(B0286.5; a gift from J. Ahringer) as described array offkh-6(FL)::gfpand pRF4 were assayed for the ability to lay

(Ashrafi et al., 2003; Kamath et al., 2001). eggs, indicating rescue of tiéh-6 somatic gonadal defects. Progeny
) of rescued animals were examined for viability and inheritance of
Molecular analysis of  fkh-6 alleles pRF4 (which causes a dominant roller, or Rol, phenotype). Five

Template DNA for sequencing was made by amplifying exons fronihermaphrodites produced large broods of fully viable mutant progeny,
genomic DNA prepared from N2 éh-6(ez16, g641animals using all non-Rol. In these hermaphrodites, the extrachromosomal array
the ExpandLon@" or ExpandM High Fidelity PCR System (Roche). must have been lost, prior to the embryonic cell division forming P4,
Three independent PCR reactions were sequenced for each exon frtm blastomere from which the germline precursors Z2 and Z3 derive.
each strain using Big-Dye Terminator Ready Reaction MixMale and hermaphrodite progeny of germline mosaic hermaphrodites
(PE/Applied Biosystems). Sequencing @£16 DNA identified a  had the same gonadal phenotypes as homozygloprogeny from
mutation in the predicted first codon, changing ATG to ATA fkh-6 heterozygotes. This indicates that any maternal contribution of
(methionine to isoleucine). Sequencigé41DNA identified a G to  FKH-6 to the germline is not functionally significant.
A change in the first position of intron 2.

To confirm that thékh-6(q641)mutation affects splicing, RT-PCR tra-1 reporter
was performed. RNA was isolated from NZXkin-6(q641)L1 and L4  Thetra-1::gfp reporter (pJK876) was generated by insertifghto
X0 and XX animals using Tri ReagéMt (Molecular Research BanHI fragment from cosmid F56C2 into pPD96.04 (a gift from A.
Center), and cDNAs were prepared using Superscript Il (Gibco)-ire). This construct contains 8138 bp upstream oftitiel start
Sequencing of PCR products from two overlapping primer setsodon and fuses the first six amino acids of TRA-1 to GFB&Ad..
identified identical transcripts in wild-type XO and XX animals at L1 pJK876 was injected with pRF4 to genera€x480 which was
and L4. To predict the consequences of qbd1 insertion for the integrated to makgls76
FKH-6 structure, the primary amino acid sequence of FKH-6 was
aligned with residues in the Foxd3 (2HDC) solution structure (Jin et
al., 1999) using Clustal-W (Thompson et al., 1994). The insertiolResults
caused by thg641mutation is in helix 2, which is immediately prior Ft ;
to two hydrophobic amino acids that are integral to the forkheaAJr?gég??gotrr&?gggggggfaCtor required for male
domain hydrophobic core (Phe-32 and lle-33 in 2HDC; Phe-50 an . ) )
lle-51 in FKH-6). By altering the register of helix 2, the insertion is 10 find regulators of sexual dimorphism of te elegans

likely to disrupt formation of the hydrophobic core in FKH-6. gonad, we screened for mutants with sex-specific gonadal
_ ) ) defects. In these screens, we examined F2 progeny of
Lineage analysis and laser ablations mutagenized hermaphrodites for mutations that either

Cell divisions and migrations were followed by DIC microscopy USingdisrupted expression of the male seminal vesicle and vas
Zfl';‘ af”d Z4.p Ca”“d""de’ we 'asﬁr ablated Zl.pl_?ynth4.a fp".‘S) t‘l"fﬂe male gonad. Among the mutations identified were the
of the four germ cells present at the time, to simplify the analysis). : .
wild-type males, this ablation does not affect the divisions Ofgllelesezlﬁandq?fl ont\)lv?\ll\(/:g vr\gelfocgls th(ler% Bolffé:’ln.tiaatlons
remaining cells (Kimble and White, 1981) (J. Kimble, unpublished).are recessive and map betwestb L anadlet- on » (ey

Ablations were performed as previously described (Bargmann an@SO fail to complement, indicating that they are mutations in
Avery, 1995) using a Micropoint Ablation Laser System (Photonicdhe same gene (see Materials and methods).

Instruments, Arlington, IL). L1 XOfkh-6(q641)and fkh-6(ez16) We cloned the gene defective 816 and 641 by a
homozygotes were obtained as self-progeny fikim6(q641)/minl; combination of fine genetic mapping, cosmid rescue and RNAI
him-5(e1490) or fkh-6(ez16)/minl; him-8(el489jnothers. XO (Materials and methods). The gene identified fkhs6, one of
animals were identified based on the presence of an enlarged B blaspreviously described family &. elegans forkheatklated

cell. L1 fkh-6(q641); tra-1(e1099)double homozygotes were genes (Hope et al., 2003). The FKH-6 protein contains 323
identified as self-progeny with a large B cell frékh-6(q641)/minl; 5 1ino acids, including a 96 amino acid region with high
tra-1(e1099)/+mothers. similarity to the DNA-binding domain of the forkhead/winged-
fkh-6 reporters helix family of transcription factors (Hope et al., 2003; Weigel

