
compound heterozygous noggin9 and chordin parents in a B6SJLF1 background (Jackson
Laboratories).

Genotyping

DNA was extracted from extraembryonic membranes of E8.5 and older embryos. For E6.0
to E7.5 embryos the whole animal was digested overnight upon completion of in situ
analysis and photography of each embryo. Digestion was at 55 8C in 50 mM Tris-HCl,
pH 8, 100 mM EDTA, 100 mM NaCl, 1% SDS, 0.5 mg ml-1 Proteinase K. After adding
NaCl to 1 M ®nal concentration, the mix was centrifuged for 15 min, the supernatant
recovered, and DNA precipitated with an equal volume of isopropanol. The genotype of
the specimens was determined by polymerase chain reaction using the following primers:
chordin primers were a mixture of three oligonucleotides, Chd-F (59-GAGTTAGGAGG-
TGGAGCTCTACAC-39), Chd-R (59-GGTAGGAGACAGAGAAGCGTAAACT-39) and
Neo-2 (59-GTTCCACATACACTTCATTCTCAG-39), which yielded bands of 417 and 285
base pairs (bp) for the wild-type and mutant alleles respectively. Noggin primers were a
mixture of three oligonucleotides, Nog-1 (59-GCATGGAGCGCTGCCCCAGC-39), Nog-2
(59-GAGCAGCGAGCGCAGCAGCG-39) and b-Gal (59-AAGGGCGATCGGTGC-
GGGCC-39), which yielded bands of 211 and 160 bp for the wild-type and mutant alleles
respectively.

In situ hybridization

Whole-mount in situ hybridization was performed as described18. The chordin probe used
was a subclone spanning nucleotides 145±2016 of the full-length mouse chordin
complementary DNA (accession number AF096276), linearized with NotI and transcribed
with T3 RNA polymerase. The Krox20 probe was linearized with BamH1 and transcribed
with T3 RNA polymerase. En-1, Hnf3b and Bmp-4 were linearized with ClaI, Asp700 and
BamH1 respectively, and transcribed with T7 RNA polymerase. Other antisense probes
used were: noggin (ref. 9), Shh (ref. 9), Six3 (ref. 11), Hesx1 (ref. 12), Lim1 (ref. 14) and
Cer-l (ref. 18).
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Biological diversity is driven mainly by gene duplication followed
by mutation and selection. This divergence in either regulatory or
protein-coding sequences can result in quite different biological
functions for even closely related genes. This concept is exempli-
®ed by the mammalian Hox gene complex, a group of 39 genes
which are located on 4 linkage groups, dispersed on 4 chromo-
somes1±4. The evolution of this complex began with ampli®cation
in cis of a primordial Hox gene to produce 13 members, followed
by duplications in trans of much of the entire unit. As a conse-
quence, Hox genes that occupy the same relative position along
the 59 to 39 chromosomal coordinate (trans-paralogous genes)
share more similarity in sequence and expression pattern than do
adjacent Hox genes on the same chromosome. Studies in mice
indicate that although individual family members may have
unique biological roles, they also share overlapping functions
with their paralogues5±12. Here we show that the proteins encoded
by the paralogous genes, Hoxa3 and Hoxd3, can carry out identical
biological functions, and that the different roles attributed to
these genes are the result of quantitative modulations in gene
expression.

The paralogous genes Hoxa3, Hoxb3 and Hoxd3 show virtually
identical expression patterns of messenger RNA and share, in a
pairwise comparison, ,50% identity in protein-coding
sequences13±17. Nevertheless, mice lacking either a functional
Hoxa3 or Hoxd3 gene show no obvious overlap in phenotype: the
former have de®ciencies in pharyngeal tissues derived from
mesenchymal neural crest18, the latter in somitic, mesodermally
derived tissues of the axial skeleton19. Although the uniqueness of
the single-mutant phenotypes implies a different qualitative role for
each gene product, the analysis of animals carrying different
combinations of mutant alleles of the Hox3 paralogues suggests
that there is also functional overlap between the three genes, and
that the important parameters that mediate these interactions may
be quantitative in nature5,17,20±22. For example, in animals that are
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homozygous for null alleles of Hoxd3, the defect in the formation of
the atlas is primarily restricted to the anterior arch19. The severity of
this phenotype is increased quantitatively by a serial reduction in
the number of functional copies of either the Hoxa3 or the Hoxb3
genes. In the Hoxd3-/- background, absence of one copy of either
paralogue reduces the size of the entire atlas by ,50%; absence of
any two copies, either Hoxa3-/- or Hoxb3-/-, or Hoxa3+/-;Hoxb3+/-,
eliminates the entire atlas5,17.

