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this diversity is located in discrete gene clusters that are spread
throughout the different genomes. In contrast to this diversity,
these enteric microorganisms exhibit marked synteny in their large-
scale genomic organization, bearing in mind that E. coli and S. enterica
diverged about 100 Myr ago28. The conserved genes may be a
re¯ection of the basic lifestyle of the bacteria, requiring intestine
colonization, environmental survival and transmission. The unique
gene clusters probably contribute to adaptation to environmental
niches and to pathogenicity. The pseudogene complement of
S. typhi has implications for our understanding of the tight host
restriction of this organism, and raises the question of whether it may
be possible to eradicate S. typhi and typhoid fever altogether. M

Methods
Salmonella typhi CT18 was isolated in December 1993, at the Mekong Delta region of
Vietnam, from a 9-year-old girl who was suffering from typhoid. The strain was isolated
from blood using routine culture methods23, and after serological and metabolic con-
®rmation of the strain as S. typhi it was immediately frozen in glycerol at -70 8C. The genome
sequence was obtained from 97,000 end sequences (giving 7.9´ coverage) derived from
several pUC18 genomic shotgun libraries (with insert sizes ranging from 1.4 to 4.0 kb) using
dye terminator chemistry on ABI377 automated sequencers. This was supplemented with
0.7´ sequence coverage from M13mp18 libraries with similar insert sizes. End sequences
from a larger insert plasmid (pSP64; 1.9´ clone coverage, 10±14-kb insert size) and lambda
(lambda-FIX-II; 0.4´ clone coverage, 20±22-kb insert size) libraries were used as a scaffold,
and the ®nal assembly was veri®ed by comparison with restriction-enzyme digest patterns
using pulsed-®eld gel electrophoresis (data not shown). Total sequence coverage was 9.1´.
The sequence was assembled, ®nished and annotated as described29, using Artemis30 to
collate data and facilitate annotation. In addition we used a gene®nder that was trained
speci®cally for S. typhi, which uses a hidden Markov model with modules for the coding
region, start and stop codons, and the ribosome-binding site (T.S.L. and A.K., unpublished
data). The genome and proteome sequences of S. typhi and S. typhimurium or E. coli were
compared in parallel to identify deletions and insertions using the Artemis Comparison
Tool (ACT) (K. Rutherford, unpublished data; see also http://www.sanger.ac.uk/Software/
ACT/). Pseudogenes had one or more mutations that would ablate expression, and were
identi®ed by direct comparison with S. typhimurium; each of the inactivating mutations
was subsequently checked against the original sequencing data.
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Salmonella enterica subspecies I, serovar Typhimurium (S. typhi-
murium), is a leading cause of human gastroenteritis, and is used
as a mouse model of human typhoid fever1. The incidence of
non-typhoid salmonellosis is increasing worldwide2±4, causing
millions of infections and many deaths in the human population
each year. Here we sequenced the 4,857-kilobase (kb) chromosome
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and 94-kb virulence plasmid of S. typhimurium strain LT2. The
distribution of close homologues of S. typhimurium LT2 genes in
eight related enterobacteria was determined using previously
completed genomes of three related bacteria, sample sequencing
of both S. enterica serovar Paratyphi A (S. paratyphi A) and
Klebsiella pneumoniae, and hybridization of three unsequenced
genomes to a microarray of S. typhimurium LT2 genes. Lateral
transfer of genes is frequent, with 11% of the S. typhimurium
LT2 genes missing from S. enterica serovar Typhi (S. typhi), and
29% missing from Escherichia coli K12. The 352 gene homologues
of S. typhimurium LT2 con®ned to subspecies I of S. entericaÐ
containing most mammalian and bird pathogens5Ðare useful
for studies of epidemiology, host speci®city and pathogenesis.
Most of these homologues were previously unknown, and 50
may be exported to the periplasm or outer membrane, rendering
them accessible as therapeutic or vaccine targets.

The genus Salmonella comprises two species: S. enterica, which is
subdivided into over 2,000 serovars, and Salmonella bongori. Some
serovars of S. enterica, such as S. typhi, cause systemic infections and
typhoid fever, whereas others, such as S. typhimurium, cause
gastroenteritis. Some serovars, such as S. typhi, are host specialists
that infect only humans, whereas others such as S. typhimurium, are
host generalists that occur in humans and many other mammalian
species. Domestic animals act as a reservoir for the food-borne
spread of host-generalist serovars, which accounts for the high
incidence of non-typhoid Salmonella infections worldwide. Esti-
mated costs of food-borne diseases in the United States (with
salmonellosis a major component) range from 4.8 to 23 billion
dollars3.

