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ABSTRACT

Many methods exist for genotyping—revealing
which alleles an individual carries at different
genetic loci. A harder problem is haplotyping—
determining which alleles lie on each of the two
homologous chromosomes in a diploid individual.
Conventional approaches to haplotyping require the
use of several generations to reconstruct haplo-
types within a pedigree, or use statistical methods
to estimate the prevalence of different haplotypes in
a population. Several molecular haplotyping meth-
ods have been proposed, but have been limited to
small numbers of loci, usually over short distances.
Here we demonstrate a method which allows rapid
molecular haplotyping of many loci over long dis-
tances. The method requires no more genotypings
than pedigree methods, but requires no family
material. It relies on a procedure to identify and
genotype single DNA molecules, and reconstruction
of long haplotypes by a ‘tiling’ approach. We
demonstrate this by resolving haplotypes in two
regions of the human genome, harbouring 20 and
105 single-nucleotide polymorphisms, respectively.
The method can be extended to reconstruct haplo-
types of arbitrary complexity and length, and can
make use of a variety of genotyping platforms. We
also argue that this method is applicable in situa-
tions which are intractable to conventional
approaches.

INTRODUCTION

The discovery of abundant single-nucleotide polymorphisms
(SNPs) in the human genome has driven the development
of technologies for rapid and efficient genotyping. However,
a more difficult challenge is to resolve the two haplotypes
carried by a diploid individual, determining which alleles
lie on each of the two homologous chromosomes. For
instance, an individual may have the genotype AB/ab
(heterozygous at each of loci A and B), but could carry
haplotypes AB and ab or, conversely, Ab and aB.

It is increasingly appreciated that haplotypes, rather than
genotypes alone, carry the richest data on human variation
(1–5). Quantitative traits such as drug responsiveness or
disease susceptibility may be more strongly correlated with
certain haplotypes than with certain genotypes, particularly
where several polymorphic loci fall within a single gene.
Hence, both the discovery of an association between trait
and polymorphism, and the implications of this association
for an individual, depend on a knowledge of haplotypes. Hap-
lotype structure is also important in understanding the evolu-
tion of a species and of populations within it, as haplotype
blocks are shuffled in successive generations. The persistence
of ancestral haplotypes can also be used to simplify genotyp-
ing experiments: the genotype at one locus may serve as a
proxy for the genotypes of neighbouring loci if they lie within
the same conserved haplotype block.

Classically, haplotypes have been inferred by genotyping
several generations of a pedigree and tracing the segrega-
tion of markers. At a population level, conversely, the abun-
dance of different haplotypes can be estimated from the
combined genotype data for many unrelated individuals—
one of the aims of the HapMap project [www.hapmap.org
and Ref. (6), though see also Ref. (7)]. Population
abundances of haplotypes can also be used to infer individual
haplotypes from genotyping data, but only with certain
assumptions and only over the very short distances within
which recombination can be assumed not to have occurred.
None of these approaches, however, can generally be applied
diagnostically to resolve long-range haplotypes in a
heterozygote in the absence of multi-generational family
members.

To overcome these limitations, a number of methods have
been proposed to physically resolve the diploid chromosomes
of an individual into their haplotypes. Cloning in hybridomas
or in bacterial or yeast cells, or the natural occurrence of
hydatidiform moles arising from a single haploid gamete,
can be used to isolate a single haplotype which can then be
revealed by simple genotyping (8–11). Such approaches,
however, are ill-suited to large-scale studies or to diagnostic
screening of individuals. A variety of techniques based on
allele-specific PCR, electrophoretic separation of haplotypes
or allele-specific hybridisation have been used to detect
different haplotypes or to separate haplotypes for later
analysis (12–22). All of these approaches, however, are
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limited to the analysis of small numbers of loci over short
distances (typically a few hundred base pairs), although it
was suggested that some methods could be used to build up
longer haplotypes step-wise (14).

Other methods have been based on the analysis by PCR of
single DNA molecules which, of course, represent single
haplotypes. The most direct implementation of this strategy
is the genotyping of single sperm, (23,24) in which meiosis
has done the job of isolating a single copy of each chromo-
some. Other approaches rely upon limiting dilution to isolate
(statistically) single DNA molecules, followed by amplifica-
tion and genotyping of two or more loci (25–28). However,
haplotypes assembled by these techniques rarely exceed
20–30 kb in length (29–31), never involve more than a few
loci and the methods are often inefficient, since only a few
of the highly dilute samples which are genotyped will
prove to contain informative molecules. An exception is the
use of the ‘polony’ method to genotype intact chromosomal
DNA molecules dispersed in an acrylamide film (32). This
elegant technique is efficient and long-range, but requires
metaphase cells, careful primer optimisation and
again appears to be limited to the analysis of small numbers
of loci.

