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Abstract To date, almost every chromosome has been
implicated in genetic susceptibility to asthma to some
degree. When compared with single nucleotide polymor-
phism, microsatellite markers exhibit high levels of hetero-
zygosity and therefore provide higher statistical power in
association. The objective of this study was to perform a
genome-wide association study using 23,465 in-house
microsatellite markers to detect asthma susceptibility
regions in the Busselton population. In this study, three
separate pooled DNA screenings yielded 18 markers with
signiWcantly diVerent estimated frequencies in the three

separate “case and control” pools: each pool consisting of
60 males and 60 females. These markers were evaluated by
individual typing in 360 cases and 360 controls. Two mark-
ers showed signiWcant diVerences between cases and con-
trols (P = 0.001 and P = 0.003). Regions surrounding the
two markers were subjected to high-density association
mapping with a total of 14 additional markers. We were
able to conWrm and Wne map the association in these two
regions by typing 14 additional microsatellite markers
(1805A09 (D18S0325i), P = 0.002; 1806D05 (D18S0181i),
P = 0.001). Each region contains a predicted gene that
showed strong associations with asthma. Further studies are
underway to characterize the novel candidate asthma sus-
ceptibility genes identiWed in this genome-wide study.

Introduction

A large number of studies have been carried out and numer-
ous candidate genes have been investigated for asthma
(Holloway and Koppelman 2007). Like many other dis-
eases, it has been shown that the genetic predisposition of
asthma varies with ethnicity. To date, almost every chro-
mosome has been implicated in genetic susceptibility to
asthma to some degree. However, genes that are associated
with asthma in one population may not be associated with
asthma in another population (Chanock et al. 2007). Envi-
ronmental triggers have been suggested to be one of the
factors resulting in the failure to replicate associations
between diVerent studies. The involvement of multiple
genes and gene–gene interactions are also likely to play a
signiWcant role in asthma.

Family and twin studies have conWrmed that genetics
plays an important role in the development of the disease.
However, attempts to pinpoint the associated mutations or
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polymorphisms of asthma have proved largely fruitless and
produced inconsistent results. For example, ADAM33 (Van
Eerdewegh et al. 2002) was the Wrst putative asthma gene
identiWed by positional cloning. However, the strong initial
association was not consistently replicated in subsequent
studies (Raby and Weiss 2004). Other positional candidate
genes for asthma, such as PHF11 (Anderson et al. 2002;
Zhang et al. 2003), DPP10 (Allen et al. 2003), CYFIP2
(Noguchi et al. 2005) and HLA-G (Nicolae et al. 2005),
have been identiWed with similar inconsistent results from
replication studies (Hersh et al. 2007). It is therefore impor-
tant to identify other genes that may play a role in the
development of asthma in speciWc ethnic groups.

Our laboratory has successfully mapped and localized
susceptibility loci for a number of diseases such as Behcet’s
(Ota et al. 1999), psoriasis vulgaris (Oka et al. 1999),
atopic dermatitis (Iizuka et al. 2002), non-obstructive azoo-
spermia (Matsuzaka et al. 2002) and diVuse panbronchioli-
tis (Keicho et al. 2000) using a microsatellite genome-
wide scan DNA pooling approach. From these studies,
sequence data on a total of 23,465 in-house microsatellite
markers have been developed. In this study, we performed
a genome-wide association (GWA) study using these
microsatellite markers to detect asthma susceptibility
regions. Microsatellite markers are abundant and inter-
spersed throughout the human genome with a high degree
of polymorphism. When compared with single nucleotide
polymorphism (SNPs), microsatellite markers exhibit high
levels of heterozygosity and therefore provide higher sta-
tistical power in association analyses (Tamiya et al. 2005;
Ohashi and Tokunaga 2003). Furthermore, unlike a candi-
date gene approach, GWA studies investigate the whole
genome at the same time in a hypothesis-independent,
unbiased fashion.