Salmonella typhimurium strain LT2, the principal strain for
cellular and molecular biology in Salmonella, was isolated in the
1940s and used in the ®rst studies on phage-mediated
transduction1. Attenuated mutants of S. enterica may be used as
live oral vaccines against Salmonella infection, to express antigens
from other pathogens, and to deliver proteins to solid tumours6.

The general characteristics of the S. typhimurium LT2 genome are
summarized in Table 1. The full dataset is presented as Supplemen-
tary Information and is available also at http://genome.wustl.edu/
gsc/Projects/S.typhimurium.

The overall similarity of S. typhimurium LT2 to eight other
enterobacterial genomes is summarized in Table 2. We compared
S. typhimurium LT2 to three other fully sequenced genomes: S.
typhi7, the principal cause of typhoid in humans; E. coli K12 (ref. 8),
a non-pathogen; and E. coli O157:H7, an enterohaemorrhagic
strain9. (Escherichia coli is a member of the closest known genus
to Salmonella.) We sequenced genome samples over 97% coverage
from S. enterica serovar S. paratyphi A, a frequent cause of typhoid,
and K. pneumoniae, an opportunistic human pathogen closely
related to Salmonella. Visual representations of the comparisons
of S. typhimurium LT2 to the sequenced and sampled genomes are
available at both gene and sequence resolution using STM-Enteric
and STM-Menteric web tools (http://galapagos.cse. psu.edu/
enterix)10,11. A total of 4,330 complete open reading frames (ORFs)
from the S. typhimurium LT2 genome were ampli®ed using speci®c
PCR primers with appended, common 59 ends. These ORFs
were microarrayed on glass and probed with ¯uorescently labelled

genomic DNA12 from S. bongori and from S. enterica serovars
S. paratyphi A, S. paratyphi B and S. arizonae, to determine the
presence of homologues of S. typhimurium LT2 genes. The micro-
array data for S. paratyphi A was over 98% concordant with data
from the S. paratyphi A genomic sequence (see Supplementary
Information). Salmonella typhimurium LT2, S. typhi, S. paratyphi A
and S. paratyphi B are all in subspecies I of S. enterica, which
colonizes mammals and birds and causes 99% of Salmonella
infections in humans5,13. Salmonella arizonae is in subspecies IIIa,
which colonizes reptiles and also, rarely, humans; S. bongori, the only
other species of Salmonella, does not cause disease in mammals.

Genomic comparisons among the four completed genomes
(S. typhimurium LT2, S. typhi, E. coli K12 and E. coli O157:H7) reveal
that they are collinear for most genes except for inversions over the
terminus of replication (TER)9,14. Salmonella typhimurium LT2 has a
588-kb inversion compared with E. coli K12. Rearrangements
between the rrn operons are common in S. typhi 7,15, but are not
found in E. coli K12, E. coli O157:H7 or S. typhimurium LT2, or in
most other Salmonella strains. Large, stable duplications are rare in
enterobacterial genomes other than structural RNA genes and
transposable elements. In S. typhimurium LT2 the largest duplicated
region of coding sequences (CDS) is the cytochrome c biogenesis
locus (ccm, 7.5 kb). The two copies are 99% identical at the DNA
level and 100% identical for amino acids.

The chromosomes of enteric bacteria are mosaics, composed of
collinear regions interspersed with `loops' or `islands' unique to
certain species; the islands sometimes encode pathogenicity func-
tions (called Salmonella pathogenicity islands, SPIs)9,16. Of the 4,489
CDS and pseudogenes annotated in the S. typhimurium LT2
chromosome, at least 2,466 (55%) have a close homologue in all
eight other enterobacterial genomes that we examined. These
homologous genes (shown in red in Fig. 1) along with structural
RNAs constitute 2.5 Mb of the S. typhimurium LT2 genome.

Table 3 summarizes the distribution of the larger islands among
the eight genomes, on the basis of sequence and microarray analysis.
SPIs 1±5, previously described in S. typhimurium (see refs 1, 17), are
listed along with many newly detected large islands and the subset of
smaller islands that encode ®mbriae or potential virulence factors.
Fifteen of the islands are adjacent to a transfer RNA. In fact, almost
half of the individually encoded tRNAs are adjacent to an island. At
least seven islands encode integrase-like proteins, which are often
found in islands16. Salmonella typhimurium LT2 contains four

Table 1 Genome essentials

Parameter Chromosome Plasmid pSLT
.............................................................................................................................................................................

