
coelom of stage 16/17 embryos by making a slit in the dorsal side of the embryo, between
the prospective limb buds and lateral to the somites. The graft was inserted through the slit
with the cut edge medial.

Recombinant limbs were prepared as described14, except that mesenchyme was derived
from the distal-most 75–100 mm of the anterior two-thirds of the wing bud and that
digestion with collagenase was omitted. Recombinant buds were grafted to the somites,
allowed to develop for 7 days, and stained with Victoria blue as described19.

To rescue limb development in the absence of an AER, heparin acrylic beads were
incubated in 1 mg ml21 FGF4 (a gift from V. Rosen) at room temperature for 1 h, then
stored on ice until use. After removal of the AER, two heparin beads were attached to the
limb bud with platinum staples. One bead was placed at the posterior margin and the other
just anterior to the first. After attachment of beads, embryos were kept at room
temperature for 30 min before returning them to the incubator. Embryos were collected
after 6 days of incubation and fixed in 4% paraformaldehyde. Skeletons were stained with
0.02% alcian blue 8GX in 70% ethanol/30% acetic acid at 37 8C, then cleared in 0.5% KOH
and stored in glycerol.

Analysis of cell proliferation and death
After AER removal, embryos were returned to the incubator for 6–8 h. In cases where cell
proliferation was examined, 200 ml of 5 mg ml21 BrdU (Sigma) in PBS was injected around
the embryo after 7 h, and the egg was returned to the incubator for 60 min. Embryos were
collected, fixed in 4% paraformaldehyde/PBS overnight at 4 8C, washed in PBS,
dehydrated through an ethanol series and embedded in paraffin. Sections (6 mm) were
then floated onto TESPA (3-aminopropylethoxysilane)-treated slides, and apoptotic cells
were stained using the method of ref. 25, except that biotin-16-dUTP was replaced by
fluorescein-12-dUTP to allow for direct detection of transferred nucleotides. BrdU-
labelled cells were detected using an anti-BrdU monoclonal antibody (clone BU-33,
Sigma) followed by a Cy-2 conjugated goat anti-mouse secondary antibody (Jackson
ImmunoResearch Laboratories). Slides for fluorescent microscopy were stained in
0.5 mg ml21 4,6-diamidino-2-phenylindole (D-1306; Molecular Probes) in PBS for 1 min
before mounting in 80% glycerol.

In situ hybridizations
Both the whole mount and non-radioactive section in situ hybridizations were performed
using standard protocols for whole-mount in situ hybridization. Detailed protocols are
available on request.
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DNA sequence variants in specific genes or regions of the human
genome are responsible for a variety of phenotypes such as
disease risk or variable drug response1. These variants can be
investigated directly, or through their non-random associations
with neighbouring markers (called linkage disequilibrium
(LD))2–8. Here we report measurement of LD along the complete
sequence of human chromosome 22. Duplicate genotyping and
analysis of 1,504 markers in Centre d’Etude du Polymorphisme
Humain (CEPH) reference families at a median spacing of
15 kilobases (kb) reveals a highly variable pattern of LD along
the chromosome, in which extensive regions of nearly complete
LD up to 804 kb in length are interspersed with regions of little or
no detectable LD. The LD patterns are replicated in a panel of
unrelated UK Caucasians. There is a strong correlation between
high LD and low recombination frequency in the extant genetic
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map, suggesting that historical and contemporary recombination
rates are similar. This study demonstrates the feasibility of
developing genome-wide maps of LD.

