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INTRODUCTION

Molecular haplotyping is frequently 
required to verify the linkage phase 
of polymorphic bases for studies of 
population genetics, disease associ-
ation, linkage disequilibrium, or single-
nucleotide polymorphisms. Numerous 
methods have been described for 
independent allele analysis, including 
molecular cloning (1), pedigree 
analysis (2), haplo-specific primer 
amplification (3), restriction fragment 
length polymorphism (RFLP) analysis 
(4), single-stranded conformational 
polymorphism (SSCP; Reference 5), 
denaturing gradient gel electrophoresis 
(DGGE; Reference 6), and template 
dilution to haploid equivalency or 
single-molecule dilution (SMD; 
References 7 and 8). We describe a 
modification of template dilution that 
incorporates genome preamplification 
prior to locus-specific PCR. Pream-
plification was originally applied to 
single cells using a completely degen-
erate oligonucleotide (9) for primer 
extension preamplification (PEP) or 
a partial degenerate oligonucleotide 
primer (DOP) with specific 3′ bases 
(10). We have used whole genome 
amplification (WGA) to increase the 
likelihood of successful PCR from 
small amounts of DNA and also to 
provide sufficient template for multiple 

downstream reactions (11). However, 
PCR products from degenerate primed 
reactions are often limited in length 
(9,10,12) and genomic representation 
(13,14). Recently, another approach 
to WGA was described using random 
hexamers and Phi29 phage polymerase 
for multiple displacement amplification 
(MDA; References 14 and 15). MDA is 
more efficient than degenerate primed 
PCR, producing microgram quantities 
of linear DNA of high molecular 
weight, with more consistent genomic 
coverage (16,17). In addition, MDA 
does not increase sequence error rate 
compared to genomic DNA (17), and 
the reaction is self-limiting, yielding 
equivalent amounts of product from 
variable template concentrations (14).

The major histocompatibility 
complex (MHC) on chromosome 6 
contains multiple genes and pseudo 
genes that include the diverse gene 
families encoding the human leukocyte 
antigens (HLAs). Extensive polymor-
phism is the hallmark of the principal 
class I and II HLA genes, with 
hundreds of different alleles at some 
loci. As a result, homozygosity is rare, 
and linkage-phase ambiguity frequently 
complicates HLA genotyping. Allele-
specific primers are used whenever 
possible for independent haploid 
amplification, but suitable primer sites 
are not always available, especially for 

closely related alleles. DNA dilution is 
a simple method for separating alleles 
but requires a robust PCR to amplify 
a single molecule. We used MDA for 
nonspecific preamplification of DNA 
diluted to a single haploid state to 
augment subsequent PCR for molecular 
haplotyping. 

MATERIALS AND METHODS

Samples

Samples submitted for routine HLA 
genotyping were assayed by sequence-
specific hybridization or sequencing for 
allele-level resolution. Samples with 
unresolved ambiguities or differing 
from known HLA alleles were selected 
for further haploid analysis. 

DNA Dilution

Genomic DNA was extracted from 
whole blood by binding to silica gel 
membrane (QIAamp® 96 DNA Blood 
Kit; Qiagen, Valencia, CA, USA). 
The DNA sample was quantified 
by PicoGreen® (Molecular Probes, 
Eugene, OR, USA) by adding 10 µL of 
sample (diluted 1:10) or DNA standard 
in TE buffer (10 mM Tris-HCl, pH 
7.5, 1 mM EDTA) into duplicate wells 
of a 96-well optical plate (Corning 
96-well Stripwell™ plate; Corning, 
Corning, NY, USA). PicoGreen was 
diluted 1:365 with TE, and 90 µL were 
added to each well. Fluorescence was 
detected at 535 nm after excitation at 
485 nm in a microplate reader (Wallac 
Victor II, Model 1420; Perkin Elmer 
Life Sciences, Gaithersburg, MD, 
USA). A standard curve of calf thymus 
DNA (Sigma, St. Louis, MO, USA), 
diluted from 10 ng/µL through 4 orders 
of magnitude, was included on each 
plate. Following quantification, DNA 
samples were adjusted to 3.5 ng/µL, 
and aliquots were serially diluted in 
10% intervals to a final concentration 
of 3.5 pg/µL. 

Degenerate Oligonucleotide Primer 
Amplification

DOP reactions consisted of 200 µM 
dNTPs in FastStart™ buffer (Roche 
Diagnostics, Indianapolis, IN, USA), 
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2 µM degenerate primer, and 2.5 U 
FastStart Taq DNA polymerase in a 
500-µL reaction. PCR parameters were 
95°C for 9 min and 40 cycles of 95°C 
for 60 s, 37°C for 90 s, and a slow ramp 
(0.2°C/s) to 55°C for 45 s. The DOP 
primer sequence was 5′-CCGACTC-
GAGNNNNNNATGTGG-3′. At the 
completion of the reaction, residual 
primer and dNTPs were removed 
by filter centrifugation at 1800× g 
(Microcon® YM-100; Millipore, 
Bedford, MA, USA) prior to specific 
amplification.