Methods

Patients and unaVected individual

The Busselton Health Study (BHS) includes a series of six
cross-sectional population health surveys of adults (all
people listed on the electoral roll) residing in the Shire of
Busselton, Western Australia, since 1966. Busselton has a
population that is predominantly of European origin. In
1994/1995 all traceable subjects were contacted for a fol-
low-up study. These data, stored DNA and long-term fol-
low-ups provide a unique opportunity to assess in an
Australian population, the potential for genetic polymor-
phisms in asthma. From this population, 360 unrelated
cases and 360 unrelated controls were randomly selected
from those attending the 1994/1995 follow-up survey.
Prediction of multi-locus identity-by-state had previously

been carried out in this population to ensure no cryptic
relationships existed amongst unrelated cases and controls
selected. Subjects were considered asthmatic if they
answered yes (in 1994 or at any preceding survey) to “Has
your doctor ever told you that you have asthma?” Other
phenotypes, such as atopic status, airway hyperrespon-
siveness and lung function data, are also available for
these individuals but were not analysed in this study. Sex-
matched individuals who answered no (in 1994 and at all
previous surveys attended) to “Has your doctor ever told
you that you have asthma?” were selected as controls. The
studies were approved by the Human Rights Committee
of the University of Western Australia and were per-
formed in accordance with the Declaration of Helsinki,
1964.

Preparation of pooled DNA samples for GWA

A DNA pooling method was used to reduce the cost and
technical burden of genotyping across the whole genome in
each individual. Firstly, all DNA concentration was nor-
malized with a median of §5% between each sample.
DNAs were then quantitated in triplicate as described in
Collins et al. (2000) using a PicoGreen (Molecular Probes)
detection kit. In addition, to minimize pipetting errors, all
DNAs were measured side by side by the same technician
using one set of calibrated pipette. Genomic DNA samples
were adjusted to 8 ng/�l, and the samples were equally
divided into three case pools and three control pools with
equal numbers of males and females.

Microsatellite typings for GWA

A GWA study was performed using 23,465 well-charac-
terized microsatellite markers in a nested case/control
sample to identify asthma susceptibility loci. A multi-
stage pooling approach was used followed by individual
typing and Wne mapping. Microsatellite markers were used
as described in Tamiya et al. (2005). In brief, PCR primers
were designed for amplifying fragments with annealing
temperature of 57°C. Forward primers were labelled at the
5� end with 6FAM or HEX (Applied Biosystems). PCR on
pooled DNA was performed in 20 �l reactions containing
a total of 48 ng of pooled DNA, 0.5 U of DNA polymerase
(AmpliTaq Gold), 1£ reaction buVer with 1.5 mM MgCl2,
5 �M of each primer and 0.25 mM of dNTP with same
ampliWcation conditions as described in Kawashima et al.
(2006).

Additional microsatellite markers for high-density asso-
ciation mapping were obtained from the University of Carli-
fornia-Santa Cruz (UCSC) Genome Browser database
(http://www.genome.ucsc.edu/) (March 2006). PCR prim-
ers were designed and labelled as described earlier.
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http://www.genome.ucsc.edu/


Hum Genet
Microsatellite analyses

The frequency of the allele at each locus was analysed.
Comparison between patients and controls was carried out
to investigate signiWcant diVerences between asthma
patients and controls.

Statistical analyses

The primary binary outcome analysed was presence of
physician-diagnosed asthma (ever) or treatment of asthma/
bronchial asthma (ever). The principal explanatory vari-
ables were the microsatellite markers, which were ana-
lysed categorically by allele frequency. The result from
each individual microsatelite typing was tested for a
departure from Hardy–Weinberg equilibrium (Van Eer-
dewegh et al. 2002) using an expectation–maximisation
approach as implemented in the GENEPOP (Raymond and
Rousset 1995).

Genotype

Disease associations were assessed by Fisher’s exact test,
with the use of 2 £ 2 contingency tables for the marker
allele frequencies in the cases versus controls. The small-
est P-value for each marker was selected. Allele frequen-
cies in pooled-DNA typing were estimated from the height
of peaks: each allele divided by the summed height of all
alleles. In individual typing, case–control associations
with microsatellite markers were also evaluated by
Fisher’s exact tests, with the use of 2 £ m (where
m = number of alleles for that marker) and 2 £ 2 contin-
gency tables. Statistical signiWcance was deWned at the 5%
level.