We have devised a molecular haplotyping method which
also relies upon limiting dilution but which, for the first
time, demonstrates the reconstruction of haplotypes spanning
large numbers of loci over long distances, from the DNA of a
single individual (Figure 1). DNA is dispensed at extreme
dilution into a panel of aliquots, each containing much less
than one genome’s worth of DNA. Hence, any given segment
of the genome will be found in only a minority of the aliquots
and, in those aliquots, only one of the two haplotypes is likely
to be present. Importantly, an initial pre-screening reveals the
precise molecular content of each aliquot. From these results,
a small subset of aliquots can be selected which are likely to
be informative, and only these aliquots need be genotyped for
particular loci. By genotyping just a few aliquots at each
locus, robust haplotypes involving multiple loci can be built
up over distances which are not limited by the size of DNA
fragments.

The total number of genotypings required is comparable
to—or less than—that needed in pedigree studies. Moreover,
the panel of aliquots can be re-accessed many times, allowing
large-scale haplotyping.

MATERIALS AND METHODS

Preparation of mapping panels

DNA embedded in agarose was prepared from two
anonymized male blood donations (National Blood Service,
Oxford, UK) as described previously (33), melted at 69�C
in 0.5· PCR BufferII (Perkin-Elmer) in a volume calculated
to give a final concentration of roughly 0.02–0.06 genomes
(0.06–0.18 pg) of DNA per microlitre, and mixed by gentle
inversion. Aliquots (5 ml, �0.1–0.3 genomes) of diluted
DNA were dispensed into a 96-well microtitre plate and
overlaid with 25 ml/well of light mineral oil (Sigma). The
exact concentration of the DNA required was estimated
based on the initial pre-screening results (below) for several

loci and adjustments made as necessary to produce the
desired concentration.

Aliquots were pre-amplified using primer-extension
preamplification [PEP, Ref. (34)] by supplementing each
well with 0.7 ml 10· PCR BufferII (Perkin-Elmer), 0.7 ml
25 mM MgCl2, 0.06 ml 25 mM dNTPs, 0.07 ml 1 mM N15
oligonucleotide (Operon Technologies), 0.28 ml Taq poly-
merase (Amplitaq, Perkin-Elmer, 5 U/ml) and 0.19 ml of
water. Reactions were cycled (5 min at 93�C, followed by
50 cycles of 94�C for 30 s, 37�C for 2 min, 37–55�C ramp
over 3 min, 55�C for 4 min). Products were diluted to
200 ml each, and 5 ml samples transferred to replicate plates
and stored at �80�C.

A second panel was made from a mixture of two male-
derived DNAs (see Results section). This panel was prepared
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Figure 1. Principle of the method. Diploid cells (a) are shown containing two
haplotypes (upper-case, blue; and lower-case, yellow). DNA is prepared (b)
with inevitable breakage through shearing, and dispensed at extreme dilution
into aliquots (c), each containing much less than a complete genome. Initially,
the samples are pre-screened by PCR to find out which loci they each contain,
but without genotyping (d) red circles indicate a positive PCR result; red lines
show the inferred extent of the fragments in each aliquot. Only a handful of
aliquots then need to be genotyped for each locus (e). From these results, the
complete haplotypes (f) can be reconstructed. Note that a few aliquots may
contain mixed haplotypes. In this case, two of the aliquots give the partial
haplotypes rs and RS, whilst the rightmost one gives the mixed haplotype
rS—the correct linkage phase is inferred from the majority (in this case, rs/RS
rather than rS/Rs).
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by pooling equal amounts of agarose-embedded DNA from
two different male donors, after the melting step.

Selection of loci and design of PCR primers

Single-nucleotide polymorphisms were chosen from the
HapMap database (www.hapmap.org). Twenty SNP loci
were selected from a region of 283 kb on Xp22.1, and 105
loci from a 993 kb region on 21q21. The distance between
consecutive loci varied from 87 bp to 49.5 kb (average
9.8 kb). For each locus, hemi-nested PCR primers (forward-
external, forward-internal and reverse) were designed using
simple parameters [each primer �20 bases long, �50%
(G+C); where possible, two G/C bases at 30 end and one
G/C base at 50 end], such that the SNP was located within
the internal amplimer (between forward-internal and reverse
primers). Details of all loci and their PCR primers are
given in Supplementary Data.

