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Germ cells preserve an individual’s genetic information and
transmit it to the next generation. Early in development germ
cells are set aside and undergo a specialized developmental
programme, a hallmark of which is the migration from their
site of origin to the future gonad'. In Drosophila, several factors
have been identified that control germ-cell migration to their
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target tissues”™; however, the germ-cell chemoattractant or its
receptor have remained unknown. Here we apply genetics and
in vivo imaging to show that odysseus, a zebrafish homologue of
the G-protein-coupled chemokine receptor Cxcr4, is required
specifically in germ cells for their chemotaxis. odysseus mutant
germ cells are able to activate the migratory programme, but fail
to undergo directed migration towards their target tissue, result-
ing in randomly dispersed germ cells. SDF-1, the presumptive
cognate ligand for Cxcr4, shows a similar loss-of-function pheno-
type and can recruit germ cells to ectopic sites in the embryo, thus
identifying a vertebrate ligand-receptor pair guiding migratory
germ cells at all stages of migration towards their target.

In search of factors that affect the specification, maintenance or
migration of primordial germ cells (PGCs) in zebrafish, we assayed
embryos from a large-scale genetic screen for PGC number and
position using vasa, a PGC-specific marker>”. In zebrafish, PGCs
originate at random positions with respect to the body axis. At 14h
after fertilization they align with the presomitic mesoderm resulting
in one cluster on either side of the embryo. The PGCs then migrate
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Figure 1 ody affects PGC positioning and is required within the germ line. a—d, Whole-
mount immunostaining with an antibody against Vasa® labels PGCs (arrows) in wild-type
(@, b) and ody mutant embryos (e, d). At 30 h after fertilization, PGCs cluster at the anterior
yolk extension in wild-type embryos (a), whereas in ody mutants (c), they are dispersed
throughout the body. At 9 days after fertilization, PGCs have coalesced with the gonadal
tissue in wild type (b), whereas in ody mutants no Vasa-positive PGCs are detectable (d).
e—j, Transplantation of wild-type and ody mutant PGCs into wild-type and ody mutant

embryos. One-cell-stage donor embryos were injected with biotin-dextran, and at the
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8,000-cell stage approximately 100 donor cells were transplanted into recipient embryos
of an equivalent stage. PGCs were identified by Vasa antibody staining (green) and donor-
derived cells by anti-biotin antibody labelling (red). Transplantation of wild-type PGCs into
wild-type embryos (e, magnified view in h) does not affect their ability to reach the anterior
yolk extension. ody mutant PGCs transplanted into wild-type embryos (g, magnified view
in j) still go astray, whereas wild-type PGCs transplanted into ody mutant embryos

(f, magnified view in i) arrive at their target. Arrows indicate donor-derived PGCs;
arrowheads indicate recipient-derived PGCs.
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Figure 22GC migration in wild-typedymutant embryos. Expression’d@&fP cluster and migrate in a posterior direction in wild-ty patensmesof is to the top
etg) or GFP fused to a PH d&rdih h) was targeted to PGCs by fusing the coitjht. lodymutant embryesd, anterior is to the bottom left) PGCs (arrows) do not

sequences to the zebra@s#8° untranslated region A TRYpturing consecutivecluster, and migrate individually to ectopic sites. Germ cells recruit PH+GFP to locally
images of individual embryos shows that PGCs (arrows indicate initial PG Cegtiitied sites at the membrane (akrosoth in wild-type atymutants.

caudally to the anterior yolk extension, the future site of the gonads ~ 9, Fig. 1f, i). However, mutant PGCs transplanted into wild-
(Fig. 1a, b). During migration, PGCs are repelled from entering thtgpe embryos do not reach their target 1 3, Fig. 1g, j). This
trunk by an unknown signal emanating from the pronephros, buindicates that theody gene product is required within the PGCs
they are attracted by the anterior yolk exten$ibrAmong 1,358 for proper migration, in contrast to previously identi®ed factqrs
genomes screened, we identi®ed one strictly zygotic mutatieontrolling PGC migration that act exclusively in somatic tisstfes
odysseus$ody), that resulted in incorrect positioning of PGCs The random positioning of PGCs imdymutants could simply be
without affecting general embryo morphology. Instead of beintpe result of generally immotile cells being unable to leave their
localized to the gonadal anlage, PGCediymutants fail to cluster randomized sites of origin. Alternativelpdy might speci®cally
and are found randomly dispersed throughout the body at 30 h aftaffect the response of PGCs to chemotactic sighelévoimaging
fertilization (Fig. 1c). of embryos using a PGC-speci®c green "uorescent protein (GFP)

To determine whetheodyacts within the PGC or in the somatic markef revealed that mutant PGCs (Fig. 2e+g; see also Supplemen-
tissue we generated genetic mosaics. On transplantatioroghfo tary movie 2) display a similar degree of overall motility to wild-
mutant embryos, wild-type PGCs migrate to the correct positiotype cells (Fig. 2 atc; see also Supplementary movie 1). However,

Figure 3rhe G-protein-coupled chemokine receptor Cxcr4b is required for PGGrgesganckto PAY.(Embryos injected at the one-cell stage with Cxcr4blantisense
in zebra®sd.b, In sitthybridization reveals that at the seven-somite stage Crupdfhislinos (0.2 mMAS TG TGCTCAAAAAGGCGCAATgy-8cattered
among other tisstiesxpressed in two lateral clusters at the level of the secdA@Cs (revealed by anti-Vasa staining) at 30 h after fertilization and thus recapitulate the
somite (arrowsainthe boxed areaaiis magni®edtih Co-staining for Cxcrdb  odyphenotypd, Injection of mismatch Cxcr4b morpholinos (6:2 mM, 5
messenger RNA (green) and Vasa protein (red) shows that these two laterAGAGTEE TGAAAAAGGCGGAARAAG-&fect on PGC migration.
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