Present-day chromosomes are mosaics of ancestral chromosomes
that have arisen through multiple recombination events in the past.
Each copy of a chromosome within a population can be uniquely
characterized on the basis of a specific pattern of sequence variants,
which together comprise an individual ‘haplotype’. When these
haplotypes do not occur in the population at the frequencies
expected from the component variants, the variants are said to be
associated or in linkage disequilibrium (LD). Characterizing the
empirical patterns of LD across the genome will help to reconstruct
the genetic history of human populations, enhance our under-
standing of the biological processes of recombination and natural
selection, and facilitate association mapping studies that seek to
localize genetic variants influencing complex traits and diseases.
Previous studies of LD in humans have shown a high degree of
variability, indicating that LD may extend between a few and several
hundred kilobases1–5. For practical applications, however, the local
patterns of haplotype conservation are of primary interest6–8, as the
variability in LD overwhelms the average level. Therefore we
characterized 59 independent haplotypes of human chromosome
22, derived from 77 members of three-generation pedigrees of the
CEPH reference data set9. Using family samples helped to construct
long haplotypes and detect genotyping error. All markers were
selected from publicly available single-nucleotide polymorphisms
(SNPs) and small insertions/deletions (indels)10–12 at regularly
spaced intervals along the chromosome. A total of 951 of the
1,504 (63%) polymorphisms genotyped in the CEPH panels were
common (minor allele frequency of $0.2; see Methods), which is
similar to the proportion of common variants expected from
comparing two chromosomes drawn from a constant size neutral

population (60%). LD between pairs of markers was calculated
using the measure D 0, following its usage in previous empirical
studies, and the r 2 measure, which is preferred by population
geneticists13.

LD decays with increasing distance, but also shows extensive
variability (Fig. 1a, b). Maximal D 0 values extend up to distances
over 400 kb, contrasting with occurrences of no detectable LD
(D 0

, 0.20) between markers less than 5 kb apart. The distribution
of r 2 values shows a similar degree of variability, differing from D

0

mainly in measurement scale (Spearman rank correlation r(r 2,
D
0
) ¼ 0.95). Similar results were obtained in analysis of two

separate populations of unrelated individuals, also of Caucasian
origin, one from the UK (90 individuals) and one from Estonia (51
individuals; Fig. 1c, d). In the combined CEPH and UK data sets,
average D 0 declines from 0.70 for adjacent markers to 0.11 for
unlinked markers, whereas average r2 declines from 0.38 to 0.01.
Although the two measures differ in scale, their decay profiles are
similar.

We assessed the pattern of LD along the chromosome by
calculating average D

0
and r 2 for markers within contiguous

1.7-Mb stretches of DNA (sliding windows). In addition, statistical
models of LD decay were fitted to summarize the patterns and to
account for marker density. The results highlight areas with very
high levels of LD, notably at positions 11–16 Mb and 21–27 Mb of
the reference sequence (Fig. 2a, b). The degree to which these exceed
background LD levels was confirmed by significance testing using
extreme value distribution theory applied to ‘runs’ of LD (see
Methods). Figure 2d shows various regions where LD is slightly
above background levels (light bands), as well as shorter runs of
extremely high disequilibrium relative to the rest of the chromo-
some (dark bands). These regional differences are not due to
unequal marker spacing, as they align well with the model-fitting

Figure 1 Distribution of linkage disequilibrium on chromosome 22. a, b, Variability of D
0

(a) and r 2 (b) for the CEPH samples, using all pairwise values for markers with minor allele

frequency .0.20 separated by #1 Mb. c, d, Sliding window results of average D
0
and r 2

in successive bins of 200 markers (100 marker overlap). Insets provide enhanced views of

the observed LD decay from 0–300 kb. CEPH, red; unrelated UK, green; combined CEPH/

UK, dark blue; Estonia, violet
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results (Fig. 2b) that account for such variability. The estimates were
consistent between the CEPH and UK samples (Fig. 2b), indicating
the usefulness of both family-based and unrelated samples for initial
detection of long LD runs. The general patterns of LD also appear
similar in the Estonian samples (Fig. 1a), but the marker density in
the smaller Estonian data set (median 34.72 kb) is too coarse for
formal delineation of specific regions. In the CEPH and UK
samples, average D 0 levels in the regions of high LD are 2–5 times
greater than the background levels, presenting obvious distinctions
of high and low LD tracts, whereas in the Estonian data, the highest
LD region is less than twice the background level. Extrapolating
these results to the genomic scale suggests that a median marker
density greater than one marker per 35 kb is required for any first-
generation map, and that, in the absence of family data, LD

estimates in 100 chromosomes or fewer may be too variable for
reproducible patterns at a broad scale.