To examine directly the nature of functional overlap8,23,24 within
the Hox3 family, we have exchanged reciprocally, in the genome of
mice, the protein-coding portions of the Hoxa3 and Hoxd3 genes

(Fig. 1a). Thus, we have generated mice that lack any HoxA3
protein, but instead express the HoxD3 protein from both the
Hoxa3 and Hoxd3 loci (Fig. 1b), as well as mice that lack HoxD3
protein but express HoxA3 from both loci. The alleles used in this
study are shown in Fig. 1c and include the two wild-type alleles,
Hoxa3+ and Hoxd3+; the null alleles, Hoxa3null and Hoxd3null; and the
paralogous replacement alleles, Hoxa3D3 and Hoxd3A3. The null
allele of Hoxa3 contains a translation stop codon in the ®rst exon
and a frameshift mutation in the second exon. The Hoxd3 null allele
contains a deletion/insertion encompassing the homeodomain-
coding region of the second exon. The Hoxa3D3 allele was generated
by replacing the protein-coding domains of both Hoxa3 exons with
the corresponding sequences from the Hoxd3 gene. All sequences
¯anking the protein-coding domains, 59 of the ATG, the entire
intron and 39 of the TGA termination codon, are from the Hoxa3
locus. Similarly, the Hoxd3A3 locus, in which the HoxA3 protein is
synthesized from the Hoxd3 locus, retains all the surrounding
Hoxd3 nucleotides. All alleles were introduced into their appro-
priate genomic loci by homologous recombination in murine ES
cells25. It should also be noted that the selectable markers (the neor

genes), which are required for isolation of the targeted mutations,
have all been replaced with a single, 32-base-pair (bp) loxP
element26, thus eliminating potential effects of marker gene expres-
sion on neighbouring genes.

Mice homozygous for null alleles at Hoxa3 are characterized by
perinatal lethality, absence of the thymus, and malformation of the
hyoid bone17,18,20,21. The glandular and skeletal abnormalities are
exacerbated by mutations in the Hoxd3 locus5,17,21. To con®rm that
our null allele for Hoxa3, without the neor gene, conferred the
originally described mutant phenotype, we crossed animals hetero-
zygous for wild-type and null alleles (Hoxa3+/null ´ Hoxa3+/null). As
shown in Table 1, no adult progeny of the Hoxa3null/null genotype
were recovered. As a test of whether the HoxD3 protein is suf®cient
to complement this Hoxa3 de®ciency, animals heterozygous for the
wild-type and the Hoxd3 transplacement alleles (Hoxa3D3/+) were
crossed with animals heterozygous for the wild-type and null alleles
(Hoxa3+/null). Adult progeny recovered from this cross represented
all four possible genotypes at roughly normal mendelian frequen-
cies (Table 1). The viability of the compound heterozygotes,
Hoxa3D3/null, shows that the HoxD3 protein, when expressed at the
Hoxa3 locus, complements the absence of HoxA3 protein.

To determine the extent of this complementation, embryos
representing all Hoxa3 allelic combinations were examined histo-
logically. At embryonic day 17.5 (E17.5), the most striking abnorm-
ality of homozygous null (Hoxa3null/null) embryos is the complete
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Figure 1 Representation of the wild-type (a) and one of the mutant Hox gene clusters (b).

