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Genome-wide linkage scan for loci influencing plasma triglycerides
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Abstract

Background: Plasma triglyceride concentration is known to be a significant risk factor for cardiovascular disease (CVD). Previous studies have
found that the level of triglycerides is strongly influenced by genetic factors.
Methods: To identify quantitative trait loci influencing triglycerides, we conducted a genome-wide linkage scan on data from 485 Australian adult
dizygotic twin pairs. Prior to linkage analysis, triglyceride values were adjusted for the effects of covariates including age, sex, time since last
meal, time of blood collection (CT) and time to plasma separation.
Results: The heritability estimate for ln(triglyceride) adjusted for all above fixed effects was 0.49. The highest multipoint LOD score observed was
2.94 (genome-wide p=0.049) on chromosome 7 (at 65 cM). This 7p region contains several candidate genes. Two other regions with suggestive
multipoint LOD scores were also identified on chromosome 4 (LOD score=2.26 at 62 cM) and chromosome X (LOD score=2.01 at 81 cM).
Conclusions: The linkage peaks found represent newly identified regions for more detailed study, in particular the significant linkage observed on
chromosome 7p13.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Cardiovascular disease (CVD) is the leading cause of death in
most developed countries. In Australia, it accounts for 38% of all
deaths [1]. Along with HDL and LDL cholesterol and apolipo-
protein, plasma triglyceride concentrations are associatedwith the
incidence of atherosclerotic heart disease [2,3]. Therefore the
sources of individual differences in plasma triglyceride have been
the subject of many twin, family, candidate gene association and
linkage studies.

A recent comparison of twin study results has found that the
heritability estimate of triglyceride levels ranged from 48% to 71%
in samples from different countries [4]. A review by Snieder et al.
[5] showed most studies gave a heritability estimate for trigly-
cerides greater than 50%. These findings suggest that triglyceride
levels are strongly influenced by genetic factors. Multiple genome
scans have been conducted tomap quantitative trait loci (QTLs) for
triglycerides and several have previously been identified. For
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example, linkage analyses have identified regions located on
chromosomes 2q in the Hutterite community [6], 10p in Finnish
families [7], 15q in Mexican Americans [8] and 19q in Utah
Caucasian families [9]. Further findings include loci on chromo-
some 3 among Caucasian families in the Genetics of NIDDM
(GENNID) study [10], 10q in hypertensive non-Hispanic Whites
[11], 8p21 in Turkish families with atherogenic dyslipidemia [12]
and the 7q36 region (near marker D7S3058) in families selected
for obesity [13–15]. Although many positive findings have
emerged, few have been consistently replicated. One region which
has shown positive results in multiple studies is chromosome 7.
Several studies have provided consistent evidence for a QTL in
region 107–176 cM [13–18] on chromosome 7. Other regions, for
example 9 cM [8] , 21 cM [8,19] and 84 cM [20], have also been
found to be linked to loci influencing triglycerides. It is notable that
some of these studies have reported linkage for triglyceride alone,
and others for triglyceride/HDL ratio.

Turning to association studies, the most consistent result is
related to the APOA1/C3/A4 gene cluster on chromosome
11q23. The APOC3 SstI polymorphism has been linked to
hypertriglyceridemia in different ethnic groups [21–25]. Re-
cently, a new apolipoprotein gene, APOA5, has been iden-
tified and shown to be associated with triglycerides in several

mailto:ritaM@qimr.edu.au
http://dx.doi.org/10.1016/j.cca.2006.05.033


88 R.P. Middelberg et al. / Clinica Chimica Acta 374 (2006) 87–92
populations of different ethnicities, including Chinese, Japanese,
African-Americans, Hispanics and Caucasians [26,27]. Associa-
tions between variants of APOA5 (−1131C, 19W and 56G
alleles) and plasma triglyceride levels have been consistently
shown. Two studies have found carriers of the APOA5−1131C
allele had a significantly higher concentration of triglycerides
[27,28]. In both men and women, triglyceride concentration was
significantly higher (p<0.001) in 19W carriers compared to 19S
homozygotes. APOA5 gene polymorphisms or haplotypes could
also influence myocardial infarction [28]. A study in the Chinese
population revealed the −1131C allele frequency was signifi-
cantly higher in coronary artery disease patients (39.9% vs.
33.3%, p=0.02) than in a control group [29].

