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SUMMARY

In most animal species, germ cells require intimate contact formation. Our data indicate that differential cell adhesion
with specialized somatic cells in the gonad for their proper contributes to cell sorting and the formation of proper
development. We have analyzed the establishment of germ gonad architecture. In addition, we find that Fear of
cell-soma interaction during embryonic gonad formationin  Intimacy, a novel transmembrane protein, is also required
Drosophila melanogaster and find that somatic cells for both germ cell ensheathment and gonad compaction. E-
undergo dramatic changes in cell shape and individually cadherin expression in the gonad is dramatically decreased
ensheath germ cells as the gonad coalesces. Germ cellin fear of intimacy mutants, indicating that Fear of
ensheathment is independent of other aspects of gonad Intimacy may be a regulator of E-cadherin expression or
formation, indicating that separate morphogenic processes function.

are at work during gonadogenesis. The cell-cell adhesion

molecule Drosophila E-cadherin is essential both for germ

cell ensheathment and gonad compaction, and iS Key words:Drosophila E-cadherinfear of intimacy Gonad
upregulated in the somatic gonad at the time of gonad coalescence, Organogenesis, Germline-soma interaction

INTRODUCTION clusters within parasegments (PS) 10, 11 and 12 (Brookman et
al., 1992), and can be identified by their expression of the
During development, complex organs are formed fronmuclear proteins Eyes Absent (EYA) (Boyle et al., 1997) and
individual cells and simple tissues. Organogenesis iZFH-1 (Broihier etal., 1998). They arise within taeedomain
characterized by many cellular behaviors, including celbf the dorsolateral mesoderm, where groups of cells are
migration, modification of cell contacts, changes in cell shapeselected to become either SGPs or fat body. The repressive
cell proliferation and cell death. Extensive communicatioreffects ofserpentand the positive regulatory effects afdA
between cells ensures that different cell types act together inimit the SGPs to PS10, 11 and 12 (Riechmann et al., 1998;
coordinated manner to form a properly patterned, functiondfloore et al., 1998a; Hayes et al., 2001). During gonad
organ. Gonad formation provides an excellent model foformation, the three clusters of SGPs come together to form a
studying organogenesis. The germ cells and specializdshnd of cells on each side of the embryo as the germ cells end
somatic cells that make up the gonad are initially located faheir migration, and the two cell types associate along PS10-
apart from one another, and must undergo a series @P. Germ cells and SGPs then undergo gonad coalescence to
morphogenic movements to come together and create tl@m a rounded structure in PS10.
proper gonad architecture. This process is crucial for continued In addition to SGPs that are specified in PS10, 11 and 12,
germ cell development, gametogenesis and the propagationtbkre is an additional cluster of somatic mesoderm cells, called
a species. msSGPs (for male-specific SGPs), that arises in PS13 (DeFalco
In Drosophila, germ cells are formed at the posterior polet al., 2003). msSGPs can be distinguished from the SGPs by
during the syncytial blastoderm stage of embryogenesigo-expression of EYA and the nuclear protein Sox100B
Gastrulation brings the germ cells to the interior of the embrydDeFalco et al., 2003). As the germ cells and SGPs coalesce to
after which they actively migrate through the midgutform the gonad, the msSGPs move anteriorly and join the
epithelium and into the mesoderm (reviewed by Starz-Gaianposterior of the gonad specifically in males (DeFalco et al.,
and Lehmann, 2001). They then make contact with specializ&2D03).
mesodermal cells with which they form the gonad Gonad coalescence involves the concerted movements of
(Sonnenblick, 1950), known as somatic gonadal precursogerm cells and SGPs as they transition from a broad association
(SGPs) (Boyle et al., 1997). SGPs are specified in bilateralf cells into a condensed and organized gonad. Coalescence is
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complete by the start of embryonic stage 15, with the gonaskist-Gal4 (Baylies and Bate, 1996) are mesoderm-specific drivers,
assuming a compact, spherical shape. Mutatioizhi) acis- while nos 3UTR-VP16-Gal4(nos-Gal4) (Van Doren et al., 1998)
regulatory region ofabdA or eya specifically block gonad drive_s gene expression in the germ c&J&S-mCD8::GFHlies were
coalescence. In these mutants, initial specification of the SGIPEvided by L. Luo (Lee and Luo, 1999)JAS-DE-cadherih®

; ; ransgenic flies, which are homozygous for two independent
is normal, and the germ cells successfully migrate to therTﬁ'sertions of dJAS-DE-cadherirtransgene, were provided by J. P.

However, instead of coming together into a rounded organ, ﬂ{%ncent (Sanson et al., 19968hgalleles andif(2R)E2were provided

SGPs arrest in PS10-PS11 and the germ C_e”S scat V. Hartenstein and are described elsewhere (Tepass et al., 1996).
throughout the embryo (Cumberledge et al., 1992; Boyle a gH is a strong allele, anshd®317 appears to be stronger than a

DiNardo, 1995; Boyle et al.,, 1997). In boithb4 and eya  zygotic null, and may act in a dominant-negative manner to counteract
mutants, this phenotype is attributed to a failure in late SGte maternal contribution afhg foi allelesfoilé-33andfoi20-7 were
differentiation. used for phenotypic analysis (Moore et al., 199&g}Ci!ID flies
abdA and eya are examples of genes that specify SGPwere obtained from the Bloomington Stock Center. The P-element
identity. The downstream genes that coordinate thésertion line68-77(Simon et aI.., 1990), which expressasZ in the
morphogenic movements of gonad formation are stilgonadal mesoderm, was provided by D. Godi?Yosk= female
unknown. One candidate is tfi&rosophila homolog of E- flies (Lehmann and Nsslein-Volhard, 1986) WereGEnated 4 18
cadherin, a transmembrane cell adhesion molecule that playﬁ/%d'type males to produce agametic embryese®4CyO flies