Results

Table 1 summarizes the number of markers used on each
chromosome and their physical mean interval. On average,
these markers were designed to chart the human genome
with a mean interval of around 120 kb. Three stepwise
screenings were performed to sequentially replicate the
results in each of the pooled samples, thereby reducing the
number of pseudo-positives resulting from type I errors
(Barcellos et al. 1997). An experimental Xow diagram of
this GWA study using 23,465 microsatellite markers in 360
doctor-diagnosed asthma cases and 360 controls is shown
in Fig. 1. Table 2 shows the characteristics of the study
population, including lung function data. For completeness,
information on dyspnoea, wheeze and current wheeze are
included.

Pooled and individual typings

Table 3 shows the results for pooled and individual typings.
Allele frequencies were estimated from the height of

Table 1 Number of markers used on each chromosome and their esti-
mated physical mean interval

Chromosome No. of markers Mean interval (kb)

1 1,895 118.7

2 2,053 115.8

3 1,650 118.0

4 1,554 120.5

5 1,500 118.5

6 1,369 122.2

7 1,370 113.1

8 1,103 129.3

9 956 125.7

10 1097 120.0

11 1076 121.9

12 1128 115.5

13 806 118.6

14 709 124.5

15 610 133.3

16 631 125.0

17 626 124.3

18 649 115.0

19 454 122.9

20 501 118.8

21 296 115.4

22 251 138.8

X 1,105 136.7

Y 76 337.5

Total 23,465 121.8

Fig. 1 Experimental Xow diagram of genome-wide association analy-
ses using 23,465 microsatellite markers in 360 doctor-diagnosed cases
and 360 controls

Association analysis 23,465 microsatellite markers
(120 cases, 120 controls. Male:Female 1:1)

Assessment of reproducibility using 2,605 microsatellite markers with 2nd pooled DNA set (120 cases,
120 controls. Male:Female 1:1)

Assessment of association using 570 microsatellite markers with 3rd pooled DNA set (120 cases, 120 
controls. Male:Female 1:1)

Significant associations for 18 microsatellite markers

Confirmation of association by individual genotyping for 18 microsatellite markers
(360 cases, 360 controls.  Male: Female 1:1)

Significant associations for 2 microsatellite markers

High density mapping around 1805A09 (D18S0325i) and 1806D05 (D18S0181i) using additional 
microsatellitemarkers (All 360cases,360 controls. Male: Female 1:1)
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individual peaks. No correction for multiple comparisons
was performed to minimize false-negative inferences.

SigniWcant diVerences between allele frequencies were
found in 2,605 markers after the Wrst round of pooled DNA
typing (Fig. 2). To reduce Type I error, two further
screening steps were performed using diVerent case/control
pools. Firstly, the 2,605 markers which showed signiWcant
diVerences between case and control pools in the initial
genome-wide scan were genotyped in diVerent case and
control pools. After the second round of genotyping, allele

frequencies for 570 of the 2,605 markers were found to be
signiWcantly diVerent between cases and controls. Finally,
the 570 markers from the second stage were genotyped in a
third set of case and control pools where 18 markers were
consistently shown to be signiWcant in all three pooled
DNA typing. These 18 microsatellite markers were then
typed on individuals in a full sample of 360 cases and 360
controls. The exact 2 £ 2 and 2 £ m values for each of the
pooled DNA typing round and the subsequent individual
typing for each of the 18 markers were shown in Table 3.