Size (bp) 4,857,432 93,939
G+C content 53% 53%
rRNA clusters 7 0
tRNAs 85 0
tRNA pseudogene 1 0
Structural RNAs 11 1
CDS (including pseudogenes) 4,489 108
CDS pseudogenes 39 6
.............................................................................................................................................................................

Table 2 Coding sequence homologues shared by S. typhimurium LT2 and
eight other strains of enterobacteria

Median homology of
reciprocal best hit CDS

(%)

Organism Data source Homologues of
STM CDS

(%)*

DNA Amino acid

.............................................................................................................................................................................

S. enterica serovar
S. typhimurium LT2 Complete

sequence
100 100 100

S. typhi CT18 Complete
sequence7

89 98 99%

S. paratyphi A ,97% sequence
sample/microarray

87/89 98 99

S. paratyphi B Microarray 92 Ð Ð
S. arizonae Microarray 83 Ð Ð

S. bongori Microarray 85 Ð Ð
E. coli K12 Complete

sequence8

71 80 90

E. coli O157:H7 Complete
sequence9

73 80 89

K. pneumoniae ,97% sequence
sample

73 76 88

.............................................................................................................................................................................

* For sequenced genomes, reciprocal best hits, excluding unsampled regions; for microarrays,
signal ratio of S. typhimurium LT2 with genome is 3:1 or greater and based on roughly 4,330
S. typhimurium LT2 CDS. Raw data is available at http://genome.wustl.edu/gsc/Projects/
S.typhimurium.
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functional prophages: Gifsy-1 and -2 (known to have a role in
infection18,19) and Fels-1 and -2 (ref. 12). The insertion site of these
prophages was predicted from the sequence and was con®rmed by
microarray-based comparison of labelled DNA from strains that were
cured of prophage. These phage are not present in the other eight
genomes, although homologues of a few genes exist, presumably in
related phage. A previously unknown phage, or phage remnant, that
included the S. typhimurium LT2 genes STM4201 to STM4219 was
detected in S. typhimurium LT2 by homology to other phage.

Most strains of S. typhimurium contain a plasmid of about 90 kb.
The plasmid of strain LT2 is called pSLT20. Out of 108 annotated
CDS and pseudogenes in pSLT, only three have a close homologue in
S. typhi, S. paratyphi A or S. paratyphi B, as expected owing to these
strains lacking the plasmid. A search through GenBank revealed 50
pSLT genes that have a close homologue in plasmids from other
Salmonella serovars. Many homologues of genes in the tra operon of
the F-factor of E. coli K12 were identi®ed, which presumably are
responsible for the self-transmissibility of pSLT at rates of up to 3 ´
10-4 (ref. 21). The copy number of the pSLT plasmid was estimated
as 2.75, using the relative sequence coverage of the plasmid versus
the chromosome in the shotgun phase of sequencing, and estimated
as 1.4±3.1 under a variety of growth conditions, when measured by
average signal intensity on microarrays (data not shown).

Fimbriae on the cell surface mediate adhesion to host cells22.
Salmonella typhimurium LT2 contains 12 putative operons of the
chaperone±usher assembly class: stc (called yehABCD in E. coli
K12), bcf, ®m, lpf, saf, stb, std, stf , sth, sti, stj, all of which are located
on the chromosome, and pef, which is located on the plasmid.
Operons bcf, ®m, lpf and pef were reported earlier for S. typhimurium
LT2 and shown to be functional; saf, stb, std and sth were detected
only by hybridization22. The sti and stj operons were previously
undetected; thus, six of the operons were not previously sequenced
and two were not previously detected. Salmonella typhimurium LT2
also has the csg operon (originally called agf) for curli ®mbriae, from
the nucleator-dependent assembly pathway, but genes for type IV
®mbriae7 are not detected. Table 3 describes the taxonomic dis-
tribution of close homologues of the ®mbriae gene clusters in the
other eight enterobacterial genomes, but does not include informa-
tion on the presence of more divergent homologues or orthologues
in the other genomes.