Identifying other genes involved in determining triglyceride
levels might provide valuable insights into the biological path-
ways that contribute to the development of CVD. Although
many chromosomal regions have been provisionally identified
by linkage studies, few have been replicated in subsequent
studies. We have performed genome-wide linkage scans using
data from 485 Australian twin pairs to identify quantitative trait
loci (QTLs) influencing triglyceride and to determine whether
previous findings are replicated in this population.

2. Materials and methods

2.1. Subjects and phenotype data

The twin data come from a study investigating genetic
influences on biological, psychological and social manifesta-
tions of alcoholism and related disorders (SSAGA) [30] which
started in 1993. Data were collected between 1993 and 1996
when twins were aged 28 to 92. There were 5999 respondents.
Overall, 3347 individual twins provided blood samples for the
study; all participants gave consent to the questionnaire, inter-
view and blood collection. The study was approved by appro-
priate Ethics Committees. Height and weight were measured by
self-report and body mass index (BMI) was determined by
weight (kg)/height squared (m2). The time of the blood col-
lection was recorded and the twins reported the time of their last
meal. The majority of the twins who gave blood attended blood
collection sessions as they lived in or close to Adelaide,
Melbourne, Brisbane or Sydney. About 24% of the blood
samples were collected in more remote sites, and in these cases
blood was delivered to the laboratory within 24 hours. Serum
was separated and stored at −70 °C until analysis. Triglycerides
were measured on a Hitachi 747 analyzer with Boehringer
reagents by standard enzymatic methods [31]. Twin pair
zygosity was determined from responses to a questionnaire
with standard questions about physical similarity and the degree
to which others could tell them apart, and blood group infor-
mation supplemented by genome-wide microsatellite marker
results for dizygotic twins in the linkage study.

2.2. Genotype data

Genotype data in this study come from a compilation of four
smaller genome scans performed for other studies at the Queensland
Institute ofMedicalResearch.Genotypingwas done at four facilities:
Gemini Genomics (426 microsatellite markers), Sequana Therapeu-
tics (519 markers), the Centre for Mammalian Genotyping Service,
Marshfield, USA (776 markers), and the University of Leiden (435
markers).

Several steps were taken to clean the combined genotype
data. First, relationship misspecifications and potential sample
mix-ups were investigated. Pedigree relationships were checked
using Graphic Representation of Relationships (GRR) [32] and
RELPAIR [33,34]. The second step involved detecting geno-
types that give rise to Mendelian inconsistencies. Mendelian
errors were detected using SIB-PAIR [35] to correct autosomal
data. The third step was to merge marker data from the four
genome scans mentioned above. There were 458 unique markers
that were typed in two or more genome scans. Marker incon-
sistency was assessed by cross-tabulating allele calls between
different scans. Markers with genotype data inconsistent be-
tween different genome scans were removed using PEDSTATS
[36] and MERLIN version 0.10.1 [37]. GENEHUNTER [38]
and MENDEL [39] was used to identify potential map errors.
Locations of the markers were taken from an integrated genetic
map (http://www2.qimr.edu.au/davidD/). The map locations
were estimated via locally weighted linear regression using
NCBI Build 34.3 physical map positions and published Decode
and Marshfield genetic map positions [40]. Positions from
Kosambi centiMorgans (cM) were converted to Haldane cM.
Where there were inconsistencies between genetic map distance
and recombination fractions, the primer sequences for all mar-
kers in the region were BLASTed against the entire human
genome sequence (http://www.ensembl.org, NCBI Build 34.3).
A revised map which included the updated physical positions of
all markers in problematic regions with the new map distance
interpolated was hence obtained. The revised map was used to
clean the unlikely genotype in the original genotype data. More
details are provided elsewhere [41–43].