Initial panel pre-screening

Initial pre-screening of loci on the panels was performed
using a hemi-nested PCR, in which the first phase was
multiplexed. For first-phase PCRs, 5 ml samples of the map-
ping panel (above) were supplemented to give 10 ml total
volume containing 1· PCR Gold buffer (Perkin-Elmer),
4 mM MgCl2, 200 mM each of dATP, dCTP, dGTP and
dTTP, 0.2 mM of each forward-external and reverse primer
for each of the loci to be typed (up to 105 primer pairs)
and 0.5U Taq Gold DNA polymerase (Perkin-Elmer), then
thermocycled (93�C · 9 min, then 28 cycles of 94�C ·
20 s, 53�C · 30 s, 72�C · 60 s). Products of this reaction
were diluted to 1000 ml with water, and 5 ml aliquots of
this were used as template in a monoplex (single marker)
second-phase PCR for each marker in question (10 ml
volume, 1 mM each of the relevant forward-internal and
reverse primers, 1· PCR Gold buffer, 1.5 mM MgCl2,
200 mM each dNTP, 0.2U Taq Gold DNA polymerase;
93�C · 9 min, then 35 cycles of 94�C · 20 s, 55�C · 30 s,
72�C · 60 s). Products were analysed (scoring presence or
absence of the expected PCR product) either by high-density
gel electrophoresis or by melting-curve analysis (ABI
7900HT, Applied Biosystems); in the latter case, the second
phase PCRs were supplemented with 0.5· SyBr Green I
(Molecular Probes) and 0.5 mM ROX (ABgene), and the
concentration of MgCl2 was increased to 4 mM.

Genotyping

Where appropriate, PCR products generated as above were
genotyped for the relevant SNP by sequencing. Unincorpo-
rated dNTPs and primer molecules were degraded by
supplementing the 10 ml PCR product with 10 U Antarctic
phosphatase (NEB) and 20 U Exonuclease I (NEB), incubat-
ing for 15 min at 37�C, and inactivating the enzymes for
15 min at 65�C. Products were then sequenced by standard
protocols, using either the forward-internal or reverse PCR
primer.

Statistical analysis

Statistical analysis is not necessary for reconstructing
haplotypes using this approach (see Results section), but
can provide evidence for the reliability of the haplotypes.
We therefore give a brief statistical analysis here, and a
more detailed analysis in Supplementary Data.

Previous analyses (35) have focused on situations in which
multiple samples of dilute DNA are genotyped without prior
selection, and in which many of the resulting genotypes are
uninformative (for example, containing mixed alleles or no
alleles at some loci). We have a simpler theory, in which
the log-likelihood (LogL) of a given linkage phase between
two loci (for example, A/a and B/b) is given by

LogL ¼ ðNH � NXÞ:P‚ 1

where P (a ‘power factor’) is a function of the average DNA
content of each aliquot in the panel and of the distance
between loci A/a and B/b expressed as a fraction of the
average size of DNA fragments in the aliquots; NH is the
number of aliquots which were genotyped for both loci and
found to agree with the supposed haplotypes; and NX is the
number of aliquots genotyped for both loci and found to dis-
agree with the supposed haplotypes. (Aliquots which contain
mixed genotypes for either or both loci, or which do not to
contain both loci, are uninformative and are simply ignored.)
Full details of the analysis, and of the calculation of P, are
given in Supplementary Data. However, for simplicity we
give a simple look-up table by which the appropriate value
of P can be estimated (Table 1).

For example, suppose a panel contains an average of
0.1 genome equivalents of DNA (�0.3 pg for human) per
aliquot, with an average fragment size of 50 kb. Seven
aliquots are genotyped for two loci which are 10 kb apart

Table 1. Lookup table for P

P DNA content of aliquots (average genomic copies per aliquot)
0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Inter-locus distance divided by average fragment size
0.01 5.61 5.31 5.14 5.02 4.93 4.86 4.80 4.74 4.70 4.66
0.02 5.01 4.71 4.54 4.42 4.33 4.26 4.19 4.14 4.10 4.06
0.05 4.21 3.91 3.74 3.62 3.53 3.46 3.40 3.35 3.30 3.26
0.1 3.61 3.31 3.14 3.02 2.93 2.86 2.80 2.75 2.70 2.66
0.2 3.00 2.71 2.54 2.42 2.33 2.26 2.20 2.15 2.11 2.07
0.3 2.65 2.36 2.19 2.07 1.98 1.91 1.85 1.80 1.76 1.72
0.4 2.40 2.11 1.94 1.83 1.74 1.67 1.61 1.56 1.52 1.48
0.5 2.20 1.91 1.71 1.63 1.55 1.48 1.42 1.37 1.33 1.29
1 1.59 1.30 1.15 1.04 0.96 0.90 0.85 0.81 0.77 0.74

The value of P (see text) is given for a range of DNA concentrations and for a range of inter-locus distances expressed as a fraction of the average size of DNA
fragments in the aliquots. For details, see text and Supplementary Data.
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(0.2 of the average fragment size). Of these aliquots, two give
genotyping result AB, three give result ab, one gives result
Ab, and one gives result AaB (i.e. mixed genotype for
locus A/a). If we assume that the true haplotypes are AB
and ab, then NH (the number of ‘concordant’ results) is
5 and NX (the number of ‘discordant’ results) is 1; and,
from Table 1, P ¼ 2.71. So,

L ¼ ð5 � 1Þ · 2:71 ¼ 10:84:

So we can infer with a confidence of 1010.84:1
(�100 billion to 1) that the true haplotypes are AB and ab.