Complete sequencing of many closely related genomes, such as
E. coli K12, E. coli O157:H7, S. typhi and S. typhimurium LT2 (see
Table 2), aids the detection of pseudogenes, because a frameshift or
stop codon is recognizable only if the gene is collinear with a
functional, homologous gene in another genome. This allowed
the detection of at least 204 pseudogenes in S. typhi7, whereas the
S. typhimurium LT2 chromosome has only about 39. The large
number of pseudogenes in S. typhi may contribute to or be a
consequence of the restriction of S. typhi to growth in humans
alone7, whereas S. typhimurium LT2, with a broad host range, has far
fewer pseudogenes. Pseudogenes may be unrecognized when a
close, intact homologue is unavailable, as is true for 11% or more
of the S. typhimurium LT2 and S. typhi genomes (Table 2). Other
potential pseudogenes are encoded across insertion/deletion events
that distinguish S. typhimurium LT2 and S. typhi, such as S.
typhimurium LT2 gene STM0098, which is split by an insertion of
about 2,000 bp in S. typhi and S. paratyphi (or a deletion of this size
in S. typhimurium LT2). Such genes have been annotated as
insertion/deletion events rather than pseudogenes (see Supplemen-
tary Information). Finally, pseudogenes might actually have at least
one functional fragment. Nevertheless, these caveats do not alter the
conclusion that S. typhimurium LT2 has far fewer pseudogenes than
its close relative S. typhi.

The consequences of loss of function in pseudogenes in
S. typhimurium LT2 is usually unclear, as the function of the
known, intact homologue in another organism is often unknown.
However, there are pseudogenes in S. typhimurium LT2 for maltose

regulation (malXY23) and for trehalose metabolism (treB), where
the normal allele can substitute in the maltose pathway24; thus,
S. typhimurium LT2 has disrupted maltose pathways with multiple,
independent mutations. Histidine is not used as a carbon source in
LT2, although all of the genes are present; this may be explained by a
pseudogene mutation in hutU. Some of the pseudogenes are in
potentially redundant systems: the dcoA pseudogene shows over
98% amino-acid identity to another putative sodium ion pump,
oxaloacetate decarboxylase alpha chain (STM3352); cutF

Table 3 Islands and prophages

Start (by STM
gene number)

Number
of genes

Homologues Comments

.............................................................................................................................................................................

2584* 53 ² Gifsy-1 phage
1005* 52 ² Gifsy-2 phage, sodC, msgA homologue
2865 50 SAL³ SPI1. Type III secretion system
2694* 47 ² Fels-2 phage
1379§ 44 SAL³ SPI2. Type III secretion system, part missing

in SBO
0266*§ 42 SS1² saf ®mbriae, virG, sapA, tia and clpB

homologues
0893* 40 ² Fels-1 phage, sodC homologue
2019 40 SEN§, KPN cbi and pdu clusters
0328 37 SS1² stb ®mbriae, ail homologue
1528 35 SAL³ pqaA
1239§ 31 SAL³ envEF, msgA, pagCD
2741* 27 STM², KPN³ Adjacent Fels-2
0014 25 SAL³ bcf ®mbriae
4195 25 ² Many phage homologues
2770 19 SAL³ ¯jAB, hin, iroDEN, virK, pipB homologue
4418 19 SPB² srfJ
1854* 18 SAL³ sopE2, pagOK
3117§ 18 SAL³
3191§ 18 SAL
2230§ 16 SPB³ oafA, sspH2, msgA homologues
4305§ 16 SAL³ phoN
1911 15 SAL, E. coli ¯h, ¯agella, che, mot
1171 14 SAL² ¯g ¯agella
0715 13 SS1² Cell wall biogenesis?
3752§ 13 SS1², SBO³ SPI3 (part) mgtBC
0052 12 SS1², KPN³ citDEF
2082 12 SS1
3025§ 12 SS1² std ®mbriae
4440 11 SAL³, KPN
0543*§ 10 SEN² ftm ®mbriae
1629 10 SAL³ sseJ
1664 10 SAL³ invC homologue
3766 10 SS1², SBO³ SPI3 (part)
4488*§ 9 ²
1087§ 8 SAL SPI5. pip cluster and sopB
3351 8 SEN, KPN
0426 7 SS1, KPN phn
0571 7 SAL³, KPN
1127§ 7 SEN
1139 7 SAL, E. coli csg curli ®mbriae
3527 7 SPB²
0195 6 SPA, SPB stf ®briae
0854 6 SEN
1491 6 SAL
2175 6 SAL, ECH
2340 6 SAL
2513 6 SAL³ shdA, sinIH
3079 6 SPB
3779 6 SS1² SPI3 (part)
4010 6 STY, SPA
4257 6 SAL³ SPI4
4591 6 SAL³ sth ®mbriae
1328 5 SAL³ wbbH
2357 5 SEN² oadABG
3636 5 SPB, SBO Ipf ®mbriae
4571 5 ² stj ®mbriae
0174 4 SPB sti ®mbriae
1113 4 SEN scsABCD
1599 4 SAL³ pdgL, ugtL, sifB
2063 4 SAL phsABC, sopA
2149 4 STY, SPB stc ®mbriae
2396§ 4 SEN, KPN pgtABCEP
.............................................................................................................................................................................