fkh-6(pro)::gfp(PWC1) was made by inserting a genomic DNA pcrand Jackle, 1990) (Fig. 1A). Sequencing genomic DNA from
fragment, extending from 6708 bp upstream of the predicted stafiz16andg641homozygotes revealed their molecular lesions:
codon to 239 bp downstream, into the pPD95.69 GFP vector (gift #z16is a G-to-A transition predicted to alter the initiation
A. Fire). Thefkh-6(FL)::gfp (pWC2) rescuing GFP was made by codon from methionine to isoleucine, ag@4lis a G-to-A
inserting a genomic DNA PCR fragment, from 6708 upstream of théransition at the first nucleotide of intron 2, predicted to affect
predicted start codon to 3402 downstream, into pPD95.67. Transgeniplicing between exons 2 and 3 (Fig. 1A). To confirm the effect
strains were created by microinjection as previously described (Mellgf g641on splicing, we sequencékh-6 cDNAs prepared by
and Fire, 1995). pWC1 was injected with pMM106bd-119; a gift RT-PCR from wild-type anékh-6(q641)L1 XO animals, and

from D. Pilgrim) intounc-119(ed3)vorms to generatezEx147and : i} i : B
this strain was subsequently integrated to genez&2 pWC2 was from mixed-stagékh-6(q641)XX animals.fkh-6(q641)cDNA

injected with pRF4 (Mello et al., 1991) infkh-6(ez16)}0 generate has a six nucleotide insertion at the Junction of exons .2 E.ind 3,
the extrachromosomal arr@zEx133. owing to use of a downstream cryptit dplice site. This is
pWC1 contains a single consensus TRA-1A binding site. pwC7, Rredicted to insert two amino acids into helix 2 of the forkhead
derivative of this reporter with the consensus sequence chang@®main. Alignment of FKH-6 to known forkhead domain
from TTGGTGGTC to TTCTGCAGC was made by site-directedstructures (Materials and methods) suggests thatqg@d
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Fig. 1.fkh-6is required for A |—F0rkhead domain—l
gonadal development. ATG

(A) Molecular basis ofkh-6 H-m .Hj
mutations. Boxes indicate exon:

lines indicate introns. The ezl6 _f L q641 fkh-6
forkhead domain (black) is ATG — ATA GT— AT (3405 bp)
encoded by two exons. Arrows
indicate locations of mutations. C
Theezl6andg64lalleles are

both single base changes,
indicated in redez16affects the
ATG start codon and641affects
the predicted splice donor site ¢
the second intron. Thg641
transcript is spliced aberrantly,
resulting in a two amino acid
insertion in the forkhead domair
(see text). (B,C) Adult XO male:
stained with DAPI to highlight
gonadal nuclei. (B) Wild-type
adult male gonad with elongate
J-shaped gonad. (@h-6(ez16)
adult male with disorganized
gonad that has failed to elongat
Sperm are indicated by arrow.
(D-F) Male gonads, differential
interference contrast (DIC) optic
(D) Wild-type adult male with
germline (gl), mature sperm,
seminal vesicle (sv) and vas
deferens (vd) indicated. (Ejh-
6(ez16)adult male with vulva
indicated (arrowhead). (Fh-
6(ez16)male at higher
magnification, with mature sper
indicated (arrow). (G) Wild-type
young adult XX hermaphrodite
showing posterior gonad arm,
with spermatheca (spth), oocyte
(ooc) and embryo (emb)
indicated. (H) Young adufkh-
6(ezl16hermaphrodite; embryo >
lodged in spermatheca and fertilized eggs, and oocytes can be seen backing up behind embryo. (1,J) Adult hermaphrodités3fdrhed

(I) Wild-type adult hermaphrodite with two gonad arms indicated by bracketkh{Brdult hermaphrodite showing the one-armed gonad
phenotype that occurs in ~10% of XX mutants. (K,L) Early L3 wild-typefeineg hermaphrodites at ten-cell somatic gonad primordium (SPh)
stage. Dorsal and ventral uterine precursor cells are indicated by triangles; larger sheath/spermathecal precursore@igi¢®sydy

arrow. (K) Wild-type early L3 hermaphrodite. Three of the six dorsal and ventral uterine precursor cells are visible cdghe fmer SS

cells (other SPh cells are out of focal plane or obscured by intestinBh{6early L3 hermaphrodite showing normal position of SPh cells.
Three of six dorsal and ventral uterine precursors are visible, including differentiating anchor cell (AC). Two of fowwr &8 irefbcal plane.

(M) Wild-type adult male tail, with sensory rays and other copulatory structurefikh@ydult male tail, showing normal morphology.

(O) Ventrolateral view of wild-type adult male showieg-15::gfpreporter expression in sex muscles in the tail (Harfe et al., 1998).

(P) Ventral view offkh-6adult male expressinggl-15::gfpin sex muscles with normal morphology.

TAA

fkh-6 XO

insertion destabilizes the hydrophobic core of the forkheatkstis organized into distinct structures (Fig. 1Bfkh);6males
domain by shifting the orientation of two conservedhave a gonad of variable size with no apparent elongation and
hydrophobic residues in helix 2 (Phe-50 and lle-51). The twavith no obvious gonadal tissue organization (Fig. 1C,E,F).
fkh-6 alleles have essentially identical phenotypes, either aSpermatogenesis occurs in mutant males and mature sperm
homozygotes or in trans to a deficiency, and closely resembtgten develop (Fig. 1F), although the male germ line is
fkh-6(RNAI) in addition, fkh-6(RNAI)of fkh-6 homozygotes disorganized, presumably owing to the severe dysgenesis of the
does not enhance the mutant phenotype (Table 1, and data somatic gonad. Strikingly, ~25% &h-6 males have a vulva,
shown). Collectively, these results indicate that bid6  and occasional animals (<1%) have two vulvae (Table 1, Fig.
alleles are strong loss-of-function mutations and may be nullLE,F).