. le in fi h - . 4 by T hiteley et al., 1992) were mated with!18flies to mark the anterior
major role in tissue morphogenesis (reviewe Y 1€Pasys the gonad withp-galactosidase in Fig. 3D. All mutations are

1_999). E-cadherin typ|cally acts in homophilic _ceII adhesionaintained over balancer chromosomes camyiagZ or GFP
binding to E-cadherin molecules on opposing cells angansgenes to identify homozygous mutant embryos.

connecting to the cytoskeleton via its partner protainand

B-catenin (reviewed by Yap et al., 1997Mrosophila E-  Immunohistochemistry

cadherin is encoded by tisbotgun(shg locus (Tepass et al., The following antibodies (dilutions, sources) were used: rabbit or
1996; Uemura et al., 1996). Mutationssingcause defects in mouse antp-galactosidase (1:10000, Capel and Promega), rabbit
gonad coalescence (Van Doren et al., 2003), but the role thRt-VASA (1:5000, R. Lehmann), rabbit anti-ZFH-1 (1:5000, R.
E-cadherin plays in embryonic gonad morphogenesis i ehmann), chick anti-VASA (1:5000, K. Howard), rat anti-

: rosophila E-cadherin (DCAD2 and DCAD1, 1:20, T. Uemura),
Drosophilahas not yet been analyzed. Another gene thouqr bbit anti-GFP (1:1000, Torrey Pines Biolabs) and rabbit anti-

to control gonad morphogenesis downstream of gonad cedl,,1008 (1:2000, S. Russell). Mouse ant-EYA 10H6 (1:25, S.
identity isfear of intimacy(foi). FOI is a member of a novel, genzer and N. Bonini), mouse anti-ARM N2 7Al (1:100, E.
conserved family of transmembrane proteins of unknowRyieschaus) and mouse anti-NRT BP106 (1:10, C. Goodman) were
function.foi mutants exhibit defects in both gonad coalescencgrovided by the Developmental Studies Hybridoma Bank.
and tracheal branch fusion, as is also observetigmutants  Fluorescently conjugated secondary antibodies were used at 1:500
(Tanaka-Matakatsu et al., 1996; Van Doren et al., 2003). Th@lolecular Probes, Rockland, and Amersham Pharmacia Biotech).
similarities of theshgandfoi mutant phenotypes suggest that _Tissue fixation for anti-DCAD2 and anti-DCAD1 was as described
they may Cooperate |n the same or related pathways to Contl(&othwe” and SUI“Va-n, 2000) Wlth the fO”OW|ng mO(‘:iIflcatlonS.
morphogenic events. Embryos were dechorionated in 50% bleach, washed witPBIS +
_ o o L !
We present work that furthers our understanding of both thg17 Triton (PBTX), fixed in 4% formaldehyde in 1.75 ml PCM (100

lul d lecul ts that trol d f fi M PIPES pH 6.9, 1 mM Cag&l2 mM MgSQ) and 8 ml heptane
cellular and molecular events that control gonad tormatlong, o0 minytes at room temperature and transferred to 3MM Whatman

Through a detailed analysis of g(_)nad coalejscence, we haygper to allow the heptane to evaporate. Embryos were then
found that germ cells and SGPs interact intimately from th@ansferred to double-sided tape and covered with PBTx. Vitelline
moment they associate, with SGPs undergoing dramatigembranes were removed by hand under a dissecting scope with a
changes in cellular morphology as they individually ensheath5-gauge needle and transferred in PBTx to a 2 ml screw cap vial. All
each germ cell in the gonad. Furthermore, we show th&ubsequent incubations were done on an upright shaker in BBTx (1
DrosophilaE-cadherin is upregulated in the gonad at the timé&BS, 1% BSA, 0.3% Triton). Embryo fixation for all other antibodies
of gonad coalescence, and its function is crucial for severgd the immunolabeling protocol were as described (Moore et al.,
aspects of gonad morphogenesis, including the ensheathménf8P): For most genotypes, embryos were staged by gut
of germ cells by SGPs. E-cadherin expression is dependent velopment according to Campos-Ortega and Hartenstein (Campos-

- . . . tega and Hartenstein, 1985). Becasisgmutants display defects
eya providing a molecular link between cell identity and the;, gut formationshgembryos were aged for 11.5 hourg atQafter

morphogenic movements of gonad coalescence. Finally, W& |aying (AEL) to yield collections of embryos stage 15 and older.
show that FOI is required for proper E-cadherin proteinEmpryos were mounted in 70% glycerol containing 2.5% DABCO
expression in the gonad, suggesting that improper regulatiq8igma) and viewed on a Leica NT or Zeiss 510 Meta confocal
of E-cadherin is the basis for tf@ mutant gonad phenotype. microscope. Occasionally two Z-sections through a stage 13 gonad
were stacked together in order to display the gonad in one image.
Image brightness and contrast were adjusted with Adobe Photoshop
6.0. Germ cell ensheathment was quantitated using single confocal

MATERIALS AND METHODS sections through embryos expressiblAS-mCD8-GFPand the
mesoderm-specifiwist-Gal4. Percentage values, in 25% increments,
Fly stocks were assigned to each germ cell to represent the amount of its surface

wll18andru st fafl e cdlies (Moore et al., 1998b) carryindat facets  surrounded by GFP signal.

lacZ transgene on the third chromosome (Fischer-Vize et al., 1992% )

were used as wild-type stocksf(1)JA27/Fm7, Kruppel-Gal4, UAS- Electron microscopy