The individual alleles used are shown in (c). a, The 39 end of the wild-type Hox cluster,

showing the relationship of paralogous genes. The black arrows indicate the paralogous

protein-coding regions that were transplaced. b, The 39 end of the Hox cluster in animals

that express the HoxD3 protein from the Hoxa3 locus, referred to as the Hoxa3D3 allele.

c, The six alleles used in this study. From top to bottom the alleles are wild-type Hoxa3,

Hoxa3null, Hoxa3D3, wild-type Hoxd3, Hoxd3null and Hoxa3A3. Solid boxes represent

protein-coding sequences, with those of HoxA3 and HoxD3 shown in dark yellow and dark

blue, respectively. The Hoxa ¯anking non-coding sequences are in pale yellow, and Hoxd

cis-acting regulatory sequences are in light blue. The homeodomain deletion in the Hoxd3

null allele is white. Stop codons (S), loxP sites and the myc epitopes are indicated.
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Table 1 Hoxa3D3 rescues the lethality of Hoxa3null/null

Parental genotypes Hoxa3+/null ´ Hoxa3+/null

Possible genotypes of progeny +/+ +/null null/null
Number of progeny observed 13 28 0
.............................................................................................................................................................................

Parental genotypes Hoxa3+/null ´ Hoxa3D3/+

Possible genotypes of progeny +/+ +/null D3/+ D3/null
Number of progeny observed 12 13 18 10
.............................................................................................................................................................................

Table 2 Fraction of mice exhibiting normal glandular and skeletal structures

Genotype at the Hoxa3 locus +/+ null/null D3/null D3/D3
Thymus 4/4 0/5 5/5 3/3
Hyoid 18/18 0/7 11/11 6/6
.............................................................................................................................................................................

Genotype at the Hoxd3 locus +/+ +/null null/null A3/A3 A3/null
Anterior arch of the atlas 8/8 10/10 0/7 10/10 8/9
Dens 8/8 9/10 1/7 10/10(9/10)* 9/9 (6/9)*
.............................................................................................................................................................................

* Indicates number of mice in which complementation was complete. Incomplete complementation
of the Hoxd3 null mutation by a single copy of Hoxd3A3 may result from a number of independent
factors. It could represent the 15% haplo-insuf®ciency normally seen in Hoxd3 heterozygotes19

(10% in this study), it may re¯ect a depression in protein activity due to the myc-epitope tag at the
carboxy terminus of the Hoxd3A3 protein, and/or it may re¯ect slight differences in the biological
activities of HoxA3 and HoxD3 in bone morphogenesis.
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absence of the thymus (Fig. 2, Table 2). However, replacement of
one or both copies of HoxA3 protein with the HoxD3 protein
restores this organ. The effect of the various Hoxa3 mutations on the
throat cartilage was also assessed. Alterations of the hyoid, char-
acteristic of embryos homozygous for the null allele of Hoxa3, are
reversed by expression of the HoxD3 protein at the Hoxa3 locus, as
shown in Fig. 2 and summarized in Table 2. Moreover, adult animals
lacking the HoxA3 protein but carrying one or two copies of the
Hoxa3D3 allele appear anatomically completely normal (data not
shown).

A conclusion from this data is that the HoxD3 protein is
functionally equivalent to the HoxA3 protein if it is expressed in
the context of the Hoxa3 gene. A corollary to this conclusion is that
the HoxA3 protein, if expressed at the Hoxd3 locus will be unable to
complement null mutations at Hoxa3. To test this, we crossed mice
heterozygous for the Hoxa3 mutation, Hoxa3+/null, with mice
heterozygous for the same mutation but that also carried the
HoxA3 protein-coding domains inserted at the Hoxd3 locus
(Hoxa3+/null;Hoxd3A3/null). No adult progeny homozygous for the
Hoxa3 null allele were ever recovered from this cross. However, ®ve
dead newborn animals of the genotype Hoxa3null/null;Hoxd3A3/+ were
analysed for the status of the throat bones and cartilage. As shown in
Fig. 2, these structures were indistinguishable from those found in
the Hoxa3null/null embryos, showing that when the HoxA3 protein is
expressed from the Hoxd3 locus, it is incapable of rescuing the
Hoxa3 mutant phenotype. Embryos of the same genotype,

Hoxa3null/null;Hoxd3A3/+, were also examined histologically, and no
thymus was detected (Fig. 2).

