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Background: Eosinophils are granulocytic white blood cells
implicated in asthma and atopic disease. The degree of
eosinophilia in the blood of patients with asthma correlates
with the severity of asthmatic symptoms. Quantitative trait loci
(QTL) linkage analysis of eosinophil count may be a more
powerful strategy of mapping genes involved in asthma than
linkage analysis using affected relative pairs.
Objective: To identify QTLs responsible for variation in
eosinophil count in adolescent twins.
Methods: We measured eosinophil count longitudinally in
738 pairs of twins at 12, 14, and 16 years of age. We typed
757 highly polymorphic microsatellite markers at an
average spacing of 5 centimorgans across the genome. We
then used multipoint variance components linkage analysis to
test for linkage between marker loci and eosinophil
concentrations at each age across the genome.
Results: We found highly significant linkage on chromosome
2q33 in 12-year-old twins (logarithm of the odds = 4.6;
P = .000002) and suggestive evidence of linkage in the same
region in 14-year-olds (logarithm of the odds = 1.0; P = .016).
We also found suggestive evidence of linkage at other areas of
the genome, including regions on chromosomes 2, 3, 4, 8, 9, 11,
12, 17, 20, and 22.
Conclusion: A QTL for eosinophil count is present on
chromosome 2q33. This QTL might represent a gene involved
in asthma pathophysiology. (J Allergy Clin Immunol
2004;114:826-30.)
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Nonparametric linkage analysis of affected relative
pairs is a popular strategy used in the mapping of
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IBD: Identical by descent
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disease-causing genes. The rationale behind the approach
is that if a trait and marker are linked, affected relatives
should share more marker alleles identical by descent
(IBD) than expected by chance.1 However, large numbers
of affected relatives need to be genotyped to detect loci of
even moderate effect with appreciable power.1 This has
led to the suggestion that a more promising strategy might
be to analyze continuously distributed traits associated
with the disease in question (endophenotypes), because
quantitative measures contain more information than
dichotomous traits and hence may provide more power
to detect genes of small effect.
In the case of asthma, 1 such quantitative phenotype is
the concentration of eosinophils in a given volume of
blood (eosinophil count). Eosinophils are the primary
mediators of airway inflammation and bronchial damage
in asthma. Circulating eosinophilia is commonly observed
in asthma, with the concentration of eosinophils in the
airways and the blood correlating with the severity of
asthmatic symptoms.2,3 In addition, segregation analyses
have suggested the presence of a major gene influencing
eosinophil count.4 We therefore believe that linkage
analysis of eosinophil count may be a powerful strategy
in the identification of genes involved in asthma pathophysiology.
Compared with the large number of studies concerning
the genetics of asthma, surprisingly few studies have investigated the genetics of eosinophil count. A few studies
have found evidence of linkage in the 5q31-33 region,
which contains the genes for several growth factors involved in eosinophil production.5-7 These results are consistent with the results from linkage studies involving
other asthma-related phenotypes including serum IgE,8
bronchial hyperresponsiveness,9 and severity of parasitic
infection.10,11 Other genome-wide linkage studies involving eosinophil count have implicated regions on chromosomes 6,12,13 7,12 and 12.14
In a recent study of Australian adolescent twins, we
demonstrated that approximately 60% of the phenotypic
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MZF, Monozygotic female twins; MZM, monozygotic male twins; DZF, dizygotic female twins; DZM, dizygotic male twins; DZFM, opposite sex twins
with the female subject born first; DZMF, opposite sex twins with the male subject born first.

variance in eosinophil count was a result of genetic
factors.15 In the current article, we extend these results
by performing a genome-wide linkage scan of the dizygotic twin pairs and their families from that study. We
hope that the identification of quantitative trait loci (QTLs)
underlying variation in eosinophil count will yield
important insights into the pathophysiology of asthma
and other atopic conditions.

METHODS
Twins were recruited as part of an ongoing study concerned with
the development of melanocytic naevi (moles), the clinical protocol
of which has been described in detail elsewhere.16-18 Twins were
enlisted by contacting the principals of primary schools in the
greater Brisbane area, by media appeals, and by word of mouth. It
is estimated that approximately 50% of the eligible birth cohort was
recruited into the study and was typical of the population with respect
to eosinophil concentrations.15 Informed consent was obtained from
all participants and parents before testing.
Venous blood samples were collected by using EDTA tubes, and
eosinophil count was measured by using a Coulter model STKS
blood counter (Beckman Coulter, Fullerton, Calif). Blood was
collected from twins longitudinally at 12, 14, and 16 years of age.
Where possible, DNA was also obtained from parents and siblings for
genotyping (eosinophil count was not measured). No attempt was
made to exclude subjects with illness.
Phenotypic and genotypic data (in the case of dizygotic twins)
were available from 738 twin pairs composed of 160 monozygotic
female, 163 monozygotic male, 101 dizygotic female, 107 dizygotic
male, and 207 opposite sex twin pairs (95 pairs in which the female
subject was born first and 112 pairs in which the male subject was
born first). Although twins were tested as close as possible to their
12th, 14th, and 16th birthdays, not all twins were tested at all 3
measurement occasions (see Table I for a breakdown of these data).
To normalize the distribution, eosinophil concentration was transformed by using the calculation log10(X 1 0.05). Descriptive statistics and heritabilities have been reported elsewhere.15