There is considerable evidence that sites of recombination in
humans are not randomly distributed, but are often localized into
specific hotspots7,14. Current, low-resolution genetic maps can be
used to model local recombination rates and provide additional
predictors of LD beyond physical distance. Chromosome 22 has an
elevated degree of recombination15–17, averaging 2.46 cM Mb21 in
our interpolated sex-averaged genetic map (see Supplementary
Information), compared with the genome average of approximately
1.3 cM Mb21. All components of the high LD tracts at 11–16 Mb
and 21–27 Mb are situated in regions of exceptionally low recombi-
nation (,1 cM Mb21; Fig. 2c) relative to the chromosome average.
Indeed, nearly all of the high LD runs on chromosome 22 are
located in regions of low recombination (Fig. 2d), a pattern
previously noted in a localized region of this chromosome18, but
which differs from a previous assessment of chromosome 22
microsatellite markers19. Collectively, the most exceptionally high-
LD/low-recombination tracts cover about 9% of the chromosome,
and 40% of the total variation in D 0 along chromosome 22 can be
explained by the (interpolated) genetic distance between markers.
These results indicate that the extant genetic maps may be used in
practice as guides to genomic regions having high or low LD, and are
of immediate use in position-based association studies.

To search for other predictors of LD, we examined correlations
between pairwise LD measures and various sequence features (Table
1). LD is positively correlated with gene density and short inter-
spersed nuclear elements (SINEs) such as Alu repeats (which are
features of (G þ C)-rich sequence), and negatively correlated with
long interspersed nuclear elements (LINEs), long terminal repeats
(LTRs) and other DNA repeats ((G þ C)-poor sequence). There is

Figure 2 Linkage disequilibrium across chromosome 22. a, Average D
0

and r 2

coefficients (top and bottom groups, respectively) plotted in sliding windows containing all

common polymorphisms separated by 50 and 500 kb in successive 1.7-Mb segments

(1.6-Mb overlap). Sequence position 1 refers to the centromeric q-arm origin

(ftp://ftp.sanger.ac.uk/pub/human/chr22/sequences/Chr_22/complete_sequence/

Chr_22_19-05-2000.fa). The colour scheme is as in Fig. 1. b, Expected half length

estimated from application of the model E ðr 2Þ ¼ 1=ð1þ 4NcÞ to each sliding window.

The model could not be fitted to the Estonian data because of the sparser marker density.

c, Relationship between genetic and physical distance on chromosome 22 (refs 15, 16).

d, Significant regions of excess LD (see Methods). The longest runs of LD (using

f ¼ 0.50j D
0 ) are shown in light grey; shorter runs of high LD are shown in dark grey

(f ¼ 1.00j D
0 ) and black (f ¼ 1.50j D

0 ).

Table 1 Correlations between pairwise LD coefficients and sequence features

Sequence feature D 0 r2 D̂ 0

s (resid.) D̂ 0

r (resid.)
.............................................................................................................................................................................

Physical distance 20.36 20.37 0.05* 20.11
Genetic distance 20.50 20.51 20.30 0.02*
CpG coverage 0.04* 0.04* 0.15 0.00*
Coding coverage 0.12 0.12 0.19 0.05*
Gene coverage 0.13 0.13 0.20 0.06*
Pseudogene coverage 20.10 20.09 20.02* 20.06*
SINEs 0.20 0.20 0.24 0.04*
LINEs 20.12 20.12 20.09 0.00*
LTRs 20.27 20.26 20.24 20.15
DNA repeats 20.13 20.14 20.07 20.04*
Other repeats 20.01* 20.01* 0.11 0.05*
.............................................................................................................................................................................

Correlations were Spearman rank correlations. CpG coverage, coding coverage, gene coverage
and pseudogene coverage refer to the proportion of bases contained in predicted CpG islands,
protein coding exons, all genic exons or pseudogenes, respectively, between each common SNP
pair separated by #150 kb. All sequence characteristics were defined using the annotation in
release 2.4 from the Sanger Centre chromosome 22 annotation group (http://www.sanger.ac.uk/
HGP/Chr22/cwa_archive/Release_2.4_19-05-2000.shtml). The residual (resid.) columns represent
deviates of pairwise linkage disequilibrium (LD) values from their expected values using exponential
decay models4 fitted with sequence-based (bp) separation, D̂ 0

s (resid.) or genetic distance, D̂ 0

r

(resid.). All correlations are significant at P , 0.001 except where noted by an asterisk.
*Not significant.