Hoxd3 is required for the proper development of the cervical
vertebrae19. Mice homozygous for a Hoxd3 null mutation lack the
anterior arch of the atlas and the dens of the axis. To assess the ability
of the HoxA3 protein to function during vertebral morphogenesis,
we replaced the protein-coding sequences of the Hoxd3 gene with
Hoxa3 protein-coding sequences, leaving all adjacent, non-coding
sequences intact. We were able to generate viable, fertile adult
animals in which the three Hoxd3 alleles, Hoxd3+, Hoxd3null and
Hoxd3A3, were represented in all six possible combinations. Skeletal
analyses were carried out on adult animals of each genotype with
emphasis on the structure of the atlas and axis (Fig. 3, Table 2). Mice
homozygous for the null allele lack the anterior arch of the atlas as
well as the dens. Both of these structures were restored by the
presence of two copies of the Hoxd3A3 allele. A single copy of the
Hoxd3A3 allele also complements the mutant phenotype, but with
incomplete penetrance. In three of nine animals of the Hoxd3A3/null

genotype, the dens was fused (either completely or partially) to the
anterior arch of the adjacent atlas; in one of these same individuals,
the arch itself was incompletely formed. Neither the atlas nor axis
phenotype was suppressed by the expression of the HoxD3 protein
at the Hoxa3 locus (data not shown), showing again the critical role
of cis-acting sequences in determining the functional speci®city of
the gene products.

The hybrid alleles generated in this study are characterized by the
precise engineering that distinguishes between coding and non-
coding sequences, and by the targeting of single copies of the coding
moieties to the chromosomal loci of their paralogues. Promoters,
enhancers, intron-encoded splicing signals and 39 mRNA pro-
cessing signals are thus the ones that are normal for the host
locus. We propose that this provides the most precise means of
retaining the normal temporal, spatial and quantitative parameters
of gene expression.

The successful bi-directional complementation of both the Hoxa3
and Hoxd3 genes has proved informative on several counts. First, it
shows that these proteins, which share less than 50% identity in
amino-acid sequence, are capable of carrying out equivalent bio-
logical functions in the processes recognized to require Hox3 gene
activity. Second, it provides direct evidence that the different roles
played by these genes during embryogenesis are mainly the result of

Figure 2 Thymus and hyoid phenotypes of Hoxa3 null mutants and complementation by

the Hoxa3D3 allele. Left, parasagittal sections from the throat regions of E17.5 embryos.

Right, dissected hyoid bones from either E18.5 embryos or newborn animals. Arrows and

arrowheads indicate the lesser and greater horns of the hyoid bone, respectively. Th,

thymus; Tr, trachea; H, heart.

Figure 3 Atlas and axis phenotypes of Hoxd3 null mutants and complementation by the

Hoxd3A3 allele. The atlas and axis from three animals of each genotype are shown. The

atlas and axis occupying the same relative positions in each panel are from the same

animal. Arrowheads denote the anterior arch of the atlas (left panel) and the dens of the

axis (right panel).
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cis-acting sequences that modulate expression of the individual loci.
Whether equivalent scenarios hold for other paralogous Hox gene
families remains to be tested. We want to stress that the non-
equivalence of Hoxa3 and Hoxd3 in their normal, wild-type,
chromosomal environments may not be due to qualitative dif-
ferences in the spectrum of cell-speci®c expression. The expression
patterns of Hoxa3, Hoxb3 and Hoxd3 are very similar, if not
completely overlapping. Rather, we suggest that the important
parameter controlling, for example, the differential function of
Hoxa3 and Hoxd3 in mesenchymal neural crest and somitic meso-
derm, respectively, may be that each gene is expressed in particular
cell types at suf®cient levels to activate its respective developmental
programme; Hoxa3 being expressed at a higher concentration in one
context and Hoxd3 in another. In this model, qualitative differences
in the behaviour of genes are the consequence of quantitative
differences in their expression levels. Further, the cross-exacerbations
of the mutant phenotypes in the double mutants argue for co-
expression of these paralogues in all the tissues of the neck region
and that they function coordinately. At the molecular level, these
observations suggest that these Hox genes mediate their functions
by collectively controlling common target genes through conserved
target cis elements. The outputs from the target genes would thus
re¯ect signals generated from the combined binding activities of all
of the paralogous Hox3 products. The sensitivity of these develop-
mental programmes to the overall combined concentration of
paralogous gene products is demonstrated by the observation
that, although mice heterozygous for individual Hox3 paralogous
genes are outwardly normal, most mice heterozygous at all three
Hox3 loci die perinatally17.