Multiple Displacement 
Amplification

MDA reactions were set up in nine 
replicate wells (including one negative 
control reaction) using GenomiPhi® 
reagents (Amersham Biosciences, 
Piscataway, NJ, USA) according to 
the manufacturer’s instructions. One 
haploid equivalent (3.5 pg) of template 
DNA in 1 µL (or 1 µL water control) 
was added to 9 µL of GenomiPhi 
sample buffer, denatured at 95°C for 
3 min, and cooled on ice. Ten micro-
liters of reaction buffer containing 
dNTPs, phosphorothioate-stablilized 
random hexamers (18), and Phi29 
polymerase were added, and the 
reactions were incubated at 30°C for 
16–20 h. Following the completion 
of the reaction, the enzyme was heat-
inactivated at 65°C for 10 min. Two 
microliters of the completed reactions 
were run on an agarose gel stained with 
ethidium bromide to estimate the range 
of the product length and quantity.

Human Leukocyte Antigen PCR

Following multiple displacement 
amplification, the completed reaction 
was diluted 1:10, and 2 µL were used 
in a second PCR with HLA-specific 
primers (19). Three microliters of these 
reactions were electrophoresed on 
agarose gels, and reactions containing 
products of the expected size were 
purified from residual dNTPs and 
primers by filter centrifugation at 
1800× g as described above prior to 
sequencing. 

DNA Sequencing 

Thirty nanograms of amplified 
DNA were used in an ABI Prism® 
BigDye® Terminator (Applied 
Biosystems, Foster City, CA, USA) 
sequencing reaction with 3.2 µM of 
HLA sequencing primer. Following 
cycle sequencing, isopropanol was 
added to a final concentration of 600 
mL/L, and the extension products 
were precipitated by centrifugation at 
1200× g and loaded onto an ABI Prism 
377 Sequencer (Applied Biosystems). 

RESULTS AND DISCUSSION

Genotyping the HLA genes for 
assessing transplant compatibility 
has resulted in the identification of 
hundreds of unique HLA alleles over 
the past decade. World Health Organi-
zation (WHO; Geneva, Switzerland) 
conventions for naming new variants 
require isolated allele sequencing 
of a minimum of exons 2 and 3 for 
class I genes and exon 2 for class II 
(20). These polymorphic exons code 
for most of the residues that line the 
peptide-binding groove of the HLA 
protein, thus imparting extensive 
diversity for peptide-MHC specificity. 
Outside of these polymorphic regions, 

HLA alleles tend to be similar, in both 
coding and noncoding regions, which 
often limits the use of haplo-specific 
PCR for molecular haplotyping. This 
is particularly true for alleles in the 
same serology group, in which phase 
ambiguity is frequently encountered. 

When allele separation cannot be 
achieved directly by haplo-specific 
amplification, other methods such as 
molecular cloning (1), gel separation 
based on single-strand conformations 
[i.e., SSCP (5)], or double-strand 
melting profiles [i.e., DGGE (6)] can 
be employed. Because these methods 
are labor-intensive, we investigated the 
dilution of genomic DNA to a single 
haploid molecule as an option for 
molecular haplotyping. First described 
more than a decade ago (7,8), SMD is a 
simple technique, but a single template 
often poses challenges for analysis. 
Modifications such as two-step PCRs 
with nested primers (21) or extending 
the number of cycles can enhance 
single-molecule PCR; although ampli-
fication failures, nonspecific products, 
and limited PCR products may still 
occur. Because direct amplification of 
a DNA molecule (3–4 pg of human 
DNA) is dependent on the robustness of 
the reaction (22), this has likely limited 
the dilution approach as a haplotyping 
method. Furthermore, HLA genes 

Figure 1. Degenerate oligonucleotide PCR (DOP) replicates. (A) DOP replicates (lanes 1–10); no 
template control (lane 11); M, molecular weight standard (AmpliSize® Molecular Ruler; Bio-Rad Lab-
oratories, Hercules, CA, USA). (B) MDA replicates after SMD (lanes 1–8); no template control (lane 9). 
M, molecular weight standard (lane 10); mass standard (Mass Ruler; Bio-Rad Laboratories) (lane 11). 
MDA, multiple displacement amplification; SMD, single-molecule dilution; nt, nucleotide.
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have a relatively high GC content and 
are typically difficult to amplify under 
standard conditions without enhancing 
agents such as dimethyl sulfoxide 
(DMSO) or betaine to lower melting 
temperature (Tm) and relax secondary 
structure. 