Distribution of S. typhimurium LT2 CDS in eight other genomes. Not all islands consisting of ®ve
genes or fewer are listed. STM, S. typhimurium LT2; SPA, S. paratyphi A; SPB, S. paratyphi B; STY,
S. typhi; KPN, K. pneumoniae; ECH, E. coli O157:H7; SBO; S. bongori; SS1 includes STM, SPA,
SPB and STY; SEN includes SS1 and S. arizonae; and SAL includes SEN and S. bongori.
* Encodes integrase.
² Some genes in this cluster have close homologues outside the group.
³ Some genes in this cluster do not have close homologues in all members of the group.
§ Adjacent to a tRNA.
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(STM0241), which encodes the copper homeostasis protein, is a
pseudogene, but cutC (which remains intact) is suf®cient for the
same function25.

Genes found only in Salmonella (see Table 3 for examples) may
have been recruited since the divergence from Escherichia coli and
Klebsiella, or they may have been lost from these genera. There are
1,106 S. typhimurium LT2 CDS in this class (marked in green in
Fig. 1) that have a close homologue in at least one of the other ®ve
Salmonella examined. Many S. typhimurium LT2 genes associated
with pathogenesis are in this class, including invasion genes such as
inv and prg; proteins exported by the type III secretion system, such
as SopB, SopD, SopE2, SipA, SipB, SipC and SptP; and some
secretory system genes, such as members of ssa and sse. Most of
these genes have homologues in S. bongori, indicating that these
characteristics are maintained by even the most divergent of
Salmonella. A subset of 352 S. typhimurium LT2 CDS (8%) have
close homologues in one or more of the other three subspecies I
genomes (S. typhi, S. paratyphi A and S. paratyphi B) but not in S.
arizonae, S. bongori, E. coli K12, E. coli O157:H7 or K. pneumoniae.
These genes, most of which were unknown previously, may include
genes for specialization of subspecies I to warm-blooded hosts.
Among these 352 S. typhimurium LT2 CDS are bigA, envF, shdA,
sifAB, sinH, srfJ, srgAB (homologues of ail and clpB), and some
genes in the ®mbrial clusters, saf, stb, stc, std, stf and sti. Only 70
genes (20%) are named, whereas 49% of all CDS are named,
indicating that the group has remained largely unstudied. There
are 121 S. typhimurium LT2 CDS that have no close homologues in
any of the other eight genomes, only a few of which are named,
including individual genes from the pef and stj ®mbriae, spvR, and a
homologue of mvpA.

CDS rich in A+T are almost threefold over-represented among
genes that have no close homologues outside subspecies I, con®rm-
ing previous observations made with a smaller set of such genes26. It

is not obvious why CDS con®ned to only some Salmonella should so
often be A+T-rich. There is no such bias among G+C-rich genes. If
some of these genes are of recent foreign origin then perhaps there is
a preferential A+T-rich source for recruited genes.

Attenuated S. typhimurium has been used both as a vaccine and
for expression of heterologous proteins for vaccines against other
organisms27. Proteins that are predicted to be exported to the
periplasm or outer membrane, or beyond, are of interest for
vaccines and therapy, as they would be exposed for targeting.
PSORT28, which predicts cellular location from protein sequence,
predicts 251 outer-membrane proteins and 347 periplasmic pro-
teins in S. typhimurium LT2, 182 of which are missing from E. coli
K12, E. coli O157:H7 or K. pneumoniae, and about 50 of which are
con®ned to subspecies I.