It is remarkable that in the estimated 530 million years since
quadruplication of the Hox complex in early vertebrates, the near
perfect functional equivalence described here has been maintained
for the HoxA3 and HoxD3 proteins. We suggest that this conserva-
tion of functional equivalence may not be an accident of evolution,
but rather an indication that equivalence of function is at the very
core of normal Hox gene function during development, perhaps
facilitating a necessary quantitative interaction among these
proteins. M

Methods
Allele generation

The null allele of Hoxa3, Hoxa3null, has been described26. It contains an 8-bp insertion at
the unique Eco47III site in exon 1 and a loxP-containing insertion at the BglII site in the
homeodomain of exon 2. The null allele of Hoxd3, Hoxd3null, contains a loxP site instead of
the 249 nucleotides between the two BglII sites in exon 2. This mutant allele was created by
the self-excising neor cassette, ACN, also used to generate Hoxa3null. The exchange of
coding sequences required to generate Hoxa3D3 and Hoxd3A3 ®rst necessitated the
sequencing of all junctions between coding and non-coding regions of both genes. The
sequences are as follows:

Hoxa3 exon 1; 59-aaacatcgcgATGCAAAAAG:::::::TCCAGCTCAGgtaaatgaat-39;

Hoxa3 exon 2; 59-gtcctggcagGGGAGAGCTG:::::::CACCCACCTGtgatgatggg-39;

Hoxd3 exon 1; 59-tgagtgcaccATGCAGAAGG:::::::GCCACTTCAGgtagttctct-39;

Hoxd3 exon 2; 59-ccttgcccagGAGAGAACTG:::::::GACACATCTGtagctgttgc-39;

where lower and upper case letters indicate non-coding and coding sequences,
respectively, and start- and stop-translation codons are indicated by bold type and
underline, respectively.

Restriction endonuclease cleavage sites were identi®ed in all regions 59 and 39 to each
coding region and used to remove the coding sequences and linked nucleotides from
cloned copies of the two genes. Combinations of synthetic oligonucleotides, restriction-
endonuclease-generated fragments and PCR-generated fragments were used to recon-
struct the transplaced coding sequences and any missing host, ¯anking nucleotides. These
were then re-inserted into the appropriate sites. Exons and ¯anking sequences were
sequenced before construction of the ®nal targeting vectors. Both the Hoxa3D3 and
Hoxd3A3 coding regions were fused at the 39 end to an 11-amino-acid c-myc epitope, and a
loxP-¯anked neor gene was inserted immediately 39 of the termination codon in exon 2 of
each gene. The alleles were introduced into mouse ES cell line RI27 and subjected to
positive±negative selection28 before identi®cation of recombinant cell lines. Two cell lines
representing each allele were used to generate mice by blastocyst injection. The neor marker

gene was removed by mating the progeny of the chimaeric animals with a Cre-expressing
`deleter mouse'29 before colony expansion and phenotypic analysis.

Phenotypic analysis of embryos

The characterization of the pharyngeal organs in E17.5 embryos was carried out after serial
sectioning as previously described30. Embryos from timed pregnancies were ®xed in
Bouin's reagent for 4 days, rinsed in a sucrose/phosphate solution and hemisected with a
razor blade. The samples were then embedded in paraf®n, sectioned sagittally (10mm) and
stained on glass slides with haematoxylin and eosin. E18.5 day embryos used for skeletal
analysis were ®xed in ethanol, stained with alazarin red and alcian blue, and cleared in
glycerol as described6.