The gonadal defects ifkh-6 mutant males are severe. The gonadal defects ifkh-6 mutant hermaphrodites, by
Whereas wild-type adult males have an elongate one-armedntrast, do not include sexual transformation and usually
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Table 1.fkh-6 adult gonad phenotypes

Male gonad morphology (%) Hermaphrodite gonad morphology (%)
Genotype* Wild type Not elongated  Vulva n Two arms One arm Noarm n
wild type 100 0 0 104 100 0 0 146
fkh-6(ez16) 0 100 26 211 90 9 1 312
fkh-6(q641) 0 100 25 198 92 7 1 326
fkh-6(ez16)/ccDf4 0 100 21 122 94 6 0 247
fkh-6(q641)/ccDf4 0 100 28 119 96 4 0 113

*All strains harbor the high incidence of male mutatiim-8(e1489pr him-5(e1490).

Table 2. Leader cells infkh-6 males and hermaphrodites (%)*

0 1 2 0 1 2 3+
Genotypé LC LC LC DTC DTC DTC DTC n
lag-2::gfp XO 1 98 1 0 4 96 0 70
fkh-6(g641); lag-2::gfpXO 94 6 0 5 14 33 48 64
lag-2::gfp XX na na na 0 3 97 0 40
fkh-6(q641); lag-2::gfpXX na na na 0 16 83 1 97

*Linker cell (LC) and distal tip cell (DTC) were scored by GFP fluorescence; LCs scored as intense expression with typiqatidl6gyndTCs in
hermaphrodite observed as bright cells at the anterior and posterior end. DTCs in males are observed as small, fainteigression

TAll strains harbor the high incidence of male mutation-5(e1490).

na, not applicable.

do not affect overall gonadal morphology. Wild-type observed no obvious defects in male tail differentiation (Fig.
hermaphrodites have two symmetrical ovotestes with sheatthiM,N) or sex muscle morphology and function (Fig. 10,P).
spermatheca and uterus (Fig. 1G,I; Table 1), and fkbhst  Males also display normal mating behavior, and do not
hermaphrodites have this same morphology (Fig. 1H; Table 1accumulate yolk, indicating that the nervous system and
In addition, sheath/spermathecal precursors are present at theestine, respectively, are not feminized (data not shown).
normal time and position in early L3 (Fig. 1K,bx30) and
form a spermatheca that expresses the spermathecal marfgi-6 males lack gonadal leader cells
leEx780 (n=50; data not shown). However, during L4, Gonadal morphogenesis is controlled by ‘leader’ cells, which
sheath/spermathecal daughters assume unusual and variadpléde elongation of the growing gonadal arms (Kimble and
positions, and the adult spermatheca appears blocked, witkihite, 1981). In males, the ‘linker’ cell has leader function,
embryos accumulating in the proximal sheath (Fig. 1H). Aand two male distal tip cells (DTCs) control germline
rarer hermaphrodite defect is the presence of only one of thgoliferation. The severe defects in elongatiorfkbf-6 male
two normal ovotestes (compare Fig. 11 with 1J; Table 1), whiclgonads suggested that the linker cell might be missing or
appears to result from the loss of a distal tip cell (see belowglefective. To test this, we us&y-2::gfp, a marker intensely
We conclude thatkh-6 affects gonadogenesis in both sexesgexpressed in the large round linker cell and more faintly in the
but its affect on overall gonadal morphogenesis is largely malgvo small flat male distal tip cells (Siegfried and Kimble,
specific. 2002). Most fkh-6(q641) males lacked cells intensely
Gametogenesis appears normalflth-6 hermaphrodites: expressinglag-2::gfp with linker cell morphology (94%,
spermatogenesis is followed by oogenesis and fertilization=64), and many had abnormal numbers of DTCs (Table 2).
occurs (Fig. 1H). However, embryonic development arrestBecause the linker cell and male DTCs are generated during
prior to hatching and altkh-6 hermaphrodites are infertile L1, these results suggest thfth-6 acts early in male
(n>500). This maternal effect lethality could reflect agonadogenesis.
requirement in the somatic gonad, the germline, or the early We also examined the generation of leader cells in
embryo. To distinguish between these possibilities, wéermaphrodites, again usifgg-2::gfp. In hermaphrodites,
analyzed germ line mosaics (Materials and methods). In thes@me DTC resides at the distal end of each ovotestis.
animals, a rescuintkh-6 array was present in the mother but Hermaphrodite DTCs are bifunctional, controlling germline
was not transmitted to progeny, indicating loss of the array iproliferation, as in males, and also guiding elongation of each
the embryonic cell lineage leading to the germline5]. All growing gonadal arm (Kimble and White, 1981). Almost all
germline mosaic hermaphrodites produced large broods efild-type hermaphrodites (97%+=40, Table 2), and mo#ith-
viable fkh-6 mutant progeny, demonstrating that neither gerné hermaphrodites (83%)=97, Table 2) had twdéag-2::gfp-
line nor zygotic expression dkh-6is required for viability. expressing DTCs. However, sorfidh-6 hermaphrodites had
Instead, we suggest that the embryonic lethality results fromnly onelag-2::gfp expressing DTC (16%n=97, Table 2),
somatic gonadal defects, perhaps owing to insufficient suppotbnsistent with the percentage of one-armékh-6
of developing oocytes by somatic cells. hermaphrodite gonads we observed. The DTC deficit was
The fkh-6 defects appear to be restricted to the gonadalready apparent in L2/L3 larvae: of 53 L2/L3s followed, 48
Hermaphrodites and males are of normal size and havehad two DTCs and also had two arms as adults, whereas five
growth rate similar to that of wild type. In addition, we had one DTC and subsequently had one arm as adults. Loss of