Antigens from all of the predicted surface and secreted CDS can
be cloned, expressed on cells, and tested for immunological
response, as was done recently for CDS conserved among
Neisseria meningitidis29. As a ®rst step, we have ampli®ed by PCR
almost all the S. typhimurium LT2 CDS in a manner suitable for
expression, and the distribution of close homologues among
eight other enterobacterial genomes has been determined for each
gene. M

Methods
Genome sequencing

The complete 4.8-Mb genome of S. enterica serovar Typhimurium strain LT2 (American
Type Culture Collection, ATCC, number 700720) was sequenced using a combination of
two approaches. The ®rst approach was ®vefold, whole-genome shotgun sampling, and
the second was three- to tenfold sampling of gel-puri®ed restriction fragments ranging in
size from 43.3 to 570 kb14. Sonicated and size-fractionated DNA (approximately 1.5 kb)
was cloned into M13 and plasmid vectors. Subclones were sequenced using dye-primer
and dye-terminator chemistry on ABI 377 and 3700 sequencing machines. We assembled
92,648 sequence reads, representing ,7.7-fold ®nal coverage, using the PHRAP assembly
program (P. Green, unpublished data). The assembled genome sequence is in agreement
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Figure 1 The Salmonella enterica serovar Typhimurium LT2 genome. a, The

chromosome. Base pairs are indicated outside the outer circle. The outer two circles

represent the coding orientation, with the forward strand on the outside and the reverse

strand on the inside. Red indicates close homologues in all eight genomes. Green

indicates genes with a close homologue in at least one other Salmonella (S. typhi,

S. paratyphi A, S. paratyphi B, S. arizonae or S. bongori) but not in E. coli K12, E. coli
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with the physical map of the S. typhimurium LT2 genome14, with reads from both ends of
about 372 lambda DASH-II clones with inserts of 13±20 kb, and with a S. typhimurium
LT2 bacterial arti®cial chromosome library (prepared by R. Wing) restriction ®nger-
printed at the Genome Sequencing Center. Two other genomes were partially sequenced
using whole-genome, shotgun sample sequencing: 27,670 sequence reads of S. enterica
serovar Paratyphi A strain RKS4993 (ATCC 9510) yielded a 3.7-fold coverage (97.5%) for
this ,4.6 Mb genome, having 894 contigs with a predicted average gap size of ,200 bp;
36,848 sequence reads of K. pneumoniae strain MGH78578 (ATCC 700721), a clinical
isolate from sputum, yielded a 3.9-fold depth of coverage (98%) for this ,5.6 Mb genome,
resulting in 711 contigs with a predicted average gap size of ,160 bp.

Annotation

The primary annotation database was Acedb (http://www.acedb.org). Protein gene
predictions were performed using GeneMark (http://opal.biology.gatech.edu/
GeneMark) and Glimmer (http://www.tigr.org/softlab/glimmer/glimmer.html).
Predicted proteins were searched against the protein family database, Pfam 5.5
(http://pfam.wustl.edu), against the COG database to ®nd putative orthologues in other
completed genomes30, and against the protein localization prediction software, PSORT28.
The annotation was compared with the S. typhi annotation from the Sanger Centre and
all differences in CDS predictions and start predictions were reassessed, on the basis of
choice of start codon, length, conservation in Enterobacteriaceae and presence of
identi®able motifs. The details of microarray construction and hybridization with
genomic probes is described elsewhere12. Strains, lambda and BAC clones are available
from the Salmonella Genetic Stock Centre, http://www.ucalgary.ca/,kesander.
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Cell signalling through Frizzled receptors has evolved to consid-
erable complexity within the metazoans. The Frizzled-dependent
signalling cascade comprises several branches, whose differential
activation depends on speci®c Wnt ligands, Frizzled receptor
isoforms and the cellular context. In Xenopus laevis embryos,
the canonical b-catenin pathway contributes to the establishment
of the dorsal±ventral axis1. A different branch, referred to as the
planar cell polarity pathway, is essential for cell polarization
during elongation of the axial mesoderm by convergent
extension2. Here we demonstrate that a third branch of the
cascade is independent of Dishevelled function and involves
signalling through trimeric G proteins and protein kinase C
(PKC). During gastrulation, Frizzled-7 (Fz7)-dependent PKC
signalling controls cell-sorting behaviour in the mesoderm. Loss
of zygotic Fz7 function results in the inability of involuted
anterior mesoderm to separate from the ectoderm, which leads
to severe gastrulation defects. This result provides a developmen-
tally relevant in vivo function for the Fz/PKC pathway in
vertebrates.

In Xenopus, maternal Fz7 acts in the Wnt/b-catenin pathway and
contributes to dorsalization of the embryo3. To study the role of
zygotic Xenopus Fz7, we attempted a `loss-of-function' approach
that depends on blocking translation of the Fz7 messenger RNA by
an antisense morpholino oligonucleotide directed against the 59

³ Present address: Department of Zoology, University of Toronto, 25 Harbord Street, Toronto, Ontario

M5S 3G5, Canada.
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