Preparation of adult skeletons

Six- to ten-week-old adult animals were killed by CO2 asphyxiation and the head and
cervical region removed. After removal of the skin, the samples were boiled for 5 min in
water and incubated overnight in a solution of 0.5% trypsin and 30% borax. The sample
was boiled again in water for 10 min, and the cleaned bones stored in 95% ethanol.
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Campylobacter jejuni, from the delta-epsilon group of proteobac-
teria, is a microaerophilic, Gram-negative, ¯agellate, spiral bac-
teriumÐproperties it shares with the related gastric pathogen
Helicobacter pylori. It is the leading cause of bacterial food-borne
diarrhoeal disease throughout the world1. In addition, infection
with C. jejuni is the most frequent antecedent to a form of
neuromuscular paralysis known as Guillain±BarreÂ syndrome2.
Here we report the genome sequence of C. jejuni NCTC11168. C.
jejuni has a circular chromosome of 1,641,481 base pairs (30.6%
G+C) which is predicted to encode 1,654 proteins and 54 stable
RNA species. The genome is unusual in that there are virtually no
insertion sequences or phage-associated sequences and very few
repeat sequences. One of the most striking ®ndings in the genome
was the presence of hypervariable sequences. These short homo-
polymeric runs of nucleotides were commonly found in genes
encoding the biosynthesis or modi®cation of surface structures,
or in closely linked genes of unknown function. The apparently
high rate of variation of these homopolymeric tracts may be
important in the survival strategy of C. jejuni.

Human infection is usually acquired by the consumption of
contaminated food (especially poultry) or water1. Motile campylo-
bacters colonize the intestines of a wide range of animals, but in
immunologically naive humans infection frequently results in an
in¯ammatory enterocolitis. The number of cases of Campylobacter
infection reported in England and Wales in 1998 increased by 17%
from the previous year, with the number of reported cases now
more than double that due to Salmonella3. Despite its importance,
effective control of Campylobacter in the food chain and the design

of disease prevention strategies are hindered by a poor under-
standing of the genetics, physiology and virulence of this organism.

The genome of C. jejuni NCTC11168 is 1,641,481 base pairs (bp)
in length. Of the 1,654 predicted coding sequences (CDS), at least 20
probably represent pseudogenes; the average gene length is 948 bp,
and 94.3% of the genome codes for proteins, making it the densest
bacterial genome sequenced to date. The bias towards G on the
leading strand of the chromosome4 indicates that the origin of
replication is near to the start of the dnaA gene. Strand bias is also
evident in the CDSs; overall, 61.1% are transcribed in the same
direction as replication (Fig. 1). We discovered two large regions of
lower G+C content that encompass CDSs Cj1135±Cj1148 (25.4%)
and Cj1421±Cj1442 (26.5%); these correspond to genes within the
lipooligosaccharide (LOS) and extracellular polysaccharide (EP)
biosynthesis clusters, respectively. Functional information (matches
to genes of known function, or informative hydrophobicity pro®les)
could be deduced for 77.8% of the 1,654 CDSs, wheras 13.5%
matched genes of unknown function in the database and 8.7% had
no database match, or other functional information. The unusually
low number of unknowns re¯ects the preponderance of predicted
membrane, periplasmic and lipoproteins; these make up 10.3%,
7.8% and 2.3 % of the CDSs, respectively, and many of these have no
database matches.

One surprising feature of the C. jejuni genome is the almost
complete lack of repetitive DNA sequences. In fact, there are only
four repeated sequences within the entire genome; three copies of
the ribosomal RNA operon (6 kilobases (kb)) and three duplicated
or triplicated CDSs. Apart from Cj0752, which is similar to part of
IS605 tnpB from H. pylori, there is no evidence of any functional
inserted sequence (IS) elements, transposons, retrons or prophages

1,641,481 bp

NCTC 11168C. jejuni 
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Surface
polysaccharide
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Figure 1 Circular representation of the C. jejuni genome. From the outside to the inside,

the ®rst circle shows coding sequences transcribed in the clockwise direction in dark

green; the second shows coding sequences in the anticlockwise direction in pale green.

The putative origin of replication is marked. The third shows the positions of hypervariable

sequences in black, and the fourth and ®fth show genes involved in the production of

surface structures: clockwise in dark red and anticlockwise in pale red. The innermost

histogram shows the similarity of each gene to its H. pylori orthologue, where present; the

height of the bar, and the intensity of the colour, are proportional to the degree of

similarity. The clusters of genes responsible for LOS biosynthesis, EP biosynthesis and

¯agellar modi®cation are marked.
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