RESULTS

Recovery of X-chromosome ‘haplotypes’ from a mixed
DNA sample

We first sought to recover haplotypes which could be
independently validated. Since all X-chromosome sequences
(other than those lying in the pseudo-autosomal region) are
present only in a single copy in the male genome, we were
able to create a ‘synthetic’ genome, diploid with respect to
the X-chromosome, by mixing equal amounts of DNA from
two unrelated male individuals. We then sought to recover
the two haplotypes for a portion of the X-chromosome, before
validating our results by genotyping the original, unmixed
samples.

A panel of 94 aliquots of DNA (plus two negative controls)
was prepared from a mixture of equal amounts of two
unrelated male DNAs, and tested initially for the presence/
absence in each aliquot of 20 SNP loci spanning a 280 kb
region of the X-chromosome. As can be seen (Figure 2a),
each locus is found to be present in only a minority of the
aliquots, with an average of 23/94 aliquots being positive
for any given locus. Assuming a random (Poisson) distribu-
tion of DNA fragments amongst the aliquots, this implies
an average of 0.28 X-chromosome copies per aliquot (see
Protocol S1). Many of the aliquots contain runs of several
consecutive loci, implying that those aliquots contain DNA
fragments which span long portions of the chromosome.
We selected 24 aliquots that contained one or more such
runs, and genotyped the corresponding PCR products; on
average, each locus was genotyped in �12 of the aliquots
(Figure 2b). Of the 20 loci, 14 proved to be ‘heterozygous’
(i.e. to be represented by two different alleles in the mixed
DNA).

Inspection of these results allows the two haplotypes to be
resolved directly: two tiling paths can be reconstructed, each
consisting of a series of overlapping partial haplotypes. As
expected, a proportion of the aliquots contain fragments
from both of the haplotypes, revealing mixed alleles upon
genotyping; these typings do not contribute towards establish-
ing the resolved haplotypes. The two haplotypes recon-
structed from these results are indicated in Figure 2b, and
were found to be identical to those determined by direct
genotyping of the original, unmixed DNA samples.

Recovery of chromosome 21 haplotypes from a
diploid sample

We next sought to recover true autosomal haplotypes from a
normal diploid DNA sample. We selected 105 SNP loci from

an arbitrarily chosen region of �1 Mbp on Chr21. DNA from
a single individual was prepared, diluted and dispensed into a
panel of 96 aliquots. The DNA concentration of the aliquots
was lower than in the X-chromosome experiments, to reduce
the incidence of aliquots containing mixed haplotypes. All
aliquots were scored by PCR for the presence/absence of
each of the 105 loci; on average, each locus was found in
13.3/96 aliquots, implying an average of 0.15 [autosomal]
genomes per aliquot. As before, many of the aliquots
contained one or more long runs of consecutive loci. Twenty-
one of the aliquots were genotyped at selected loci (Figure 3);
on average, each locus was genotyped in �7 aliquots. Of the
105 loci tested, 29 proved to be heterozygous in this individ-
ual. Only one of the aliquots tested proved to contain
extensively overlapping molecules from different haplotypes,
giving rise to mixed genotypes. Again, it is easy to recon-
struct the two haplotypes by inspection of the data (Figure 3).

Statistical analysis

In both the model (X chromosome) and real (chromosome
21) experiments, the haplotypes can be resolved unambigu-
ously by inspection, without daunting statistical analysis.
However, it is clearly reassuring to have a statistical measure
of the confidence which can be placed in the reconstructed
haplotypes. The confidence which can be assigned to the
linkage phase across any two consecutive heterozygous loci
depends only upon the number of informative genotyping
results which agree or conflict with that phase, and on a sta-
tistical ‘power factor’ P which depends on the distance
between loci and on the properties of the panel of aliquots.
(See Methods section for an outline of the statistical proce-
dure, and Protocol S1 for a detailed description; a simple
look-up table for P is given in Table 1).

For the X-chromosome panel, we estimate the average size
of the fragments at �90 kb from the initial pre-screening
results (see Supplementary Data). Using this estimate of
fragment size and the calculated DNA content of the panel
as 0.28 X-chromosome copies per aliquot, we can calculate
the confidence in the recovered haplotype over consecutive
pairs of loci.