GFP flies (Bloomington) were used to determine embryonic sex foiFour-hour embryo collections from the matingfafl females and
TEM analysis (see below4B-Gal4(Brand and Perrimon, 1993) and Fm7, Kruppel-Gal4, UAS-GFP/¥hales were aged for 20 hours at
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18°C. Female offspring were distinguished by the presence of th
Kruppel-GFP X chromosome. Embryos were dechorionated in 509
bleach and sorted under a fluorescence dissecting scope. Male &
female embryos were fixed separately in 10 ml of heptane (previous
saturated with 25% glutaraldehyde and 2% acrolein contained in
100 mM cacodylate buffer, pH 7.4) for 15 minutes at room|
temperature. The heptane was removed, and the embryos wg
transferred to double-sided tape and covered with 3% formaldehyd|
2% glutaraldehyde, 0.5% DMSO in 100 mM cacodylate buffer, ph
7.4. After 15 minutes, the embryos were hand-devitellinized with ¢
25-gauge needle and fixed for an additional 2 hours at roof
temperature. Embryos were post-fixed in 1% @s@ntaining 0.1%
potassium ferrocyanide, 100 mM cacodylate and 5 mM £aE
6.8 for 30 minutes at room temperature, then washec@ fidur
times over 10 minutes. They were transferred to 1%
thiocarbohydrazide contained in2® for 5 minutes, washed four
times in BO over 10 minutes, and transferred to 1% W%
potassium ferrocyanide in cacodylate buffer, pH 6.8, for 5 minute
at room temperature. Embryos were then placed into Kellenberger
uranyl acetate overnight at room temperature, dehydrated through
graded series of ethanol and subsequently embedded in Spurr res
Sagittal or transverse sections were cut on a Leica UC]
ultramicrotome, placed onto monohole formvar/carbon coated grid
stained in 2% uranyl acetate and lead citrate, and observed on
Philips EM 420 or 410 TEM. Images were recorded using Kodak SQ
163 electron image film or a Megaview Il digital camera. The cells
in Fig. 2 were traced and colored using plasma membranes as a guFig. 1. SGPs individually ensheath germ cells during gonad
with Adobe Photoshop 6.0. formation. Anterior is leftwards. (A-E) UAS-mCD8-GFP expressed

in the germ cells (nos-Gal4; A,B) or the mesoderm (24B-Gal4; C-E)

of stage 13 (A,C), stage 15 (B,D) or stage 16 (E) embryos.
RESULTS (A,B) Anti-GFP labels the surface of germ cells, SGPs are labeled
with anti-EYA. Note that the germ cells are round during gonad
L . coalescence. (B, inset) Migrating germ cell (stage 11). (C,D) Somatic
SGPs individually ensheath germ cells during gonad cell surfaces labeled with anti-GFP and SGP nuclei labeled with anti-
formation EYA. Embryos are male, identified by the presence of EYA-positive
It is likely that the dramatic morphogenic movements of gonamsSGPs at the posterior of the gonad. Germ cells (e.g. asterisk) are
coalescence require equally dramatic changes in individual cesurrounded by thin, SGP-derived cellular extensions in the
shape and cell-cell interactions. To examine these changes, uncoalesced (C) and coalesced (D) gonad. (E) Somatic cell surfaces
used an exogenous marker that would allow us to visualize tiaPeled with anti-GFP and germ cells labeled with anti-vasa. Closely
cell surface of either germ cells or SGPs independently. Trapposed germ cells remain gxtenswely ensheathed in late stages of
marker, mCD8-GFP (Lee and Luo, 1999), contains the mou<embryogene3's' (F) Agametic stage 15 embogi)( SGPs labeled

. ~with anti-ZFH-1; anti-Neurotactin (NRT) labels the surface of many
CD8 extracellular and transmembrane domains fused Wit tynes; including the SGPs. Broken line indicates the boundary of