Table 2 Characteristics of 
study population

Asthmatics Non-asthmatics

Male (n = 169) Female (n = 180) Male (n = 175) Female (n = 179)

Age (SD) 54.78 (16.95) 54.03 (15.76) 58.35 (14.12) 57.97 (14.91)

BMI (SD) 26.58 (3.60) 25.71 (4.53) 26.41 (3.18) 25.39 (4.22)

Height (SD) 1.75 (0.07) 1.62 (0.06) 1.75 (0.07) 1.61 (0.07)

FEV1(L) (SD) 3.05 (1.18) 2.28 (0.77) 3.32 (0.83) 2.43 (0.63)

FVC (L) (SD) 4.21 (1.28) 3.07 (0.88) 4.40 (0.96) 3.13 (0.75)

FEV1/FVC (SD) 0.71 (0.12) 0.73 (0.09) 0.75 (0.07) 0.77 (0.06)

*DRS (SD) 27.44 (69.31) 48.93 (100.50) 3.63 (11.41) 4.01 (9.34)

Dyspnoea 82.10% 80.20% 95.50% 92.00%

Wheeze 82.90% 80.70% 18.80% 19.30%

Current wheeze 60.30% 53.20% 11.40% 9.10%

Table 3 Results of P values for pooled and individual typings

After three pooled DNA screenings, 18 markers with signiWcantly diVerent estimated frequencies in the three separated “case and control” pools
were genotyped individually in 360 cases and 360 controls. Two markers (1805A09 and 1806D05) showed signiWcant diVerences between cases
and controls (P = 0.002 and P = 0.001)

Marker Pooled DNA typing Individual DNA typing

1st 2nd 3rd 2 £ 2 2 £ m

2 £ 2 2 £ m 2 £ 2 2 £ m 2 £ 2 2 £ m

0113C11 1p36.23 1.84E-07 6.63E-06 0.037 0.412 3.97E-05 3.97E-05 0.197 0.411

0216A11 2q37.1 0.025 0.159 0.018 0.049 0.007 0.042 0.065 0.123

0401F12 4p14 0.020 0.053 0.028 0.167 0.007 0.014 0.008 0.022

0610D06 6p22.3 0.024 0.059 0.022 0.022 0.003 0.009 – –

0709A02 7p21.1 0.044 0.044 0.003 0.035 0.003 0.003 0.109 0.538

1005B02 10q21.3 3.12E-04 1.38E-04 0.038 0.404 5.47E-06 3.94E-06 0.174 0.778

1011D04 10q23.31 1.95E-07 6.39E-06 0.038 0.287 9.11E-09 3.40E-08 0.004 0.083

1102C03 11q14.2 0.012 0.127 0.017 0.376 2.47E-06 3.88E-05 – –

1109E12 11q22.3 0.004 0.030 0.006 0.016 3.58E-04 0.056 0.073 0.764

1111F07 11q13.4 0.005 0.163 4.46E-04 0.026 1.57E-13 0.000 0.034 0.563

1307C09 13q21.31 4.27E-05 4.62E-05 0.006 0.039 8.38E-04 0.004 0.026 0.442

1307H09 13q21.31 0.003 0.006 0.006 0.013 0.001 0.004 – –

1401A11 14q22.1 0.035 0.324 0.021 0.016 0.003 0.001 0.396 0.277

1805A09 18q23 1.28E-07 1.28E-07 3.13E-05 3.13E-05 0.022 0.022 0.001 0.002

1806D05 18q21.3 0.043 0.118 0.027 0.298 0.002 0.012 0.004 0.001

1901G11 19p12 3.77E-05 1.27E-04 5.25E-04 9.02E-04 7.04E-07 0.000 – –

9911C08 Yp11.2 0.016 0.121 2.29E-04 0.002 7.41E-08 0.000 – –

9911E05 Yp11.2 5.43E-04 0.002 0.005 0.009 7.78E-06 1.94E-05
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Two markers (1805A09 (D18S0181i) and 1806D05
(D18S0325i)) showed signiWcant diVerences between cases
and controls (P = 0.002 and P = 0.003, respectively)
(Table 3). To further deWne the candidate gene regions, addi-
tional polymorphic markers were designed in the surround-
ings of these two markers. To cover approximately 248 and
234 kb regions around markers 1806D05 (D18S0181i) and
1805A09 (D18S0325i), respectively, an additional 14 micro-
satellite markers were genotyped to Wne-map the genomic
regions around these two markers (Table 4). We were able to
conWrm and narrow the susceptibility regions using high-
density association mapping analyses (Fig. 3).