1430 Development 131 (6) Research article

Fig. 2. Sex reversal of cell WT hermaphrodite WT male fkh-6 male
fates in thékh-6 male gonad. . - —

Left column (A,D,G,J,M):
wild type XX hermaphrodites
Middle column (B,E,H,K,N):
wild type XO males. Right
column (C,F,1,L,0)fkh-
6(ez16)mutant XO males. All
panels are overlaid DIC and
fluorescence images, except
those showindels8 which are
DIC images of3-gal stained
animals. For each reporter,
fluorescence images are
identical exposures for all
genotypes. Cell types
expressing each reporter in
wild-type hermaphrodites are
as follows.cdh-3::gfpis
expressed in the hermaphroc
anchor cell (AC, arrow), but
not in wild-type maledim-
7::gfpis expressed in
hermaphrodite sheath cells.
lels8is alacZreporter
expressed in hermaphrodite spermathecal cells and some uterineEglI80is agfp reporter expressed in spermathecal celt$Slis agfp
reporter not expressed in hermaphrodites, but expressed in male seminal vesicle and vas deferens (see Materials and methods).

the hermaphrodite DTC might result from an early lineagdels8to mark spermatheca and uterine cells (Hope, 1991) and
defect, the death of the DTC or its transformation to anothdeEx780to mark spermathecae (gift of lan Hope). Each marker
cell type. Distinguishing these possibilities was impracticalvas expressed in wild-type hermaphrodite gonadal cells and
given the low penetrance. Thag-2::gfp transgene was a mild absent from wild-type male gonads (Fig. 2, left and center
enhancer of one-armed gonads, an effect also seen in wild-typelumns) but all were expressed fikh-6 male gonadslimn-
and with other gonadogenesis mutants (Siegfried and Kimbl&;:gfp: 33%, n=51 (Fig. 2F),lels8 100%, n=35 (Fig. 2I),

2002). leEx780 36%, n=20 (Fig. 2L)]. Expression of these
S ) hermaphrodite-specific markers was variablekim-6 males
Feminization of cell fates in the ~ fkh-6 male gonad with respect to both the number and the position of cells. The

In wild-type hermaphrodites, vulval development is induced byxpression of multiple hermaphrodite-specific gonadal markers
the anchor cell, a hermaphrodite-specific cell in the somatimdicates that thékh-6 male gonad is extensively feminized.
gonad (Kimble, 1981). The vulvae presentfikih-6 males To test whether the feminization &h-6 male gonads is
suggested that the gonad might be feminized, possessing emmplete, we examined expression of two male-specific
anchor cell and possibly other hermaphrodite cell types. Wgonadal markers. We usedls1to score seminal vesicle and
tested this possibility using reporter transgenes specific faras deferens cells. In wild typezIslis not expressed in
hermaphrodite gonadal cells. First, we asked whefittel6  hermaphroditesné&1000) (Fig. 2M), but is expressed in all
male gonads make an anchor cell. In wild-type animals, thmale gonads from L4 through adulthoos>(000) (Fig. 2N).
cdh-3::gfpmarker is expressed specifically in hermaphroditdn fkh-6(ez16)males, a few gonadal cells expressetslin
anchor cells and is not expressed in the male gonad (Pettitt28% of animals r=52), indicating the presence of seminal
al., 1996) (Fig. 2A,B). Remarkably, almost #h-6(ez16) vesicle or vas deferens cells (Fig. 2). Similaggl-5::gfp
males (97%n=64), expresseddh-3::gfpin at least one anchor which is expressed in four seminal vesicle valve cells in wild-
cell (Fig. 2C), and most had more than one (83%), with atype adult males (Ferreira et al., 1999), was expressed in one
average of four. The anchor cells preserfkin6 XO gonads cell in 21% offkh-6 mutant male gonads£30). Neither male
demonstrate that thiih-6 male gonad is feminized and are marker was expressedfkh-6hermaphrodites (not shown). We
likely to be responsible for induction of male vulvdleh-6  conclude that the feminization &h-6 XO gonads, although
hermaphrodites do not have supernumerary anchor cells: &ktensive, is not complete, and tfiet-6 XX gonads are not
animals examined had a singidh-3::gfpexpressing cell in masculinized.
the gonad f=50). The frequency of vulvae fith-6 males is o o
lower than the frequency ofih-3::gfpexpressing cells (25% Feminization of early gonadogenesis in  fkh-6 males
versus 97%). This suggests that some of ¢bb-3::gfp  We next asked whether early gonadogenesis during the first
expressing cells may not have full anchor cell function. larval stage (L1) irfkh-6 mutants resembles that of males or
We next tested reporters for other hermaphrodite-specifisermaphrodites. At hatching, the L1 gonadal primordium
somatic gonadal cell types. We uséoh-7::gfp to mark consists of four cells: two somatic gonadal precursor cells (Z1
production of hermaphrodite sheath cells (Hall et al., 1999xnd Z4) occupy the poles and flank two central germ line
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Fig. 3. Feminization of early A WT XX B fkh-6(q641) XX

cellular events in thi&kh-6 male

gonad (A-D) Left, Z1/Z4 cell

lineages; right, schematics of 21 24 4 @24 21 24 4 @24
early gonadogenesis; L1, first g =P ajp Ly alep a|p

larval stage; L2, second larval

stage; a, anterior daughter; p, Zia Z4p Zl.a Z4.p
posterior daughter; AC, anchor L2 Z1 .p+ Z4.a L2 Z1p + Z4.a
cell; LC, linker cell; DTC, distal o O o O O