GFP, and is expressed from a Gal4-responsive UAS elemethe gonad. Arrows indicate SGP extensions around germ cells. Scale
(Brand and Perrimon, 1993). In our hands, this marker labepar in A: 20pm.
the cell surface but also exhibits considerable intracellula
staining (presumably the secretory pathway). We first
expressed mCD8-GFP in the germ cells to examine thefepresent expression within the germ cells themselves, similar
morphology during gonad formation (Fig. 1A,B). At stage 13,experiments were conducted with a nuclear-localized GFP, and
just prior to gonad coalescence, germ cells are round imo germ cell expression was observed (data not shown).
appearance and lack cellular extensions (Fig. 1A). TheY¥herefore any GFP expression around the germ cells is derived
maintain this rounded shape during and after coalescence (efigpm SGPs. Germ cell ensheathment is apparent at stage 13,
stage 15, Fig. 1B). This is in contrast to the migratory phasgst after the germ cells have arrived at the site of the forming
of germ cell development, when they clearly extendgonad (Fig. 1C). This is before the germ cells and SGPs begin
protrusions as they move toward the SGPs (Jaglarz amdmpacting from PS10-12 into a tight cluster in PS10. Germ
Howard, 1995) (Fig. 1B inset). Thus, during gonad coalescena®ll ensheathment persists throughout all stages examined
germ cells do not exhibit an ‘active’ morphology, nor does thigstage 17), and the extent of ensheathment remains relatively
process appear to involve germ cell migration. constant during this time [average % ensheathment/germ cell
When mCD8-GFP is expressed throughout the mesoderr(n): st13=80% (76), st14=80% (66), st15=78% (191),
and SGPs are specifically identified using an anti-EYAst16/17=81% (134)].
antibody, we find that SGPs undergo striking shape changes asThe images shown in Fig. 1C,D are male embryos, but we
the gonad coalesces. mCD8-GFP expression is observhdve also observed germ cell ensheathment in female gonads
around each germ cell, indicating that the SGPs ensheath tf@ata not shown). This indicates that germ cell ensheathment
germ cells with thin extensions of cellular material (Fig. 1C-is not a sex-specific phenomenon, though there may be a small
E). To ensure that the observed mCD8-GFP labeling does ndifference in the extent to which male and female germ cells
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are ensheathed [average % ensheathment/gernmcdéirhale  investigate the role of E-cadherin in gonad coalescence, we first
st15=70% (96); male st15=86% (95)]. Interestingly, some=xamined its expression within the gonad using antibodies
germ cells begin to undergo cell division at stage 1%Specific for Drosophila E-cadherin §DCAD2, aDCAD1)
(Sonnenblick, 1950; Asaoka-Taguchi et al., 1999; Deshpand®da et al.,, 1994). Both antibodies give similar staining
et al., 1999) (A.B.J. and M.V.D., unpublished), yet the extenpatterns, andiDCAD2 immunoreactivity is severely reduced
of germ cell ensheathment does not decrease in older embryasembryos homozygous for a deletiorsbfj(data not shown),
This indicates that ensheathment remains an active processiadicating that these antibodies reflect the localization of E-
SGPs are able to establish contact with the newly formedadherin protein within the gonad.
surface between daughter germ cells. Finally, although germ At stage 12, SGPs exist as three distinct clusters of cells (Fig.
cell ensheathment has already occurred as the gonad forms3A). E-cadherin within the SGPs is indistinguishable from the
is not required for the compaction of the SGPs into PS1Mackground levels throughout the mesoderm at this time, in
Compaction occurs normally in gonads that completely lackontrast to nearby tracheal tissue (Fig. 3A). By stage 13, when
germ cells, such as in embryos derived from mothers with wealerm cells and SGPs are associated across PS10-12, E-
mutations inoskar(Brookman et al., 1992) (Fig. 1F). cadherin is now clearly observed around germ cells (closed
To extend our analysis of gonad coalescence, we analyzadrowhead, Fig. 3B) in the same regions where we observe
stage 14 wild-type embryonic gonads by transmission electraansheathment of germ cells by SGPs. E-cadherin is also
microscopy (TEM). Electron micrographs of the coalescedbserved between SGPs (open arrowhead, Fig. 3B). The
gonad confirm that somatic cells wrap around and betwegrattern of E-cadherin remains similar as the gonad coalesces
germ cells (Fig. 2). SGPs display long processes and a varigfgtage 14, Fig. 3C). Additionally, as msSGPs approach and join
of shapes as they extend in different directions to contact gerthe posterior of the male gonad, they too display clear E-
cells (Fig. 2A). Germ cells, however, are always very roundedadherin staining (large arrow, Fig. 3C,F), similar to what is
in shape and lack processes or extensions. There is also a hajiserved in the main body of the gonad.
degree of soma-soma contact within the gonad and SGPs ofterAt later stages, E-cadherin expression becomes highly
overlap each other as they surround germ cells, with a cellulanncentrated at the anterior end of the gonad (stage 17, Fig.
process from one SGP juxtaposed with a process from ZD), which may be the result of increased protein expression
neighboring SGP (Fig. 2B). Previous work suggested that the a high density of somatic cells. This pattern appears to be
are two populations of SGPs: the interstitial cells that associateale-specific, and is likely to reflect E-cadherin expression in
with the germ cells inside the gonad and a separate group thle developing proximal testis structure known as the hub,
cells surrounding the perimeter of the gonad (Poulson, 19503ince these cells co-expresscargot (A.B.J. and M.V.D.,
However, we have not observed a distinct population ofinpublished) and botbscargotand E-cadherin mark the hub
somatic cells surrounding the gonad, and we find that many af the adult testis (Kiger et al., 2000; Tazuke et al., 2002).
the SGPs contribute to both the interior and the exterior of the In addition to E-cadherin, other components of classical

gonad (e.g. purple cell in Fig. 2A). cadherin complexes are present in the gonad. Double labeling
o ) experiments with antibodies against E-cadherin and Armadillo

E-cadherin is expressed in both the germ cells and (ARM), the Drosophila homolog of B-catenin, reveal that

the SGPs localization of the two proteins overlaps almost completely

Our analysis of gonad coalescence reveals that specific andthin the gonad (Fig. 3E). An antibody specific focatenin
extensive cell-cell contacts are made within the gonad as d@so presents a staining pattern similar to that@EAD?2 in
forms. To determine how these contacts are mediated amide gonad (data not shown). We also observed small ring-like
maintained, we turned our attention to the cell adhesiostructures labeled with the DCAD2 antibody interspersed
molecule E-cadherin. Previous work had reported #haf throughout the gonad at all stages of development (small arrow
(DrosophilaE-cadherin) mRNA is expressed within the gonadin Fig. 3B,C). However, these ring structures do not stain with
(Tepass et al., 1996), and we had observed a defect in gon@dRM antibodies and theinDCAD2 immunoreactivity is
coalescence ishgmutants (Van Doren et. al., 2003). To further unchanged in embryos homozygous for a deletion that removes
shgE-cadherin (in contrast to othBrosophilak-
cadherin staining in the gonad, which is greatly
reduced). Thus, either these structures represent
highly stable complexes of maternal E-cadherin,
or they represent artifactual staining of the
aDCAD?2 antibody.

Fig. 2. TEM analysis of the coalesced gonad.

(A,B) Stage 14 male wild type gonad, transverse
section. Two germ cells are highlighted in yellow, two
SGPs highlighted in pink and purple. (A) SGPs
ensheath germ cells with thin cellular extensions. Note
the unusual morphology of the purple SGP as it
extends processes to ensheath the neighboring germ
cell. (B) Higher magnification of region indicated in