For example, taking loci rs2291122 and rs1479927
(consecutive heterozygous loci, since the intervening locus
rs6527396 is monomorphic), nine aliquots were genotyped
for both loci, of which eight were informative (the ninth fail-
ing to give a genotyping result for locus rs1479927). Of these
eight, seven give result AA or GG, whilst one (from aliquot
54) gives result AG (Figure 2). The distance between the loci
is 17.4 kb, or �0.2 of the average fragment size (90 kb), and
we know the DNA content of the panel to be 0.28 copies per
aliquot (see above). So, from Table 1, the value of P
(see Materials and Methods section) is �2.3, and hence the
LogL of the linkage phase being AA/GG:

L ¼ ð7 � 1Þ · 2:3 ¼ 13:8‚

or odds of �1014:1. The same analysis for all loci reveals that
the linkage phase is weakest (least supported) between
markers rs1993969 and rs2054513, where the haplotype
structure (TG/CA) is supported by odds of 105.5:1. Given
the statistical support for the linkage phase between succes-
sive pairs of markers along the haplotype, one can compute
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1 10 20 30 40 50 60 70 80 90 94

rs1993969 0

rs983315  13995

rs2054513 30027

rs1564405 43856

rs2291122 57431
rs6527396 63945

rs1479927 74796
rs5934229 84063
rs4830935 88362

rs2543  137819
rs6527494 146284

rs6527518 158153

rs1894322 186300

rs2317327 199035

rs4830945 208840

rs7058885 220004

rs234494  230870

rs1003026 251695

rs1028076 267585

rs4830955 282847

Locus  Position(a)

(bp) 5 6 8 21 23 24 30 31 44 49 50 51 54 59 61 63 64 70 76 79 82 86 90 91 1 2

rs1993969 0 . . . . . C . . . . . . . C . . . . . . . C . . T C
rs983315 13995 . . . . . A . . . . . . . A . . . . . . . A . A A A
rs2054513 30027 . . . . . A . . . . . . . A . . . . . . . A . G G A
rs1564405 43856 . . . . . T . . . . . . . T . . . . . . . M . C C T
rs2291122 57431 . A . . G A . . . . . . A A G . . . . . A A . G G A
rs6527396 63945 . C . . C C . . . . . . C C C . . . . . C C . C C C
rs1479927 74796 . A . . G A . . . . . . G A G . . . . . ? A . G G A
rs5934229 84063 . C . G G C C . . . . . G C G . . G . . ? ? . G G C
rs4830935 88362 . C . C C C C . . . . . C C C . . C . C C C . C C C
rs2543 137819 . ? G A G A ? . . . A G G A G . G G . ? ? A . . G A
rs6527494 146284 . G A A A G ? . . . G A ? ? A . A A . A G G . . A G
rs6527518 158153 . T G M M . G . . . T G T T G . G G T G ? T . . G T
rs1894322 186300 . C ? C C . C C C C C C C C C C C C C C ? C . . C C
rs2317327 199035 . G A A . . G ? A A G A G G A A A A G A G G A . A G
rs4830945 208840 . A ? A . . . ? A ? A A A A A A A A A A A A A . A A
rs7058885 220004 T C T T . . . T T T C T ? C T T T ? C ? C C T . T C
rs234494 230870 A . . . . . . . A . G M G G . A A A G M G . A . A G
rs1003026 251695 C . . . . . . C C C C C C C . C C C ? . C . C . C C
rs1028076 267585 A . . . . . . G M G A G A A . G G G A . A . G . G A
rs4830955 282847 ? . . . . . . T T T C . C C . T T ? C . . . T . T C

Aliquot HaplotypePositionLocus

Aliquot

(b)

5.5

7.5
7.6

13.8

20.0

23.5
23.8

17.4

32.4

24.5

16.8

21.9

6.8

Log
odds

(bp)

Figure 2. Pre-screening, genotyping and haplotype reconstruction for X-chromosome markers. (a) Pre-screening results. The 94 sub-genomic aliquots are
arranged from left to right, and the 20 X-chromosome loci are represented from top to bottom (spacing reflects genomic locations). Red dots indicate which loci
are present in each aliquot (green dots ¼ uncertain), and red/green lines represent the DNA fragments inferred to lie in each aliquot. Grey shading indicates the
aliquots and loci which were selected for genotyping. (b) Genotyping results for the selected aliquots and loci. Letters show the allele found; M ¼ mixed
genotyping result; ? ¼ no genotype (failed reaction). Two distinct haplotypes (blue and yellow) can be reconstructed. Each genotyping result is coloured to
indicate which haplotype it is inferred to originate. Green indicates that the haplotype origin for that data point cannot be inferred, either because the locus is not
heterozygous or because it gives a mixed (‘M’) genotype result. The two reconstructed haplotypes (denoted 1 and 2) are indicated; heterozygous loci in bold. On
the right are shown the calculated log odds supporting the haplotypes for each step between consecutive heterozygous loci.
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the confidence in the complete haplotype structures spanning
all 20 loci (14 heterozygous loci): the probability of the
complete haplotype being correct is the product of the proba-
bilities that each consecutive step from one heterozygous
locus to the next is correct. In this case, the log-odds support-
ing the complete haplotypes is >5 (odds > 100 000:1).