tip cell. Open arrows, size = = = @ 9 = [ C_
asymmetry of Z1/Z4 divisions ir o o r"_)b o o @r"_)c
the wild-type males. In all no Z1.p/fZd.a no Z1.p/Z4.a
schematics, Z1 and Z4 are blac migration migration
and their daughters are either li _

grey (Z1.a, Z4.p) or dark grey C WTX0 D fkh-6(q641) XO

(Z1.p, Z4.2). (A) Wild-type z1 4 1€ 024 z1 e 1€ P74
hermaphrodite. Z1 and 24 abp akp a | p a | D

produce daughter cells of simile || 4 L1

size. Z1.a and Z4.p generate Z1.a Z4p Zla Z4.p
DTCs, while either Z1.p or Z4.a

generates an AC. (Bxh-6 L2 Z1.p| Z4.a L2 M Z1 .p+ Z4.2
hermaphrodite. Z1/Z4 early SO o i )
lineage appears normal, but is 5= 5 @ g = ep Qf]l_)el
delayed relative to wild type — oo oo no Z1.0/Z4.a
(n=2). (C) Wild-type male. Z1 anterior migration mi ;pt' nl
and Z4 divide asymmetrically tc of Z1.p and Z4.a 'gratio
generate daughter cells with a - . _ v e
pronounced size asymmetry (0] > - m .
arrows). Z1.p and Z4.a migrate ' : <N

anteriorly, and one or the other
generates a LC. (Okh-6male.
Z1 and Z4 do not produce
daughters with a dramatic size
difference (=8), Z1.p and Z4.a = '
do not migrate anteriorlyn€8), and Z1.a/Z4.p were able to divide (broken lines, 3/6 cells examlned) In animals with Z1.a/Z4.p divisions, extra
DTCs were observed. (E,F) DIC micrographs of L1 developing gonad. (E) Wild-type male. Z1.a is smaller than Z1.p. Z4qré&yaié)

is similarly smaller than Z4.a. (fih-6 (q641)male. Z4.a and Z4.p are about the same size; Z1.a and Z1.p (out of focal plane) also are similar
in size.

precursor cells (Zz2 and Z3) (Hubbard and Greensteirl0-cell somatic gonadal primordium typical of hermaphrodites
2000). This four-cell primordium is morphologically was not seen either; instead, the gonad became a disorganized
indistinguishable in the two sexes; sexual dimorphism isnass composed of variable numbers of somatic gonadal and
established during and after the first Z1/Z4 division andyerm cells. To determine whether the extra division of Z1.a and
involves three sex-specific events (Kimble and Hirsh, 1979¥4.p generates the extra DTCs seen in about halfkiine
(Fig. 3A,C). First, Z1/7z4 daughter cells have a more6(g641)males (Table 2), we examinélch-6(q641) lag-2::gfp
pronounced size asymmetry in XO than XX gonads: in malesnales. Indeed, the extra division of Z1.a or Z4.p could produce
Zl.a and Z4.p are visibly smaller than their sisters Z1.p anextra DTCs (2/4 did not divide and had no extra DTCs; 2/4 did
Z4.a, while in hermaphrodites these sisters appear similar givide and had extra DTCs, Fig. 3D). In summary, cellular
size. Second, in males Z1.p and Z4.a migrate anteriorly, whilevents of L1 gonadogenesis are feminizedkim6 mutant

in hermaphrodites they retain their central positions. Thirdmales, consistent with the feminization @h-6 somatic
Zl.aand Z4.p do not divide in males, but do in hermaphroditegonadal cell fates we observed in later larval stages.

The four-cell gonadal primordium ifkh-6 males was We also examined L1 gonadogenesis fikh-6 XX
morphologically normal r=8), but the subsequent L1 hermaphrodites. The four-cell gonadal primordium appeared
development of Z1 and Z4 resembled that of hermaphroditesormal =30), and the first divisions of Z1 and Z4 were typical
rather than males (Fig. 3). Thus,fidn-6 XO gonads, the first of wild-type hermaphroditesn€2). However, Z1/Z4 cell
Z1/74 division produced daughters of nearly equal size (8/8ivisions were slower than wild-type in both XX and X-
cases, Fig. 3E versus 3F), Z1.p and Z4.a failed to migrate (8@mutants (Fig. 3B,D). By contrast, no delay occurred in the
cases, Fig. 3D), and Z1.a and Z4.p were able to divide (3f@st two rounds of the B lineage<8), suggesting thdkh-6
cases). After this stage tlfich-6 male gonad lineage became does not affect cell divisions generally.
variably abnormal and specific cell divisions were not followed
further; observation in later larval stages (L2, L3, L4) revealedkh-6::gfo expression is gonad-specific
that the eight-cell somatic gonadal primordium typical of malelo studyfkh-6 expression, we made two GFP reporters. One,
gonadogenesis did not developfiin-6 males. However, the a transcriptional reporterfkh-6(pro)::gfp, contains 6.7 kb
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Fig. 4.fkh-6::gfpis expressed in the early somatic gonad and the spermatheca. (A-H) Expression of irftdgf{ped)::gfparray. (A,B) DIC

and fluorescence micrographs in four-cell gonad of wild-type L1 malefktit::gfpexpression in Z1 and Z4 (arrows). (C,D) Four-cell gonad

of wild-type L1 hermaphrodite showing expression in Z1 (arrow). Z4 is out of focal plane. (E,F) Wild-type male gonad intéte L1

expression ofkh-6::gfpreporter in four daughters of Z1 and Z4, which have moved to the anterior (bracket). Reporter expression is no longer
detectable in hermaphrodites by this stage (not shown). (G,H) Wild-type L4 hermaphrodite exfitessigpreporter in spermatheca (spth)

and weakly in sheath (sh). Fluorescence outside the gonad in these images is intestinal autofluorescence. Reporter erprtsiciedsin

males at this stage (not shown).