A. Two SGPs overlap each other to completely
surround a germ cell.
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As E-cadherin is localized to sites of germ cell-somaSGPs. Thus, E-cadherin appears to be on the cell surface of
contact, it may act as a homophilic cell adhesion molecule tboth germ cells and SGPs, which is consistent with a role for
promote this interaction. In this model, E-cadherin should béhis protein in promoting cell-cell adhesion between these cell
present on the plasma membranes of both germ cells and SGBpes. Interestingly, E-cadherin does not appear to be localized
To test this, we expressed mCD8-GFP in either germ cells ¢o regions where germ cells are contacting other germ cells
SGPs and looked for colocalization with E-cadherin. We findblack arrowhead, Fig. 3F) instead of SGPs. Thus, it appears
that aDCAD2 colocalizes withaGFP at the cell surface of to be preferentially engaged in cell contacts between germ cells
germ cells expressing mCD8-GFP (Fig. 3&DCAD2 also and SGPs.
labels migrating germ cells before they reach the site of the To investigate whether E-cadherin expression in the somatic
gonad (Fig. 3G), providing additional evidence that E-cadherigonad is dependent upon genes that specify SGP identity,
is present in the germ cells. When mCD8-GFP is expressedwe examined its localization ireya mutant embryos.
SGPs (Fig. 3H), we also see colocalization with E-cadherirmmunostaining ineya mutants reveals a lack of somatic E-
Furthermore, E-cadherin staining is observed in gonads thaadherin in the gonad region, although germ cell expression is
lack germ cells (Fig. 3l), confirming that it is expressed irstill clearly present (Fig. 3J). Antibodies against the SGP

Fig. 3. DrosophilaE-cadherin is expressed in germ cells and SGPs during gonad coalescence. Anterior is leftwards. All embryos are stained fc
DrosophilaE-cadherin. (A-D) Expression of E-cadherin in stage 12 (A), stage 13 (B), stage 14 (C) and stage 17 (D) gonads. (C,D) Male
embryos. SGPs and msSGPs (large arrow in C) are labeled with anti-EYA in A-C. Gonad boundaries (SGPs) indicated witksrgken lin
cadherin expression in the SGPs appears between stages 12 (A) and 13 (B), correlating with the onset of coalescencexpreasioeris
maintained in the gonad throughout embryogenesis and is increased at the anterior of the gonad during late stagesih, Sexeieat;for

further discussion of symbols. (E) Stage 15 embryo double labeled for E-cadherin and Arealiéiain. Note the extensive co-localization

of these proteins. (F) Stage 15 male. UAS-mCD8-GFP expressed in germ cells (nos-Gal4) co-localizes with E-cadherinyiyeitated b
except in regions of germ cell-germ cell contact (black arrowhead). msSGPs (arrow) also exhibit E-cadherin expressioagHifitetion

view of two germ cells co-expressing mCD8-GFP and E-cadherin on their cell surfaces. There is also a region of E-cadhetimeglone

these two cells that is probably an ensheathing SGP. (G) Stage 11. E-cadherin is present at the surface of migratin(ageariskellsGerm

cells were identified by co-expression of mMCD8-GFP crossed to nanos-Gal4 (not shown). (H) Stage 15. mCD8-GFP expressaatigriie me
(24B-Gal4) co-localizes with E-cadherin. (I) Stage 15 agamesiy émbryo, EYA labels SGPs. Note that E-cadherin is expressed even though
no germ cells are present. (J) Stagey#'-ID mutant. Germ cells labeled with Vasa clearly express E-cadherin. Surrounding ZFH-1-positive
cells, potentially SGPs or other mesodermal cells, do not display E-cadherin staining. t, trachea; hg, hindgut. Scaléthamin A:
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marker ZFH-1 show a decrease of ZFH-1-positive cells in thehdg®317 exhibits a dominant, maternal effect on germ cell
gonad region as expected. Some of the remaining ZFH+higration (Table 1). Offspring from heterozygostsg>317+
positive cells associate with germ cells, suggesting they afemales have a clear germ cell migration defect (Fig. 4F),
residual SGPs. Although a few of these remaining cells expregsdependent of the zygotic genotype. Offspring from the
some E-cadherin (not shown), most show a lack of E-cadherieciprocal cross usinghd®317+ males show no germ cell
expression (Fig. 3J). Thus, the SGP identity gegyais  migration defect. As the offspring from heterozygous females

required for proper E-cadherin expression in SGPs. are viable, the dominant maternal effect is unlikely to be
o ) ] causing a global disruption of the embryonic tissues through

E-cadherin is required for gonad compaction and which the germ cells are moving. Instead, it is likely to reflect

germ cell ensheathment a role for maternal E-cadherin within the germ cells

We examined gonad formation ghgE-cadherin mutants to themselves for proper migration.
determine what aspects of gonad formation require E-cadherin.
Interestingly, we find thashg is required for both gonad
compaction and germ cell ensheathmenshigmutants, gonad
compaction is sometimes initiated, but often does not procee
to completion (Fig. 4A,B). The three clusters of SGPs fron
PS10-12 are able to associate correctly with one another, a
with germ cells, to form a cohesive group. However, these cel
often remain loosely associated and spread over more than ¢
parasegment, rather than compacting tightly in PS10. In tr
most severe cases, compaction from PS10-12 to PS:
appears completely blocked (Fig. 4A). In weaker examples
compaction is initiated but not completed, resulting in partially
compacted and misshapen gonads (Fig. 4B). Phenotypes
stronger with theshd>317allele (22% severe, 41% weaiks49)
than withshg (3% severe, 50% weak=36), consistent with
previous observations on the relative strengths of these allel
(Tepass et al., 1996hgE-cadherin also has a strong maternal
contribution, which cannot be removed because it is require
for oogenesis (Gonzalez-Reyes and St Johnston, 1998; Gc
and Tepass, 1998). It is likely that the loss of both matern:
and zygotic E-cadherin would result in an increased penetran
of the more severe phenotype.

msSGPs also show defectssimgmutants, and often fail to
join the posterior of the male gonad (Fig. 4D, 42%luf>317
male embryosn=49). This defect cannot be attributed to a
general failure in gonad coalescence, as msSGPs join the gor
normally infoi mutant embryos where coalescence is blockes
(DeFalco et al., 2003) (see below). Thus, E-cadherin i
specifically required for the migration and/or fusion of msSGP:
with the gonad, an early step in the establishment of gone
sexual dimorphism. Fig. 4.shgE-cadherin mutants have defects in gonad compaction,