A similar analysis can be performed for the longer
haplotypes reconstructed on chromosome 21. In this instance,
the average DNA content of the panel is 0.15 copies
(of chromosome 21) per aliquot, and the average fragment
size is about 190 kbp (Protocol S1). Analysis shows that
the weakest point in the reconstructed haplotypes is between
loci rs463055 and rs219724 [supported at odds of 104.2:1],
and support for the complete haplotypes across all 29
heterozygous loci is >10 000:1

DISCUSSION

Large-scale analyses have added greatly to our understanding
of scope and significance of variation in the human genome.
They have also drawn attention to the importance of haplo-
types (the combination of alleles found on a single chromo-
some) as opposed to genotypes alone, in extracting useful
information from this variation (1–5). The utility of haplo-
types inferred from population studies [such as the HapMap
(6)] has recently been challenged (7). In any case, it is
more generally agreed that the prudent use of direct molecu-
lar haplotyping can add greatly to the power of association
studies in identifying genes involved in complex diseases
(36,37). Against this, however, must be weighed the extra
difficulty or cost of obtaining haplotype data: the easier
haplotyping becomes, the greater the number of studies in
which it becomes advantageous to use haplotype data.

We have demonstrated, for the first time, the accurate
reconstruction of haplotypes spanning both large numbers
of loci and long distances, using diploid DNA. The method
is technically simple, requires no family members
for pedigree analysis, and does not depend on assumptions
of non-recombination, which are valid only over short
distances. The method is efficient, because each locus need
be genotyped on only a handful of informative samples. In
the present example, we reconstructed long haplotypes on
chromosome 21 by genotyping only about seven samples
per locus. Indeed, statistical analysis shows that strongly-
supported haplotypes can be reconstructed with fewer geno-
typings than would be needed in conventional pedigree
analysis.

Aside from the DNA concentration of the aliquots, the only
factors which determine the statistical power of the method
are the average size of the DNA fragments and the spacing
between successive heterozygous loci along the chromosome.
Clearly, haplotypes cannot be reconstructed when none of the
fragments is long enough to span the distance from one
heterozygous locus to the next. However, significant statisti-
cal power remains even when the distance between loci
approaches the average fragment size (Table 1) since the
occasional longer, informative fragments are identified in
the initial pre-screening. We were able to build haplotypes