Genotypes
DNA was extracted from buffy coats by using a modification of
the salt method.19 For same-sex twin pairs, zygosity was determined
by typing 9 independent DNA microsatellite polymorphisms plus the
X/Y amelogenin marker for sex determination by PCR (ABI Profiler

system; Applied Biosystems, Foster City, Calif). All twins were also
typed for ABO, Rh, and MNS blood groups.
The genome scan consisted of 726 highly polymorphic autosomal
and 31 X-linked microsatellite markers at an average spacing of ;5
centimorgans (cM) in 539 families (2360 individuals). The microsatellites consisted of a combination of markers from the ABI-Prism
and Center for Inherited Disease Research genotyping sets.
Overlapping parts of the sample received a 10-cM scan by using
the ABI-2 marker set (400 markers) at the Australian Genome
Research Facility (Melbourne), a 10-cM scan by using the Weber
marker set at the Center for Inherited Disease Research (Baltimore,
Md), or both. Only 30 markers were common to both marker sets and
were used for quality control; the remaining markers intercalated to
form a scan at approximately 5 cM spacing. The only families to
receive 1 scan had both parents genotyped and so had high
information content. The average heterozygosity of markers was
0.78, and the mean information content was 0.77. Although genome
scan data were available from parents, twins, and siblings, phenotype
data (ie, eosinophil counts) were available only from twins. Full
details of the genome scan have been published elsewhere.20

Linkage analyses
Univariate multipoint variance components linkage analysis was
used to test for linkage between marker loci and blood cell
phenotypes.21-24 In the variance components method, the expected
phenotypic covariance matrix is partitioned into the following
components:

^ 2 12Fs2 1In s2
S ¼ Ps
q
a
e
where s2q

is the additive genetic variance caused by the QTL, s2a is the
(residual) polygenic additive genetic variance, and s2e is the unique
^ is a matrix containing the elements
environmental variance.21,25 P
that denote the estimated proportion of alleles shared IBD at the trait
^ is an estimate of the true identity by
locus by individuals i and j. P
descent sharing matrix P and is a function of the estimated IBD
matrices as well as the distance between the marker and the QTL.21,26
F is the kinship matrix containing elements fij—the kinship
coefficients between individuals i and j27—and In is an identity
matrix of order n. The variance components were estimated by
maximum likelihood analysis of the raw data28 as implemented in the
software package MERLIN29 (http://csg.sph.umich.edu/pn/index.
php?furl=/abecasis/Merlin/index.html) along with fixed effects for
sex and age, as well as time of day and month when blood was
sampled (quadratic and sinusoidal terms were also estimated for these
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TABLE I. Breakdown of participation data showing the number of complete twin pairs for whom eosinophil count and
genotyping information (in the case of dizygotic pairs) were available
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FIG 1. Genome scan results for eosinophil count.

last 2 covariates). Univariate analyses were performed at each
marker, for each variable, at each age.
The null hypothesis that additive genetic variance caused by a QTL
linked to a marker for a given phenotype was 0 (ie, s2q ¼ 0) was tested
by comparing the likelihood of a restricted model in which s2q was
constrained to 0 with the likelihood of a model in which the genetic
variance caused by the QTL (s2q ) was estimated. Twice the difference
in natural log-likelihoods between these models is distributed
asymptotically as a ½:½ mixture of x 21 and a point mass at 0.30 The
difference between the 2 log10 likelihoods produces a LOD score
equivalent to the classic LOD score of parametric linkage analysis.26
Of course, only phenotypic data from dizygotic twins were included
in the analysis, because monozygotic twins share all their genes IBD
across the genome and are thus uninformative for linkage. Note that
although parents and siblings were not phenotyped, their genotypes still
contributed to IBD estimation in the dizygotic twin pairs.

scores for all 3 ages so that it is possible to compare the
consistency of results across measurement occasions. The
strongest evidence of linkage occurred at age 12 years on
chromosome 2q (LOD = 4.70; P = .000002). There was
also a smaller peak in the same location at age 14 years
(LOD = 1.0; P = .016), but not at age 16 years, at which
there were far fewer twins tested and hence less power.
There were also several regions of suggestive linkage (ie,
defined here as LOD scores >1.0), summarized in Table II.
These included a region of chromosome 17p that was
present at ages 14 and 16 years, as well as a largish peak on
chromosome 8q (LOD = 2.78; P = .00017). There was
little evidence of linkage in the chromosome 5q region.