To analyze the role of E-cadherin in germ cell ensheathmergerm cell ensheathment and germ cell migration. Anterior is _
we expressed mCD8-GFP in the mesodernshaf mutants. leftwards, embryg%are stage 15 or later. Vasa labels the germ (;ells in
Germ cell ensheathment is clearly defective in these embry®D:F: (A,B) shd31homozygous embryos. (A) SGPs labeled with

- . . .2 EYA. Example of a strong gonad compaction defgugmutants
(Fig. 4E). shgmutant gonads exhibit a dramatic reduction Nalso display defects in germ cell migration, and the gonad in A lacks

the extent to which germ cells are surrounded by SGI:)'der'v(germ cells completely (Vasa channel not shown). (B) EYA marks the
mCD8-GFP, and we often saw gonads where germ celsgps, Example of a weak gonad compaction defect. (C) Stage 15
showed little or no mCD8-GFP extending around them (Figwild-type male. msSGPs (arrow) express EYA and Sox100B, while
4E, compare with Fig. 1D). Again, the germ cell ensheathmeiSGPs express only EYA. msSGPs join the posterior of male gonads.
defect was stronger shd®317than inshgtt. Interestingly, the (D) shg®317homozygous male embryo. msSGPs have failed to join
severity of the germ cell ensheathment defect did not correlathe gonad, remaining in a tight cluster posterior to the gonad (arrow).
with the severity of the gonad compaction defect. (E) shd*31”homozygous embryo. UAS-mCD8-GFP expressed in the
Finally, we have observed thahg mutants also display mesoderm (24B-Gal4) labeled with anti-GFP and anti-EYA. The lack

defects in germ cell migration. Although part of this defedof.GFP-labeled SGP extensions between the germ cells indicates a
D, . : Tailure of germ cell ensheathment. (F) Stackseries through an
is likely to be to be due to a zygotic requirement for Eembryo from a cross Gh317CyOftzdacZ females anavi118

C&dh(?l’ln_ In tissues ”"O‘.Jgh which the_germ cells Move, Olyaies that did not inherit tre 317 chromosome zygotically. Anti-
data indicate that there is also a requirement for E-cadhergya (not shown) was used to identify the normal position of the one
in the germ cells themselves for proper migration to thegonad visible in this image (circle). Many lost germ cells are
gonad. First, we clearly see E-cadherin expression within trobserved, indicating a dominant maternal effecthf317on germ
germ cells while they are migrating (Fig. 3H). Secondcell migration. Scale bar in A: Jim.
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Table 1. Germ cell migration is affected by maternal we were already using the Gal4 system to express E-cadherin
E-cadherin in the germ cells, we were unable to assess germ cell
Average number ensheathment by expressing mCD8-GFP in_ fche SGPs. Instead,
of lost germ we analyzed ensheathment using two additional markers, the
Generation Genotype cellslembry ( 68-77 enhancer trap that expresBeagalactosidase in the SGP
p wi18femalex shg®317CyO male cytoplasm (Simon et al.,, 1990), and antibodies to the cell-
F1 shd®317+ 1.5+1.3 (40) surface protein Neurotactin (de la Escalera et al., 1990). These
+/Cy3?7 . 0.8+£1.2 (34) markers clearly label the SGP extensions around the germ cells
El zﬂgwfyo femalex w™male 104s7430) Of wild-type gonads (Fig. 5A/A When E-cadherin is
+/CyO 7.143.8 (36) overexpressed in the germ cells, both the cell bodies and
ensheathing cytoplasmic extensions of the SGPs are excluded
from the cluster of germ cells (Fig. 5B)BThus, a balance of
A balance of E-cadherin levels is critical for normal E-cadherin-based adhesion is required to promote the proper
gonad formation tissue architecture of the coalesced gonad.

In classic cell-sorting experiments, it has been shown that ) o
cadherin-mediated cell contacts depend upon the amount & is required for proper levels of E-cadherin in the

cadherin a cell expresses (reviewed by Tepass et al., 200gpnad

Cells with high levels of E-cadherin will sort out from cells with We have previously characterized another gierae of intimacy
lower levels of E-cadherin, associating with each other in #oi), that is similar teshgE-cadherin in that mutations in the
homotypic fashion (Steinberg and Tacheichi, 1994). To tegtene affect both gonad coalescence and lateral trunk tracheal
whether proper germ cell-SGP contacts within the gonad atgranch fusion (Van Doren et al., 2003). The similarity offtie
dependent on a balance of E-cadherin expression within thegadshgmutant phenotypes suggests that these genes might be
cell types, we overexpressed wild-type E-cadherin using thacting through a common mechanism or pathway to regulate
UAS promoter (Sanson et al.,, 1996). When E-cadherin is
ectopically expressed in the mesoderm, we see a decrease in
number of SGPs, most probably owing to dominant-negativ
effects of E-cadherin oarmadillo and thewinglesssignaling
pathway, which plays a role in SGP specification (Warrior
1994; Boyle et al., 1997). Thus, we could not analyze the effec
of increased E-cadherin in the mesoderm on gonad formatio
However, when E-cadherin is overexpressed in the germ cell
we see a clear cell-sorting defect in the gonad (Fig. '$BAB

Fig. 6.foi is required for propeDrosophilaE-cadherin levels in the
gonad. Anterior is leftwards. (A) Stage ft#?0-7¥foil6-33mutant.
UAS-mCD8-GFP expressed in the mesoderm (twist-Gal4) labeled
with anti-Vasa, anti-GFP and anti-NRT. The absence of SGP-derived
Fig. 5. A balance of E-cadherin is crucial for normal gonad GFP and NRT labeling around the germ cells indicates a failure in
formation. Anterior is leftwards. Stage 15 embryos carrying an germ cell ensheathment. (B,f0)20-"*homozygous mutants.

enhancer trapsg-77) that expressg3GAL in SGPs. Embryos are Embryos labeled with anti-Vasa, anti-EYA and d@ntésophilaE-

labeled to reveal germ cells (anti-Vasa), the enhancer trag3tanti-  cadherin. Gonad boundaries indicated with broken line. (B)