Figure 3 Haplotype networks on chromosome 22. The figure is oriented with the

leftmost position as the centromeric q-arm origin. The top panel shows the complete

set of CEPH founder haplotypes (common alleles in blue; ambiguously phased or

ungenotyped regions in white). Marker locations are given in the comb diagram

underneath. The middle panels show 1-Mb-wide diagonal sections of colour-coded

pairwise disequilibrium matrices30 for the CEPH families (top), UK unrelated (middle) and

combined samples (bottom), respectively. Each sample is followed by a comb diagram for

marker location and a pictorial representation of haplotype networks. Networks of three or

four markers are in blue; longer networks are in red. The bottom panels show a detailed

view of common haplotypes (.5%) for the combined data set. Within each block,

haplotypes are listed in descending frequency. Gene composition and integrated genetic

and physical maps are indicated. Transcribed sequences are grouped according to

orientation15.

Q
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also a negative correlation between the (G þ C)-rich sequence
features and genetic distance. When genetic distance is factored
out, by assessing sequence correlations with residual LD measures
that are independent of genetic distance by multiple regression or
using model-based regression residuals, nearly all of the relation-
ships are reduced or effectively eliminated. The single exception to
this collinearity occurs with LTRs, which maintain a significant
negative correlation with LD independently of genetic distance
(r ¼ 20.15). It is conceivable that LTRs predict recombination at
a relatively fine resolution, whereas the currently available coarse
genetic map predicts recombination at a broader resolution.

In addition to pairwise disequilibrium assessments, our data
provide an opportunity to identify common conserved haplotypes
along the chromosome. We conducted a systematic search for
regions of limited haplotype diversity and strong disequilibrium
in the combined CEPH and UK samples, in which we detected 97
‘haplotype networks’ (see Methods), each including three or more
markers (Fig. 3), including 329 out of 787 (41.8%) common
polymorphisms and covering approximately 9.1 Mb of the long
arm of chromosome 22 (22q). Interestingly, the two most common
haplotypes are complementary at all sites in 55 of these networks. In
some regions the networks overlap, reflecting the difficulty in
precisely locating ancestral crossover events and possibly other
phenomena such as gene conversion.

All of the common variants in any one of these networks can be
surveyed with minimal genotyping effort. For example, in the
CEPH families, the longest haplotype network extends 804 kb (at
11.83 Mb, including 16 markers) and a single network in the 21–
27 Mb region includes 25 markers and extends 758 kb. These 25
markers could define up to 32 million chromosomes and in the
absence of LD every chromosome in our sample would be unique.
Instead, five haplotypes account for 76% of the CEPH founder
chromosomes. Genotyping three SNP markers is sufficient to
distinguish these five common haplotypes and retain 94.7% of
haplotype heterozygosity. Similar long conserved haplotypes are
present in the UK and combined samples.

Our ability to derive common haplotypes was significantly
enhanced by the use of family-based samples (the CEPH panel).
This is an important conclusion for a haplotype map project,
because the relative usefulness of families will depend on empirical
haplotype patterns20. Comparison of the haplotype frequency
estimates from the unrelated UK compared with partially-phased
CEPH chromosomes indicated that, for an average set of five
consecutive markers, each CEPH founder contributed 1.91 times
more information than an unrelated individual (Methods). This
suggests that although genotyping extended pedigrees such as the
CEPH families requires twice as much effort as that for unrelated
individuals, the information for LD mapping is approximately
equal. Given this similarity and the advantages of families for
detection of genotyping errors, integration with meiotic maps and
quality comparison across laboratories, the use of families for LD
mapping is clearly preferable to unrelated individuals.