Discussion

In the current study, we have performed a genome-wide
scan for asthma status using a dense set of 23,465 well-
characterized microsatellite markers evenly spread across
the entire genome. After four rounds of screenings (3
pooled DNA and one individual screen) on 360 asthma
patients and 360 controls, we have identiWed 2 candidate

asthma loci on chromosome 18. These two asthma loci con-
tain a predicted gene on the reverse strand on chromosome
18q registered in the UCSC Genome Browser (http://
genome.ucsc.edu/). The characteristics and functions of
these predicted proteins are currently unknown. A previous
genetic study conducted in the National Heart, Lung and
Blood Institute Family Heart Study (Wilk et al. 2003) has
also identiWed two loci on chromosome 18 which may har-
bour genes related to COPD by inXuencing lung growth
and development. One of these loci (around 79 cM, near
D18S858) is located near marker 1806D05 (D18S0181i)
(approximately 513 kb away). Using the ProtFun protein
prediction database (http://www.cbs.dtu.dk/services/Prot-
Fun/), the predicted protein within marker 1806D05
(D18S0181i) is predicted to be a signal peptide with extra-
cellular domain. This structural protein is predicted to be
important in translational processes.

Asthma possibly comprises multiple overlapping syn-
dromes with varying origins and heterogeneous patho-
biology (Kiley et al. 2007). We appreciate that improved
phenotypic characterisation and knowledge of underlying
pathobiology is necessary to ascertain the relative contribu-

Fig. 2 Results from the GWS showing 23,465 markers and their P-values
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tion of genetic factors to disease manifestations. In the
present study, we have chosen to use positive response to
questions on doctor-diagnosed asthma or ever been treated
for asthma/bronchial asthma as the deWnition of asthma in
this study. Since there is no universally accepted ‘gold stan-
dard’ deWnition of ‘asthma’, misclassiWcation of case status
is possible in our study. However, this would remain a limi-
tation even if other operant deWnitions of asthma, such as
current wheeze plus hyperresponsiveness or current use of
asthma medications (Peat et al. 1992), are used. Potential
misclassiWcations will be non-diVerential and therefore
favour the null hypothesis. The associations that we have
identiWed using this conservative approach will therefore
remain valid. Other operant deWnitions of asthma (such as
current wheeze plus airway hyperresponsiveness, current
use of asthma medications) may alter the prevalence of
asthma but will suVer from the same degree of misclassiW-
cation as using doctor-diagnosed asthma.

Linkage to a non-speciWc IgE locus was previously
reported on chromosome 18 near D18S844 (Mathias et al.
2001). D18S844 is within 1 cM of nuclear factor of acti-
vated T cells 1 (NFATC1) and approximately 900 kb from
1805A09 (D18S0325i). Suppression of NFATC1 was asso-
ciated with highly increased serum IgE levels in patients
with severe atopic dermatitis (Wierenga et al. 1999). These
results suggest that a gene in this region of chromosome 18

could control IgE levels which may play a role in the patho-
genesis of asthma. Further studies are required to determine
the expression pattern of the two novel genes within chro-
mosome 18 identiWed in this GWA study. 

The prevalence of asthma has increased over the past 30
years, and its social and economic costs are a major prob-
lem in many developed countries (Rachelefsky 2007).

The human genome is now charted by approximately
30,000 highly polymorphic microsatellites (Kawashima
et al. 2006; Tamiya et al. 2005). In this study, we have per-
formed a high-density GWA study using microsatellite
markers instead of SNPs for several reasons. Firstly, the
average length of linkage disequilibrium for 30,000 micro-
satellites is approximately 100 kb (Tamiya et al. 2005),
which is considerably higher than that of SNPs and there-
fore allows the capture of a larger region of linkage disequi-
librium per marker when compared to SNP. Polymorphic
microsatellite markers also provide a higher information
content when compared with biallelic SNPs. Furthermore,
interpolation variability is known to be smaller for micro-
satellite markers (Jorde et al. 2000; Sawyer et al. 2005). In
addition, SNP haplotypes are virtual products, based on sta-
tistical hypothesis that depend on other conditions (for
example, r2 > 0.8, minor allele frequency > 0.1). Often,
recombination events cannot be included in the deduced
haplotypes due to the lack of a heterozygous SNP at the