(bp) 1 5 12 17 26 28 31 34 36 38 40 42 55 57 64 68 73 76 80 82 85

rs2829966 0         . . C . C . C C . . . . . . . . C . . . C C C
rs2242683 3951 . . C . C . C C . . . . . . . . C . . . C C C
rs2829975 14343 A . A . A . A A . . . A . . . . A . . . A A A
rs1783016 25844 C . C . C . C C . . . C . . . . C . . . C C C
rs439196 43275 G G G . G . G G . . . G . . . . G . . . G G G
rs214482 49479 A A A . A . A A . . . A . . . . A . . . A A A
rs7279119 60632 . G G . G . G G . . . G . . . . G . . . G G G
rs216779 69510 C T C . T . T T . . . T . . . . T . . . M C T
rs8127122 77775 T T T . T . T T . . . T . . . . T . . . T T T
rs3787629 83722 T T T . T . T T . . . T . . . . T . . .- T T T
rs2051174 90043 A A A . A . A A . . . A . . . . A . . . A A A
rs4817078 103917 T T T . T . T T . . . T . . . T T . . . T T T
rs2040278 108577 C A C . A . C A . . . A . . . C A . . . A C A
rs8132601 129902 T T T . T . T T . . . T . . . T T . . . T T T
rs2830005 133790 A C A . C . A C . . . C . . . A C . . . M A C
rs2830012 143413 G A G . A . M A . . . A . . . G A . . . M G A
rs768040 153576 A G . . G . M G . . . G . . . A G . . . M A G
rs2830021 157062 C G C . . . C G . . . G . . . C G . . . M C G
rs3787644 164876 G G G . . . G G . . . G . . . G G . . . G G G
rs2830035 179506 G G G . . . G . . . . G . . . G G . . . G G G
rs2830038 188402 A G A . . . . . . . . G . . . A G . . . M A G
rs2830043 197243 T A T . . . . . . . . A . . . T A . . . M T A
rs2830045 204215 G A G . . . . . . . . A . . . G A . . . M G A
rs2830052 211403 T T T . . . . . . . . T . . . T T . . . T T T
rs2830054 221910 T T T . . . . . . . . T . . . T T . . . T T T
rs2830057 227149 C C C . . . . . . . . C . . . C C . . . C C C
rs2830060 231153 C C C . . . . . . . . C . . . C C . . . C C C
rs2830066 240008 T T T . . . . . . . . T . . . T T . . . T T T
rs2830077 248529 A A A . . . . . . . . A . . . A A . . . A A A
rs2830086 258762 A A A A . . . . . . . A . . . A A . . . A A A
rs2186302 266520 T T T T . . . . . . . T . . . T T . . . T T T
rs465235 278828 C C C C . . . . . . . C . . . C C . . . C C C
rs466448 289914 A A . A . . . . . . . A . . . A . . . . A A A
rs2156079 294136 G G . G . . . . . . . G . . . G . . . . G G G
rs463886 300878 A A . A . . . . . . . A . . . A . . . . A A A
rs460029 312759 T T . T . . . . . . . T . . . T . . . . T T T
rs2830110 317731 G T . G . . . . . . . T . . . G . . . . M G T
rs463019 325664 C C . C . . . . . . . C . . . C . . . . C C C
rs2830117 342599 A A . A . . . . . . . A . . . A . . . . A A A
rs2830136 357012 G A . G . . . . . . . A . . . G . . . . M G A
rs463055 362408 G A . G . . . . . . . A . . . G . . . . A G A
rs1143967 394298 A A . A . . . . . . . A . . . A . . . . A A A
rs468476 401120 C C . C C . . . . . . C . . . C . . . . C C C
rs459090 411918 A A . A A . . . . . . A . A . A . . . . A A A
rs459756 422207 G G . G G . . . . . . G . G . G . . . . G G G
rs7409811 423937 . G . G G . . . . . . G . G . G . . . . G G G
rs2040280 435647 . . . G G . . . . . . G . G . G . . . . G G G
rs2830175 444365 . . . G G . . . . . . G . G . G . . . . G G G
rs2830188 470724 . . . C C . . . . . . C C C . C . . . . C C C
rs219683 479392 . . . T T . . . . . . T T T . T . . . . T T T
rs219696 485922 . . . C C . . . . . . C C C . C . . . . C C C
rs219710 493645 . . . A A . . . . . A A A A . A . . . . A A A
rs2830193 495682 . . . T T . . . . . T T T T . T . . . . T T T
rs219724 503747 . . . A G . . . A . G G G A . A . . . . M A G
rs2830194 509329 . . . T G . . . T . G G G T . T . . . . M T G
rs1478098 515658 . . . T C . . . T . C C C T . T . . . . M T C
rs2830203 524537 . . . T C . . . T . C C C T . T . . . . M T C
rs2830210 534100 . . . . A . . . A . A A A A . A . . . . A A A
rs2830211 536577 . . . . C . . . C . C C C C . C . . . . C C C
rs219655 546700 . . . . A . . . A . A A A A . A . . . A A A A
rs219667 556270 . . . . G . . . G . G G G G . G . . . G G G G
rs219670 564750 . . . . T . . . T . T T T T . . . . . T T T T
rs219651 571681 . . . . A . . . G . A A A G . . . . . A M G A
rs2830237 581959 . . . . T . . . T . T T T T . . . . . T T T T
rs2830241 591119 . . . . T . . . T . T T T T . . . . . T T T T
rs219625 610780 . . . . T . . . T . A T T T . . . . . T T T T
rs222158 617967 . . . . C . . . C . C C C C . . . . .  C C C
rs951810 628065 . . . . C . . . G . C C C G . . . . . C M G C
rs369515 636137 . . . . - . . . A . G G G A . . . . . G M A G
rs982732 646698 . . . . C . . . C . C . C C . . . . . C C C C
rs222947 657258 . . . . T . . . T . T . T T . . . . . T T T T
rs7283190 677899 . . . . G . . . G . G . G G . . . . . G G G G
rs222967 680735 . . . . T . . . A . T . T A . . . . . T A A T
rs222969 682651 . . . . T . . . C . T . T C . . . . . T C C T
rs222980 692908 . . . . A . . . A . A . A A . . . . . A A A A
rs222985 704191 . . . . A . . . A . A . A A . . . . . A A A A
rs1893574 711636 . . . . T . . . T . T . T T . . . . . T T T T
rs2187224 719527 . . . . G . . . G . G . G G . . . . . G G G G
rs222958 724987 . . . . T . . . T . T . T T . . . . . T T T T
rs192014 744813 . . . . G . . . G . G . G G . . . . . G G G G
rs385135 763394 . . . . T . . . T . T . T . T . . . . T T T T
rs2830322 772305 . . . . T . . . T . T . T . T . . . . T T T T
rs2830335 781362 . . . . C . . . . . C . C . C . . . . C C C C
rs2830370 800286 . . . . A . . . A . A . A . A . . . . A A A A
rs2251540 810108 . . . . G . . . G . G . G . G . . . . G G G G
rs2830413 818570 . . . . G G . . G . G . G . G . . . . G G G G
rs2830419 825941 . . . . C C . . C . . . C . C . . . . C C C C
rs2830434 837448 . . . . . A . . A . A . A . A . . . . A A A A
rs2187226 849450 . . . . . A . . A . G . G . A . . . . G A A G
rs1893577 858562 . . . . . C . C C . T . T . C . . . T T T C T
rs3017425 867636 . . . . . G . G . . C . C . G . . . C C M G C
rs2830480 885222 . . . . . . . A . . . . C . A . . A C C . A C
rs3017432 893534 . . . . . . . C . T . . T . C . . C T T M C T
rs2830501 903245 . . . . . . . T . G . . G . T . . T G G . T G
rs2830535 914409 . . . . . . . T . C . . C . T . . T C C C T C
rs2830539 921564 . . . . . . . T . T . . . . T . . T T T T T T
rs2830542 926688 . . . . . . . C . C . . . . C . . C C C C C C
rs456954 936204 . . . . . . . T . C . . . . T . . T C C T T C
rs229032 946255 . . . . . . . G . G . . . . G . . G G G G G G
rs229041 954274 . . . . . . . G . C . . . . G . . G C C M G C
rs1663501 965113 . . . . . . . T . T . . . . T . . T T T . T T
rs2830553 969502 . . . . . . . C . C . . . . C . . C C C . C C
rs423048 980090 . . . . . . . G . G . . . . G . . G G G . G G
rs229116 989403 . . . . . . . T . T . . . . T . . T T T . T T
rs229126 992772 . . . . . . . G . G . . . . G . . G G G . G G
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Figure 3. Genotyping and haplotype reconstruction for chromosome 21
markers. Initial PCR pre-screening results for the 96 aliquots are not shown:
only the genotyping results for the selected aliquots and loci are shown
(format and notation as for Figure 2b).
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which spanned >160 kb between successive heterozygous
loci (chromosome 21, loci rs222969–rs2187226). Haplotype
blocks in humans are rarely longer than this (38). If neces-
sary, however, far longer DNA fragments can be isolated at
extreme dilution directly from pulsed-field gels (33) and
make it possible to reconstruct haplotypes between even
more widely-spaced loci.