upstream of the predicted initiation codon and fusegfpe expression was detectable outside the gonad in larvae or adults
coding region in frame at the beginning of exon 2. The otheof either sex.
reporter,fkh-6(FL)::gfp, contains the same 6.7 kb of upstream
sequences, followed by genomic sequences containing tfh-6 acts downstream of tra-1 and tra-2 to control
completefkh-6 coding region, and thgfp-coding region fused €arly gonadogenesis
in frame immediately'8o the FKH-6 stop codon. This reporter The gonad-specific sexual transformation fkifi-6 mutants
fully rescued fkh-6 male gonadal defects and restoredindicates thatkh-6is a tissue-specific sex-determining gene.
hermaphrodite self-fertility, suggesting appropriate spatial and/e therefore investigated the relationshigldf-6to two key
temporal expression. genes of the global sex determination pathway (Fig. 5A). The
The two reporters have the same expression pattern. Botita-1 andtra-2 genes normally promote female development:
are expressed in Z1 and Z4 of XO (Fig. 4A,B) and XX (Fig.XX tra-1 or tra-2 null mutants are strongly masculinized
4C,D) L1 larvae. However, later during L1, the timing of (Hodgkin and Brenner, 1977). Two simple models could
expression is sexually dimorphic: in XO larvae reporteraccount for the role dkh-6in promoting male development
expression persists until late L1 in Z1/Z4 descendant®f the gonadal primordium. Firstkh-6 could block the
whereas in XX larvae it decreases in mid L1 and ideminizing activities ofra-1 ortra-2in males. Converselyta-
undetectable by late L1 (Fig. 4E,F, not shown). Later or tra-2 could block the masculinizing activity dkh-6 in
expression also is sexually dimorphic. In L3 hermaphroditedjermaphrodites. To distinguish between these alternatives, we
the fkh-6 reporters resume expression in sheath-spermatheostaminedfkh-6; tra-1 and fkh-6 tra-2 double mutants. The
precursor cells, continuing through adulthood in spermatheagonads ofkh-6 tra-2double mutants closely resembled those
and weakly in proximal sheath (Fig. 4G,H; data not shown)of fkh-6 single mutants (no elongation, disorganized, frequent
By contrast, no expression was observed in XO animals pastilval induction), indicating théefkh-6is epistatic tdra-2 and
the L1 stage. Reporter expression is consistent tith6 is likely to act downstream ofra-2 to promote male
mutant defects in L1 male gonadal morphogenesis and wevelopment (Table 3).
hermaphrodite gonadal differentiation during L3 and L4. No The genetic relationship betweékh-6 and tra-1 is more

Table 3.fkh-6 is epistatic to the global sexual regulatorra-2 and tra-1
Gonad phenotype (%)*

Elongated Elongated Not Four- to

Genotypé wild type abnormal elongated six-cell gonad Vulva n

fkh-6(q641)XO¥ 0 0 100 0 25 198
tra-2(e1095)XX 100 0 0 0 0 97
fkh-6(q641) tra-2(e1095¥X 0 0 100 0 28 128
tra-1(e1099)XX 31 51 18 0 0 51
fkh-6(q641)/+; tra-1(e1099XX 17 57 20 6 0 69
fkh-6(q641); tra-1(e1099%X 0 0 10 90 0 42

*Gonad morphology was scored by DIC optics.
TXO animals all harbor the high incidence of male mutatiom5(e1490).
*fkh-6(g641)data are also presented in Table 1.
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A r"_'Adu“ Fig. 5.fkh-6acts downstream dfa-1 in the early gonad.
e (A) Simplified version ofC. elegansex-determination

tra-2 fem-1 /9 i = pathway (Hodgkin et al., 1986). The ratio of X chromosomes
XA = tra 53— Fem-g — tra-1 \/d( - PN to autosomes (Madl and Herman, 1979) signals via a
- IR regulatory cascade and regulaiesl, such that higlra-1

fkh-6 ; tra-1 XX.

D "~ 24p Es* C AT Z4.p
Z4a /.- Z4

activity promotes female somatic development and represses
male development. Early genes in the pathway and some
genetic interactions are not shown. (B) Gonad is severely
underdeveloped ifkh-6;tra-1 XX adult (broken line

indicates gonadal boundary). (C-E) Comparison of Z4
daughters irikh-6, tra-1, andfkh-6; tra-1mutants. Z4.a and
Z4.p are similar in size ifkh-6(q641)XO L1 male, whereas
Z4.a is larger than Z4.p ina-1(e1099)XX L1 pseudomale.
fkh-6 XO fkh-6 ; tra-1 XX In fkh-6; tra-1double mutant XX L1 pseudomales, Z4.a and
F Z4.p are similar in size. Z1 daughters (out of focal plane)