DISCUSSION
RESULTS
The results of the univariate variance components tests
for linkage are displayed in Fig 1. Each plot displays LOD

The most promising result from this study is the large
linkage peak on chromosome 2q33 for eosinophil count
in 12-year-old twins. Several studies have reported

TABLE II. Regions with LOD >1 for the analysis of
eosinophil count
Chromosome Age, y

2
2
2
2
2
3
4
4
8
8
9
9
11
12
12
17
17
20
22

12
14
16
16
16
14
16
16
14
14
16
16
12
12
12
14
16
16
16

Region

cM range

Peak
LOD

D2S117-D2S434
D2S2944
D2S1360
D2S405
D2S2259
D3S1267
D4S403
D4S2367-D4S1534
D8S1119-GAAT1A4
D8S514-D8S272
D9S922
D9S283
D11S898
D12S1042
D12S183
D17S849-D17S1308
D17S849-D17S1308
D20S103-D20S117
D2D22S423

194.63-216.01
210.578
39.96
51.48
67.06
130.014
26.81
79.335-93.19
94.822-104.28
124.62-149.758
77.77
92.422
103.59
50.66
74.03
0.63-1.386
0.63-1.386
2.52-2.9
49.14

4.7
1.00
1.23
1.07
1.00
1.24
1.30
1.24
1.65
2.78
1.08
1.18
1.01
1.39
1.07
1.1
1.38
1.65
1.05

suggestive linkages to asthma31 and asthma-related phenotypes in the 2q33 region, including circulating IgE,13
bronchial hyperresponsiveness,14 and reaction to a skin
prick test.31 Several candidate genes are present within
this region, including genes involved in T-cell signaling
(CD28 and CTLA-4) and apoptosis (caspase 8).
A major strength of the current study is the availability
of multiple measurements on the same individuals across
time. Although these results do not formally constitute
replication (because the data are not independent), they do
indicate the extent to which the results are robust with
respect to measurement error and temporal changes in the
phenotypes. In this vein, it is interesting to note that
although there was evidence for linkage at 12 and 14 years
on chromosome 2q33, there was little evidence of linkage at age 16 years. This is interesting given that the
phenotypic correlation across measurement occasions is
quite high (r12 and 14 = .63; r14 and 16 = .56; r12 and 16 = .56),
and previous longitudinal genetic analyses have suggested
that the majority of genetic variance from ages 12 and 14
years is transmitted to age 16 years.32 One explanation is
that there were far fewer dizygotic twins available at age
16 years than at ages 12 or 14 years (Table I), and hence
the power to detect linkage at this age was not as great.
Another possibility is the existence of a potent environmental agent at age 16 years that influences eosinophil
count. Such an agent might have masked evidence for
linkage at this age particularly if (by chance) it affected
pairs who shared 0 or both alleles IBD at the relevant
marker loci.
Several other regions of suggestive linkage were
identified in this study, including regions on chromosomes
2, 3, 4, 8, 9, 11, 12, 17, 20, and 22. Although some of
these regions will harbor QTLs, other peaks will be the result of random fluctuation and type I error. In this respect,

it is important to compare these results with those from
previous genome scans. Several authors have reported
linkage to eosinophil count in other regions of the genome,
most notably in the 5q31 to 5q33 region5-7 and regions on
chromosomes 6,13,33 7,33 and 12.12-14 Unfortunately, there
was little evidence for linkage to any of these regions in the
current study. This lack of replication of course does not
disprove these earlier results—there are several reasons
why this might be the case (eg, racial differences)—but is
most probably a result of lack of power. Even though the
sample size used in this study was larger than in the
majority of genome scans to date, it is still well short of the
large sample sizes required to detect loci of even moderate
effect with appreciable power.34,35
In conclusion, we found strong evidence for the
existence of a QTL influencing eosinophil count on
chromosome 2q33 in 12-year-old twins. We also found
evidence of linkage in the same region at age 14 years.
This area of chromosome 2 has previously been implicated in studies of asthma and asthma-related phenotypes.
We therefore intend to fine-map this region (ie, increasing
marker density) and perform association analyses of
candidate genes in the area (eg, CD28, CTLA-4, caspase
8) to localize better the genomic region involved. We hope
that this study represents the first step in the eventual
identification of genes that will not only increase our
understanding of eosinophil biology but also provide
insight into the pathogenesis of asthma and other atopic
conditions.
We thank Ann Eldridge, Marlene Grace, and Anjali Henders for
assistance and the twins, their siblings, and their parents for their
cooperation.
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