In this paper, we have focused on the common problem of
reconstructing the two haplotypes present in a diploid DNA
sample. However, there is no reason why the same approach
cannot be applied to reconstruct multiple haplotypes from the
mixed DNA of many individuals.

On a technical level (and returning to the analysis of diploid
samples), we note that the initial DNA dilution and PEP need
be done only once. This gives sufficient product for �30–50
multiplex pre-screening reactions, each of which can
comprise many tens of markers [we have shown elsewhere
(39) that several hundred loci can be multiplexed in this
way and amplified from each fraction of the PEP]. So a single
initial sample prep is sufficient to haplotype many hundreds
or several thousands of SNP loci. In this respect, our method
complements the ‘polony’ approach of Zhang et al. (32),
which they claim can be used to analyse large numbers of
individuals, but only for modest numbers of SNPs.

The dilution and multiplex amplification steps which we
use are straightforward, and have been shown to be robust
in other contexts inluding genome mapping (39–41), the
analysis of ancient DNA (42) and the measurement of
copy-number variation (43). Multiplexing the first phase of
the hemi-nested PCR (in contrast to multiplexing conven-
tional single-phase PCRs) is surprisingly easy and does not
constrain primer design. We have evaluated a wide range
of alternative whole-genome amplification protocols (data
not shown), but still find PEP to be the most representative
and reproducible when starting from truly sub-genomic
quantities of template. Nevertheless, we continue to explore
other techniques for the primary amplification step, which
would ideally give both faithful representation of sub-
genomic samples and, with a sufficient level of amplification,
would permit the use of only a single-phase PCR afterwards.

In these experiments, the final genotyping step was done by
sequencing, since this was the most convenient method for us
in analyzing relatively small numbers of samples. However,
the protocol gives conventional PCR products which should
be amenable to genotyping by many (though not all) other
available technologies, some suited to much higher through-
put. Moreover, the PCR products of the initial pre-screening
reactions can be ‘cherry-picked’ and used directly in the
genotyping reactions, avoiding the need to repeat PCRs.

Finally, we note that this method requires only very small
amounts of genomic DNA: a 10th of a nanogram or less. This
should make it possible (though we have not tested this) to
recover haplotype data from very small samples, such as
biopsies of tumours in which chromosomal rearrangements
may produce haplotypes not found in the normal DNA of
the individual.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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