GAL) and the cell surface of SGPs (anti-NRT). (A,WVild type. DrosophilaE-cadherin staining is reduced in the SGP®iofhutants
Germ cells are completely ensheathed by SGPs. Note thgt-both  at stage 13 compared with wild type (Fig. 3). (C) Stage 15 male. The
GAL and NRT staining is observed between germ cell§.NRT SGPs and germ cells have not compacted into a coalesced gonad but
channel alone. (B,lBEmbryo expressing two copies of a UB&- the msSGPs (C, arrow) have joined the gobadsophilaE-

cadherin transgene in the germ cells (nos-Gal4). Germ cells are  cadherin expression remains low in the SGPs and germ cells, but is
tightly clustered inside the gonad, with &AL or NRT labeling high in the msSGPs (arrow). Nearby tissues (t, trachea) are not

between them. (BNRT channel alone. Scale bar in A: 1. affected. Scale bar in A: 3dm.
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these processes. To investigate this possibility further, weE-cadherin and gonad morphogenesis

analyzed the coalescence defecfahmutants to determine Qur detailed analysis of gonad coalescence has shown that it
whether both gonad compaction and germ cell ensheathmegin be subdivided into two processes: gonad compaction and
were affected.foi mutants are clearly defective in gonad germ cell ensheathment. In gonad compaction, SGPs and germ
compaction (Moore et al., 1998b) (Fig. 6). SGPs and germ celige||s physically condense together to create a rounded organ.
can associate ifoi mutants, but the compaction of these cellsgerm cell ensheathment is characterized by the dramatic shape
from PS10-12 to PS10 is blocked (Fig. 6A,C). We examine@dhanges of SGPs that produce thin cellular extensions that
germ cell ensheathment by expressing mCD8-GFP in thg,rround the germ cells. Germ cells lack cellular extensions

mesoderm ofoi mutants and observed a dramatic decrease "Buring gonad compaction, and need not be present for

mCD8-GFP staining around germ cells in these embryosompaction to occur. This suggests that SGPs provide the

(compare Fig. 6A with Fig. 1D). A similar result was observediying force’ behind the movements of compaction and germ
when germ cell ensheathment was assessed by immunolabeliqgs play a more passive role.

with anti-Neurotactin (compare Fig. 6A with 5A). Thus, both “geyera| pieces of data indicate that gonad compaction and
gonad compaction and germ cell ensheathment are defectivedg el ensheathment are distinct, separable events. Germ
foi mutants, and these phenotypes bear a striking resemblantg| ansheathment is already apparent at stage 13, prior to the
to the phenotypes observedsingmutants. _ onset of compaction. In addition, compaction proceeds
To further explore the functional relationship betwiand a1y in agametic embryos, despite a lack of germ cell
E-cadherin, we examined the expression of E-cadherfoiin opqheathment. Furthermore, in mutants that affect gonad
mutant gonads. We find that E-cadherin immunoreactivity ig 5 escenceshg foi), we have observed examples of gonads
greatly diminished irfoi mutants when compared with wild- with no ensheathment but a high degree of compaction, and

type embryos (compare Fig. 68,C with Fig. 3B,C). Sma”’also gonads with good ensheathment but little compaction

(r;glrllcstﬁt?a(a:;ncl);g:ﬁnof pigtseérr:tr??\?vlifl\d'_"t‘yth: gr?]%?déslf;tggszﬁgfata not shown). Thus, gonad compaction and germ cell
gp P Y nsheathment are independent processes that together

Unlike mutations ineyathat affect E-cadherin expression in ﬁontribute to the proper architecture of the coalesced

SGPs but not germ cells, we observe very little E-cadheri b . d. Both of th ire the adhesi
within germ cells offoi mutants. This effect on DCAD2 embryonic gonad. Both of these processes require the adhesion
g\olecule E-cadherin.

immunoreactivity is gonad specific, and surrounding tissues lik How might Dr hila E-cadherin be functionina t
the ectoderm (not shown) and the main body of the trachea (Fig, 9 osopfiria E-cadherin be functioning o
fomote gonad morphogenesis? Differential cell adhesion

6B,C) show normal E-cadherin expression. The reciproc mediated by E-cadherin has been shown to govern cell sorting
Xperiment, examining FOI expressi S - e ; )
experiment, exa g FOI expressiorsiigmutants, was not in vitro (Steinberg and Takeichi, 1994) and in at least one in

possible as no FOI antibodies are currently available. . oA i .
Interestingly,foi does not affect E-cadherin staining in the VIVO Situation (Godt and Tepass, 1998; Gonzalez-Reyes and St

msSGPs (Fig. 6C). As they join the main body of the gonad]ohnston, 1998). It is possible to explain our observations of
msSGPs infoi mutants (Fig. 6C, arrow) display E-cadherin donad morphogenesis with a similar model of differential cell

immunoreactivity similar to that seen in msSGPs of wild-type2dnesion. In this model, gonad compaction results from an
embryos (Fig. 3C,F, large arrow). Double-staining forincreased affinity of SGPs for one another relative to the
Sox100B and E-cadherin confirm the expression of E-cadherfif'founding mesoderm. Compaction would occur as SGPs
within msSGPs (data not shown). msSGPs represent an asp&@ximize their contacts with one another and minimize their
of gonad development that differs in its requiremensfgE- ~ contacts with the surrounding mesoderm, hence forming a
cadherin versuoi: these cells fail to associate correctly with SPhere. Contacts between SGPs and germ cells might also play
the gonad irshgmutants (Fig. 4F), but they behave normally & role in compaction, but SGP-SGP affinity would be sufficient
in foi mutants (DeFalco et al., 2003). This suggests that th{® allow this process to occur in the absence of germ cells.