Fig. 3 Fine mapping results showing location and predicted susceptibility gene location on chromosome 18. The predicted exons are shown.
Markers with signiWcant P values are located within the introns of the predicted genes
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relevant position. This can result in the generation of incor-
rect haplotype blocks which can, in turn, lead to false nega-
tive in GWA studies based on SNPs only. Microsatellites,
on the other hand, do not generally suVer from these prob-
lems and can therefore be used as a stand-alone source of
markers in GWA studies (Bahram and Inoko 2007).
Microsatellites may also have important intrinsic functional
relevance (Kashi and King 2006). Allelic diVerences in
microsatellite markers are known to cause a wide range of
hereditary disorder including Fragile X (Tassone et al.
2007), Huntington’s disease (Vassos et al. 2007), spinocere-
bellar ataxia (Stevanin and Brice 2007) and cleidocranial
dysplasia (Vaughan et al. 2002).

In this study, three separate pooled DNA screenings
yielded 18 markers with signiWcantly diVerent estimated
frequencies in the three separate “case and control” pools:
each pool consisting of 120 individuals. In a study with 100
controls at an association strength of 0.1 with � = 5%, the
maximum power is 0.81 when frequency of control is 0.1,
and the minimum power is 0.52 when the frequency of con-
trol is 0.5 (Barcellos et al. 1997).

In this study, in the conWrmation stage, 360 cases and
360 controls were individually typed. The maximum power
when number of controls is 300 at an association strength
of 0.1 with � = 5% is 1 when frequency of control is 0.1 and
power = 0.94 when the control frequency is 0.5. With a
three-stage screenings and a Wnal conWrmation using a total
of 720 individuals (360 controls and 360 cases), we there-
fore have enough power to detect association even when
the control frequency is 0.5.

In a multi-stage GWA study, it is important to ensure
that suYciently large proportion of markers with eVect are
selected for the subsequent stage. False discoveries can
always be eliminated in future stages but markers with
eVects that have been eliminated cannot be recovered (van
den Oord et al. 2007).

Asthma, as it is deWned clinically and epidemiologically,
is based on symptoms which may result from a number of
patho-physiological mechanisms related to airway inXam-
mation and remodelling. Airway pathology may also be
present in the absence of symptoms. Therefore, asthma
remains phenotypically heterogeneous. This may partly
explain why no consistent positive associations for asthma
have been identiWed to date (Bosse and Hudson 2007).
ConXicting Wndings may also be due to genetic heterogene-
ity and poor study design. Result from a recent GWA study
of childhood onset asthma identiWed markers on chromo-
some 17q21 to be associated with childhood onset asthma
(MoVatt et al. 2007). Further analyses concluded that
genetic variants regulating ORMDL3 expression are
responsible for childhood onset asthma. We did not detect
any consistent signiWcant diVerences in our adult asthma
cases and controls on chromosome 17. One explanation is

that no stratiWcation was performed in relation to the age of
onset of asthma in the current study. Genetic susceptibility
for early onset asthma may also represent a diVerent type of
disease. Further analyses of additional phenotypes with
consideration of interaction eVects as well as characterisa-
tion of the two predicted proteins are underway.

In conclusion, this is the Wrst asthma GWA study using
in excess of 23,000 microsatellite markers, evenly spaced
within the genome to identify asthma susceptibility gene in
an unbiased fashion. Our results suggest that chromosome
18 harbours at least two novel asthma susceptibility loci
which warrant further investigation. We also demonstrated
the feasibility of utilising pooled DNA genome-wide
microsatellite approach for identifying possible candidate
genes in other diseases and as an eYcient and economical
alternative approach to the individual level genome-wide
chip-based genotyping technique.
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