. have the same size polarities. (F) Summary of early events of
Catins S'é:u"fh%;g“' ﬁ:prin zt'?:;z T gonadogenesis ifikh-6andtra-1 single mutants antkh-6;
,.,_typ,. | daughters | migration | i Bt i tra-1 double mutants. Relative sizes of Z1 and Z4 daughters
wild-type XX similar no Kimble and Hirsh 1979 and male-specific anterior migration of Z1.p and Z4.a were
scored. Eight Z1/24 divisions were scored for each mutant
class fkh-6 XO, tra-1 XX, andfkh-6; tra-1XX). (G,H) DIC
fkh-6 X0 similar no This work (N=8) and fluorescence images showiray1::gfp expression in the

tra-1 XX/XO asymmetric yes Mathies, in preparation gc(er_ladaI péi‘rln(;rdium d1kh|-6(q641)XO lemalg-lA”ﬁWEe_ad
fkh-6: tra-1 XX Similar o This work (N=8) indicates Z4. Reporter also is expressed in Z1, which is out

of focal plane. Other brightly expressing nuclei are intestinal.
(1,J) DIC and fluorescence images showfkiy-6(pro)::gfp
expression in the gonadal primordiumtiaf-1(e1099)XX L1
pseudomale. Z1 (arrow) and Z4 daughters (arrowheads)
expresgkh-6::gfp.Z4 daughters are displaced to the dorsal
side of the gonad, a commum-1 defect (L.M. and J.K.,
unpublished). (K) Summary &h-6::gfpandtra-1::gfp
expression. Wild-type timing of Z1/Z4 division and anterior
migration of Z1.p/Z4.a is indicated at top (unbroken lines).
Periods of GFP reporter expression in wild-type and mutant
transgenic animals are indicated (broken-ended lines indicate
imprecision in timing of expression).

C. ™

 Z4a Z4.

wild-type XO asymmetric yes Kimble and Hirsh 1979

tra-1:gfp

Hatchin . .
K E? 11 12,13, L4 ,Adult mutants (Hodgkin, 1987; Schedl et al., 1989). We

suggest that the two genes may have a partially
overlapping function in gonadal cell proliferation.
We next examined the relationshiptod-1 andfkh-

Z1/Z4 division —_—
Z1p/Z4a migration ——

% [T WT XX g’ ------ - 6 in controlling Z1/Z4 divisions. We found that Z1/24
Sl wrxo o - . divisions infkh-6; tra-1mutants resemble thosefih-

5‘( 6 single mutants rather than those tiia-1 single

S L tra-1 XX O vt mutants (Fig. 5C-F). The detailed cellular analysis of
o WT XX S_{ S— i tra-1 single mutants will be described elsewhere (L.M.,
2 WIX0 o unpublished). The Z1/Z4 cell division and movements
8 of their daughters itra-1 mutants have characteristics
S L fkh-6 X0 O ————.. typical of wild-type XO males (e.g. asymmetric

division, anterior migration) (Fig. 5D,F). By contrast, in

both fkh-6 single mutants (Fig. 5C) and fkh-6; tra-1
complex. The terminal phenotype @®&h-6; tra-1 double double mutants (Fig. 5E), the Z1 and Z4 divisions are not
mutants indicates a synergistic effect on gonadogenesisarkedly asymmetric, and none of the daughters move to the
Specifically, the entire gonad of most adilh-6; tra-1 XX anterior (summarized in Fig. 5F). Thus, for these early events
double mutants possessed only ~10 total cells (somatic pled gonadogenesigkh-6 is epistatic totra-1, suggesting that
germline) and no vulva, and iikh-6; tra-1 double mutants fkh-6 acts downstream ofra-1 to specify a male-specific
observed continuously, gonadal development arrested witthivision of Z1 and Z4 and the male-specific anterior migration
only four to six total Z1/Z4 descendants and a similar numbesf Z1/Z4 daughters.
of germ cells 1§=8) (Fig. 5B, Table 3). Development of non- To investigate the relationship @fa-1 and fkh-6 at the
gonadal tissues was not similarly arrested, and these tissuaslecular level, we employed GFP reporters for each gene
were typical oftra-1 single mutants. This type of very early (Fig. 5G-J; summarized in Fig. 5K). #ha-1::gfp transgene is
gonadal arrest has not been seen in efitie6or tra-1 single  expressed in Z1 and Z4 and their descendents, both in wild-
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type XX and XO L1 gonads (L.M. and J.K., unpublished) andhe sexual transformation. In thédkh-6males, the number and

in fkh-6 mutant L1 gonads, with no obvious change in pattermosition of cells expressing each gonadal marker gene varies.
or timing (Fig. 5G,H). This lack of effect is consistent with theThis is likely to reflect variability in the extent of feminization
genetic epistasis result placitrg-1 upstream ofkh-6 at this  of the mutant gonad, resulting in a variably intersexual cell
early stage of gonadogenesis. By contrafith-6::gfp  lineage. In wild-type male$kh-6reporters are expressed only
expression in the L1 XX gonad was extended by removal aduring L1, suggesting that it is FKH-6 activity during this stage
tra-1 activity. Thus, whereagskh-6::gfp in wild-type XX  that determines the later male differentiation of gonadal cells.
animals was undetectable by late L1, its expression continuedWe have considered two models to account for the range of
into late L1 in tra-1(null) XX pseudomales (Fig. 51,J); defects infkh-6 male gonadogenesis. First, FKH-6 might
likewise, the L3 to adult expression fth-6::gfp observed in  independently control male-specific asymmetric division,
wild-type XX hermaphrodites was absent tra-1 XX cellular movement and cellular differentiation, canalizing each
pseudomales (not shown). This dependencefkbf6::gfp  into the male mode. Alternatively, the initial division of Z1
expression otra-1 but not vice versa (summarized in Fig. 5K) and Z4 might determine whether subsequent events of
is consistent with the genetic epistasis observed in early Ldonadogenesis occur in the male mode, and FKH-6 might
gonads offkh-6; tra-1 double mutants. To ask whether TRA- control the entire process by regulating only this first step. In
1A might directly represtkh-6transcription, we examined the this latter model, FKH-6 could, for example, regulate a male-
5' flanking region offkh-6 present in the GFP reporters, and specific determinant that is partitioned during the first Z1 and
identified one close match to the TRA-1A DNA-binding Z4 divisions, leading to male-specific cell migration and
consensus (TTGGTGGTC from —6523 to —6531 relative to thdifferentiation. There are a number of precedents for FKH
initiation codon). However, we did not find this site in thetranscription factors controlling asymmetry and cell polarity.
related nematodeC. briggsae and mutating it to For example, inC. elegans UNC-130 acts in neuronal
TTCTGCAGC, a change that should eliminate regulation byrecursors to regulate their asymmetric division and confer
TRA-1A in vivo (Yi et al., 2000), did not affect the level or distinct identities to daughter cells (Nash et al., 2000; Sarafi-
timing of fkh-6::gfpexpression in either sex (data not shown).Reinach and Sengupta, 2000). Similarly, Dmosophila the