basis for thdoi mutant phenotype may be due to the effects ofonsistent with this hypothesis, E-cadherin expression
foi on E-cadherin. becomes more apparent in SGPs relative to the surrounding

mesoderm at the time that compaction is initiated (Fig. 3). This

is likely to reflect an increase in E-cadherin expression or
DISCUSSION stability, but could also conceivably result from a change in

subcellular localization. Upregulation of E-cadherin in the
Gonad coalescence iDrosophilais the rearrangement of SGPs may contribute to an increase in SGP-SGP adhesion
germ cells and SGPs from a broad association stretchirfiyiring gonad compaction.
across three segments of the embryo to a tight cluster of cellsThe process of germ cell ensheathment may also be
located in PS10. In this process, germ cells become encloseantrolled by differential cell adhesion, but between SGPs and
in the environment that will nurture them as they adopt stergerm cells. Ensheathment would occur as a result of SGPs
cell fates and begin gametogenesis. We have found that gemaximizing their contacts with germ cells. This model requires
cell-soma contact in the embryonic gonad is already extensivihat SGPs and germ cells have a higher affinity for each other
with each germ cell becoming surrounded by somatic cethan for their own cell type. A prediction of this model is that
membrane. Furthermore, we have found that the homophiliensheathment would be blocked if germ cell-germ cell
cell adhesion molecule E-cadherin plays a key role in this anadhesion were increased, which is exactly what we observe
other aspects of gonad formation. Finally, we have shown th#Fig. 5).
E-cadherin may be regulated by the novel, multipass What role might E-cadherin, traditionally a homophilic cell
transmembrane protein Fear of Intimacy. adhesion molecule, play in mediating the heterotypic
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interactions between SGPs and germ cells during ensheathmeat®ing as a transporter to alter the concentration of a small
One possibility is the presence of additional heterophilianolecule modulator of E-cadherin adhesion, such 85 Ca
adhesion molecules that promote specific adhesion between ] ) )
these cell types. A candidate member of such a heterophilfeermline-soma interactions in gonad development
adhesion system is Neurotactin, which is present on SGPs a@&rm cell ensheathment in tBeosophilaembryonic gonad is
has been shown to promote heterotypic cell adhesion (Barthalayp example of a recurring theme in germ cell development; germ
et al., 1990). In this case, E-cadherin could provide additionaells require close contact with specialized somatic cells for their
‘glue’ that is required for ensheathment once the heterotypigroper differentiation. Germ cell-soma interaction has been
specificity between SGPs and germ cells is establishedhown to be essential for many phases of germ cell development
Alternatively, E-cadherin might somehow be biased to act iin diverse species. The proper sexual identity of the germline is
a heterophilic manner. E-cadherin could interact with aontrolled by the soma in both the mouse and the fly (Steinmann-
heterophilic binding partner (e.g. Cepek et al., 1994), or couldwicky et al., 1989; Adams and McLaren, 2002). In addition,
be biased by a modification or co-factor to bind preferentially tgerm cells often exist as stem cells in the adult gonad, dividing
E-cadherin molecules on heterotypic cells (e.g. a modified forto produce one daughter that enters gametogenesis while the
of E-cadherin might interact only with an unmodified form). other retains stem cell identity. Interaction between germline
Gonad coalescence may represent an elegant example stém cells and their somatic niche is essential for regulating cell
organogenesis based on differential cell adhesion. A hierarcldjvision and stem cell maintenance (reviewed by Spradling et
of cell affinity (SGP-germ cell>SGP-SGP>SGP-surroundingal., 2001). Finally, during gametogenesis, differentiating germ
mesoderm) can account for much of the observed gonawtlls remain in close association with somatic cells that regulate
organization. This model requires cell movement for propetheir development into sperm or egg.
execution of cell sorting. Although the morphology of the germ Adhesive contacts and cell-cell junctions are crucial for
cells suggests that they may not be highly motile at this timesoma-germline signaling. Some somatic signals require
further work is needed to determine the extent to which SGBpecific cellular junctions, such as gap junctions (Tazuke et al.,
versus germ cell movement contributes to this process. 12002; Kidder and Mhawi, 2002). Even secreted signals, such
addition, other mechanisms, such as cytoskeletal-deriveas those governing the regulation of germline stem cell
contractile and protrusive forces, may also be important fomaintanence, require the proper adhesion and orientation
compaction and ensheathment. The contribution of thedsetween germline and soma (Song et al., 2002). E-cadherin has
different factors to the overall architecture of the gonad cabeen shown to play a crucial role in several examples of germ
now be further tested using our more detailed understanding oéll-soma interaction, including in the stem cell niche and

gonad coalescence. developing egg chamber Drosophila(Song et al., 2002; Godt
) o and Tepass, 1998; Gonzéalez-Reyes and St Johnston, 1998;
E-cadherin and fear of intimacy Niewiadomska et al., 1999; Geisbrecht and Montell, 2002).

Embryos with mutations in théear of intimacygene share Regulation of germ cell development by the soma may begin
several gonad defects witthg mutant embryos, including as soon as the gonad forms. There is evidence that the soma
defects in gonad compaction and germ cell ensheathment. Batgulates sex determination and the cell cycle in the mouse
genes are also required for tracheal branch fusion (Tanakgermline (Adams and McLaren, 2002) and the pattern of germ
Matakatsu et al., 1996; Van Doren et al., 2003), suggesting thegll gene expression Drosophila(Mukai et al., 1999) at very
DrosophilaE-cadherin and FOI may work together to promoteearly stages. Thus, regulation by the soma is crucial for every
all of these processes. Consistent with this, we show that Btage of germ cell development. We hypothesize that the E-
cadherin protein levels are severely reduced within the gonadadherin-dependent germ cell ensheathment we have observed
of foi mutants. E-cadherin expression is reduced in SGP#& embryonic gonads creates a nascent niche that allows the
which display defective behaviors iioi mutants, but not SGPs to regulate germ cell development and the transition to
mMsSGPs, which appear to behave normally (Fig. 5). Thugiermline stem cells.

gonad defects ifioi mutants correlate strongly with the cells
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