The primary motivation for construction of any LD map in the
human genome is to facilitate identification and characterization of
genetic variants for common complex diseases. The present data
indicate that considerable information is available for fine mapping
of disease loci even in first-generation maps such as our 15-kb
chromosome-wide resolution. For example, linkages to schizo-
phrenia and other psychiatric disorders have been reported around
22q12, near marker D22S278 (ref. 21) (at approximately 19.8 Mb);
schizophrenia has also been associated with microdeletions in
22q11, near the velo-cardiofacial syndrome locus (,5.6 Mb).
Neither of these regions shows high LD in our data, suggesting
that fine mapping may require a high density of markers. Con-
versely, linkage to type 2 diabetes has been reported around marker
D22S423 (ref. 22) (approximately 23.8 Mb), which is on the edge of
some of the longest tracts of high LD on the chromosome. Initial

allelic association in this region may be facilitated by this extensive
conservation. A

Methods
Selection of markers, DNA samples and genotyping
Markers for genotyping were selected by walking along chromosome 22 in 15-kb steps
through all available SNPs and small indels and choosing the nearest variant that was
suitable for a unique polymerase chain reaction-based genotyping assay. Markers were
genotyped in duplicate on 77 CEPH family DNAs and 90 unrelated UK Caucasian DNAs
using the Third Wave Technologies Invader assay23, and on 51 unrelated Estonian DNAs
using allele specific primer extension in microarray format24.

A final set of 1,504 markers were polymorphic in the CEPH DNA panel and were not
rejected because of mendelian segregation errors, Hardy–Weinberg equilibrium
deviations or other quality issues (the CEPH SNP set). There are 27 gaps of greater than
100 kb in this set (maximal gap of 293 kb), yielding a mean spacing of 22.95 kb and a
median spacing of 15.07 kb. A total of 1,262 markers from the final CEPH set and 23
additional markers were successfully genotyped on the UK sample of unrelated
individuals, for 1,286 markers on the UK Caucasians (the UK SNP set, median spacing of
17.53 kb, mean ¼ 26.86 kb). We refer to the overlapping collection of CEPH and UK
SNPs as the ‘combined’ marker set. The final Estonian SNP set had 908 SNPs, 661 of
which had minor allele frequencies $0.20, and a median spacing of 34.72 kb
(mean ¼ 61.42 kb). The Estonian SNP set included 594 SNPs in common with the
initial CEPH SNP set. The final data used in these analyses is available at
http://www.sanger.ac.uk/HGP/Chr22.

Error checking
We tested all markers for Hardy–Weinberg equilibrium, ignoring family structure, and
excluded from the analysis those where equilibrium was rejected at the 1024 level. We
verified familial relationships within the CEPH samples and checked that presumed
unrelated UK individuals were truly unrelated using the GRR program25. In addition, we
excluded all genotypes that produced mendelian errors or unlikely recombination
patterns (P , 0.001) in the CEPH sample26. The duplicate genotyping resulted in a very
low error rate, as indicated by mendelian segregation errors (480 out of 98,095
genotypes ¼ 0.5%) and unlikely double recombinants (315 out of 98,095
genotypes ¼ 0.3%) in the CEPH data set.

Haplotyping
For the CEPH pedigrees, we used MERLIN26 to list all alternate sets of non-recombinant
founder haplotypes including small sets of neighbouring markers. Haplotype frequencies
in families were then estimated using an expectation–maximization (E–M) algorithm27

(software available on request from G.R.A.). For unrelated individuals and the combined
data set, we estimated haplotype frequencies using the E–M algorithm.

Pairwise disequilibrium and distance modelling
For pairwise comparisons we calculated D

0
and r 2 following standard procedures13. We

also fitted decay models to all pairwise coefficients within successive 1-Mb sliding
windows: Eðr2

ijÞ ¼ 1=ð1þ 4NcijÞ; where N is the effective population size and cij is the
recombination fraction between markers i and j estimated from the physical distance
between markers using the chromosome 22 average 1 Mb < 2 cM. We refer to the half-
length of disequilibrium as the distance at which Eðr2

ijÞ ¼ 0:5: Estimates from this model
are largely independent of the underlying marker density.