We conclude thatra-1 affects the timing of earlyfkh-6 = Jumeaux protein is required for proper localization and
expression, but probably not by direct transcriptionalsegregation of Numb in neuronal precursor cells (Cheah et al.,
repression (see Discussion). 2000).

Di . fkh-6 affects hermaphrodite and male

ISCUSSIon gonadogenesis differently

fkh-6 and gonadal sex determination The pattern of early gonadal cell divisions, migration and
In this paper, we show th#th-6is a gonad-specific sexual differentiation appear largely normal irikh-6 mutant
regulator that promotes male developmentfkin-6 mutant  hermaphrodites until early L3, in sharp contrast with the
males, early cellular events of gonadogenesis occur isituation in mutant males. Most importantly, there is no
the hermaphrodite mode and later, when gonadal cellevidence of sex reversal ifkh-6 hermaphrodites. Normal
differentiate, they express hermaphrodite markers. The sexua¢rmaphrodite structures (sheath, spermatheca, uterus) are
transformations evident ifkh-6 males indicate thakh-6is  present, but malformations become apparent from L3 onwards,
not only required for male differentiation, but also determinesindfkh-6 hermaphrodites are infertile. The onset of defective
male identity of gonadal cells. By contrast, overall gonadatjonadogenesis correlates with the hermaphrodite-specific
morphogenesis ifkh-6 hermaphrodites is largely normal and expression ofkh-6::gfpreporters from L3 onwards. Germline
sexual identity is unaffected. The functionfkh-6 seems to mosaic analysis demonstrates that embryonic viability requires
be limited to the gonad: non-gonadal aspects of malmaternafkh-6activity in somatic cells, but not in the maternal
development and behavior appear normal, faheb reporter  germ line or in zygotic cells.

genes are expressed only in the gonad. Genetic epistasisThus, whilefkh-6 affects gonadogenesis in both sexes, its
experiments indicate th#ith-6 acts downstream dfa-2, and  functions are mostly distinct in hermaphrodites and males. An
also downstream ofra-1, at least to control early male- exception is that early divisions of somatic gonadal cells are
specific events of gonadogenesis (male-specific Z1/Zdlower than normal in both sexes. One possibility isfikiat
division and male-specific migration of Z1/Z4 daughters).controls an early cellular process that not only is intrinsic to
Therefore, we conclude théith-6 is a gonad-specific sex- the rate of cell division in gonads of both sexes, but also is
determining gene that acts downstream of the global sesssential for asymmetric division in the male gonad.

determination pathway. FKH-6 is required in the early XO gonad for male
. gonadogenesis and cell fate determination,flneb reporters

fkh-6 controls multiple aspects of male are expressed longer in the L1 gonad in males than in

gonadogenesis hermaphrodites. Is persistent FKH-6 expression sufficient to

The L1 gonad irfkh-6 mutant males is sexually transformed direct male gonadal fates in hermaphrodites? To address this
in several respects: the Z1/74 divisions lack male-specific sizguestion, we overexpressed FKH-6 using either of two
asymmetry, and their proximal daughters do not undergo theromoters (W.C. and D.Z., unpublished). Overexpression using
male-specific anterior migration. Furthermore, Z1.a and Z4.m heatshock promoter was highly toxic even with very mild
which do not divide in wild-type males, do dividefkin-6 XO heatshock conditions. Overexpression usindae promoter
gonads. The expression of hermaphrodite gonadal markets drive expression of FKH-6::GFP specifically in Z1/z4
from L3 through adult stages fkh-6 mutant males confirms lineages showed no clear signs of masculinization.
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In summaryfkh-6 has largely distinct functions in the two phylogenetic analysis in more distant species, and FKH-6 lacks
sexes. In XO animals it specifies male-specific cellular eventsther conserved sequence motifs that might aid in identifying
in the early gonad and is required for commitment to malerthologs.
rather than female cellular differentiation, whereas in XX fkh-6 provides an entry point for elucidating the process of
animals it controls later gonadal differentiation. In both sexegonadal sex determination @@. elegans Once functionally

it affects the rate of gonadal cell division. equivalent genes are found in other phyla and more

components of thikh-6regulatory pathway are discovered, the
fkh-6 links global and organ-specific sex evolutionary history of gonadal sex determination should
determination become much clearer.

The tra-1 gene encodes the terminal regulator in the global
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