Previously, we amplified single-
molecule dilutions with PCR-based 
WGA using DOPs (11). However, 
DOP amplification results in limited 
PCR product length (Figure 1A), often 
resulting in aberrant products during 
subsequent specific PCR (13). With 
MDA, we achieved significantly greater 
quantity and length of preamplification 
products (Figure 1B), which resulted in 
more reliable secondary reactions with 
less frequent nonspecific or truncated 
PCR products (Figure 2) and provided 
DNA of high quality for subsequent 
sequencing reactions. The amount of 
DNA obtained from 3.5 pg of template 
was estimated to be in excess of 10 µg 
using a PicoGreen assay. In the absence 
of added template, both degenerate 
primed and displacement amplifica-
tions produced nonspecific products 
(Figure 1); apparently, the extension 
of random primer concatemers (15). 
Also, in a single-molecule reaction, it 
is likely that primer-directed synthesis 
contributes to the total MDA product 
because the efficiency of secondary 
PCRs of preamplified DNA was 
reduced compared to genomic DNA 
controls (Figure 2). Lage et al. (15) 
have shown a reduction of these 
nonspecific products with the addition 
of 1 or 2 universal (nitroindole) bases 
at the 5′ end of random heptamers. 
Nevertheless, primer PCR products 
fail to amplify with specific primers in 
subsequent PCRs (Figure 2, lane 9) and 
do not interfere with secondary HLA 
amplifications, which produced clean, 
unambiguous sequence.

Figure 3 shows a partial exon 2 
sequence of a HLA-A allelic variant 
with a new heterozygous position 
(indicated by an arrow), at the terminal 
base of exon 2 (top panel). All other 
nucleotides in exons 2 and 3 were 
identical between these alleles. SMD 
and MDA were used to isolate both 
alleles for independent sequencing. 
The center and bottom panels show 
the separated alleles with guanine and 
thymine, respectively, at position 270. 

SHORT TECHNICAL REPORTS

Figure 2. HLA-A PCR of MDA-amplified template. Specific PCR product is seen in lanes 3, 6, and 8. 
MDA negative control reaction (lane 9), genomic DNA control (lane 10), and negative reagent control 
(lane 11). HLA, human leukocyte antigen; MDA, multiple displacement amplification; nt, nucleotide.

Figure 3. Sequences of a HLA-A 02 allele showing a heterozygous position at the terminus of exon 
2 (TG), nucleotide position 270 (top panel). The two haplotypes sequenced from separate SMD and 
MDA aliquots are shown in the center and bottom panels. HLA, human leukocyte antigen; SMD, single-
molecule dilution; MDA, multiple displacement amplification.
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Previously known HLA-A sequences 
contain only guanine at this position. 
Thymine in the new variant (GenBank® 
accession no. AB121736) represents 
the first nucleotide of codon 115 of the 
full-length protein and is predicted to 
change a glycine residue to cysteine. In 
addition to HLA-A, we have separated 
HLA-B and C alleles by dilution and 
preamplification with MDA.

Theoretically, DNA dilutions to 
one haploid equivalent (assuming 
sample homogeneity) will be either 
hemizygous, heterozygous, or null 
(neither allele) for a given locus (23). 
The Poisson distribution predicts 
about 37% of aliquots will contain 
one and only one copy of either allele. 
However, two or more copies of the 
same allele (appearing as a single 
copy) will increase the probability of 
hemizygosity to almost 50% of aliquots 
(23). Empirically, single alleles were 
observed in up to 50% of the aliquots, 
which is consistent with this prediction. 
Because distribution of specific loci is 
a random event, multiple aliquots may 
need to be screened to obtain a single 
copy of a desired allele. From eight 
MDA reactions, we typically obtained 
two to four reactions containing only 
one allele (average 2.9). Additional 
aliquots can be analyzed as necessary, 
if isolation of the desired allele is not 
achieved initially or to obtain replicates 
for confirmation. 

MDA results in robust preampli-
fication that generates microgram 
quantities of genomic DNA and 
provides high molecular weight 
template for multiple downstream 
analyses. This approach has shown 
considerable potential for expanding 
nanogram quantities of DNA to 
sufficient amounts for applications 
such as high-density genotyping or 
comparative genome hybridization 
(14). Its use as a strategy for expanding 
minute amounts of DNA, however, 
requires further investigation because 
MDA (24,25), as well as PEP (14) 
and DOP (12), has been associated 
with allelic amplification bias with 
low-copy samples, limiting their 
utility for heterozygous genotyping. 
Of course, allelic bias is the objective 
for haplotyping by dilution and further 
suggests that unequal amplification of 
alleles is a stochastic phenomenon that 

results from asymmetric distribution 
of limiting template. Increasing the 
amount of input DNA to as little as 
102–103 genome equivalents, however, 
results in balanced MDA for CGH (15) 
or SNP (24) analysis. Other applica-
tions where MDA might be useful for 
this range of template include trace 
evidence for forensic analysis, clinical 
biopsies, or archiving rare or ancient 
specimens. Furthermore, the broad 
genomic coverage achieved with MDA 
should result in wide application of 
this technique to resolve most hetero-
zygous loci, including single-gene 
mutations, nucleotide polymorphisms, 
and variable repeat elements.
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