Regions of excess disequilibrium
To define boundaries for regions of unusual disequilibrium, we used a method based on
the Smith–Waterman algorithm28. For the ith ordered marker pair within 500 kb of each
other, we define the score Si ¼D

0

i 2 k and then identify and compare high scoring
segments using the Smith–Waterman accumulation approach and related statistical
theory29. We used a penalty k¼ �D

0
£ f jD 0 (with scale f ¼ 0:5;1:0;1:5) to detect

increasingly extreme runs of LD along the chromosome, where jD 0 refers to the standard
deviation of all pairwise LD coefficients.

Haplotype networks
We defined regions of limited haplotype diversity as those in which five haplotypes
accounted for 75% or more of all haplotypes observed in the population and in which
disequilibrium between each marker and haplotypes of surrounding markers exceed
0.75. We searched for sets of markers (networks) that met these conditions using a
single marker as a seed and adding as many neighbouring markers as possible. We used
MERLIN26 to identify all non-recombinant haplotypes in a growing network and the E–
M algorithm to estimate haplotype frequencies. We did not require markers in a
network to be consecutive, but instead allowed up to six intervening markers to be
excluded.

Comparison of families and unrelated individuals
Samples of unrelated individuals include more independent chromosomes, but less phase
ambiguity exists in families. To compare the two approaches, we used the combined data
set to estimate allele frequencies for each set of five consecutive markers. We then
calculated the log-likelihood of each CEPH founder and unrelated individual using
equilibrium allele frequencies and the haplotype frequencies estimated by E–M. The
change in log-likelihood for each individual provides an indication of the amount of
information contributed.

More detailed descriptions of marker selection, genotyping and error-checking
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protocols, genotyped marker characteristics and statistical procedures are provided as
Supplementary Information.
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Two models have been put forward to explain the growth of new
Golgi during the cell cycle. The first suggests that a new Golgi
grows out of the endoplasmic reticulum by de novo synthesis1.
The second suggests that a pre-existing Golgi is needed for the
growth of a new one, that is, the Golgi is an autonomously
replicating organelle2. To resolve this issue, we have exploited the
simplicity of the apicomplexan parasite Toxoplasma gondii3,
which has only a single Golgi stack4. Here we show, by using
video fluorescence microscopy and three-dimensional recon-
structions of serial thin sections, that the Golgi grows by a
process of lateral extension followed by medial fission. Further
fission leads to the inheritance by each daughter of a pair of Golgi
structures, which then coalesce to re-form a single Golgi. Our
results indicate that new Golgi grow by autonomous duplication
and raise the possibility that the Golgi is a paired structure that is
analogous to centrioles5.

The doubling of cell mass before division is accompanied by the
duplication of cellular organelles. In the case of chromosomes and
centrosomes, duplication is manifested as a doubling in number5,6.
In the case of membrane-bound organelles such as the endoplasmic
reticulum (ER) and mitochondria, it is generally manifested as a
doubling of mass because the number of these organelles varies, as
does their unit size7. The Golgi apparatus may be an exception
because it has a nearly constant unit size in all eukaryotes, compris-
ing flattened cisternal membranes, typically 0.5–1.0 mm in cross-
sectional diameter, that are most often arranged in a stack8,9. Golgi
duplication therefore results in a doubling of both number and
mass.

Two different models have been proposed to explain the growth
of new Golgi. The first suggests that new Golgi are assembled de
novo from components that originate from the ER. The reversible
absorption of the Golgi by the ER during mitosis or treatment with
Brefeldin A (BFA) has been taken as evidence in favour of this
view10,11. The fact that cytoplasts lacking the Golgi cannot make a
new one from the remaining ER is evidence against it12. The second
model suggests that new Golgi arise from pre-existing Golgi which
either act as templates for assembly2 or, by analogy with centro-
somes5, instruct the assembly process. Morphological studies have
provided images of Golgi, in organisms ranging from earthworms
to plants, that are in the apparent act of medial fission (see ref. 7),
but static images do not indicate the direction of events. Golgi in the
act of separation could just as easily represent two Golgi in the act of
fusing.

A significant problem in studying Golgi duplication is the
number of Golgi in many cells. Mammalian cells typically contain
100–250 Golgi units, which are most often stitched together in a
ribbon-like structure located near the cell nucleus13,14. Even fungal
cells, which are several orders of magnitude smaller in volume,
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