The combined genome scan included up to 1376 unique
markers where a total 5160 individuals from 1587 families were
typed. Triglyceride measurements were available for 1601 fam-
ilies/twin pairs (968 pairs monozygotic (MZ), 633 dizygotic
(DZ)). Of these 633 DZ families, 28 families were not typed and
only one twin individual participated in 120 families. Only 485
families had both dizygotic twins genotyped and measured for
triglycerides. These pairs, on average had 595 markers (range=
0–1209) shared by both twin individuals within a family.
Intermarker distances were estimated for each twin pair and then
averaged across the 485 pairs. For autosomes, the mean
intermarker distance was 5.0 cM (S.D.=2.8 cM). The average
marker heterozygosity was 75% for autosomal markers and 72%
for markers on the X chromosome.

2.3. Statistical analysis

Before adjusting for covariates, the triglyceride variable was
transformed by natural logarithm as the distribution was skewed.
Twins who were taking lipid lowering medication and outliers
(greater than 3 standard deviations from themean) were identified
and a total of 30 individual twins were excluded from the analysis
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Table 1
General characteristics of the base population and sample available for genome-
scan

Data available Base population

No. of families 485 3274
No. of individuals (no. of males) 970 (360) 5999 (2089)
Age at blood collection (years) 44.1±10.8

(29−84)
45.5±11.5
(29−92)

BMI (kg/m2) 25.4±4.3 25.2±4.2 ₣
Alcohol-dependence (%) (males, females) 26, 8 24, 6
Proportion of current smokers (%) 21 21
Proportion of university graduates (%) 21 18
No religion (%) 17 15
Weekly church attendance (%) 22 24
Triglyceride (mmol/l) 1.73±1.34 1.75±1.24 ₣

Values are given as mean±S.D.; BMI, body mass index.
₣ Values provided are based on 3347 twin individuals who provided blood
samples.
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on this basis. The time of blood collection was categorized as
follows: blood collected before 10 a.m. (category 1), between
10 a.m. and 12 noon (category 2), between 12 noon and 2 p.m.
(category 3), between 2 p.m. and 4 p.m. (category 4), between
4 p.m. and 6 p.m. (category 5) and after 6 p.m. (category 6). The
following variables were tested for significance: age, squared
age, sex, sex×age, sex×age2, time since last meal (TM),
squared TM, time of blood collection (CT) and time to plasma
separation. Of these variables, only age, sex, time since last meal,
CT and time to plasma separation were significantly associated
with triglyceride results for all the significant covariates except
BMI; the same procedure was also followed with the inclusion of
BMI as a covariate. Residuals were saved using the “residuals”
option in STATA [44] and genetic model-fitting and linkage
analysis were then performed using these residuals.
Fig. 1. Multipoint linkage analysis of ln(triglyceride) for autosomal and X chromos
LOD score (LS). Thresholds for significant (LS=2.93) and suggestive (LS=1.64) g
Models containing additive and dominance genetic variation
and shared and non-shared environment variations were fitted to
the triglyceride data. The most parsimonious model that did not
significantly worsen the fit was chosen. Quantitative trait linkage
analysis was conducted using an inverse regression method,
MERLIN-regress statistics, which regresses the estimated propor-
tion of alleles shared identity by descent (IBD) on the squared sum
and squared differences of trait values of relative pairs. MERLIN-
regress was used as it is faster to run compared to variance
components (VC) analysis and is less sensitive to the assumption
of multivariate normality [45]. The method was performed using
the software MERLIN. For X-chromosome analysis, MINX
(Merlin-In-X), a modified version of MERLIN [37], was used.

The following procedure was used to obtain the empirical
significance level of an observed LOD score and the suggestive
and significant linkage thresholds. First, 1000 simulated genome
scan data sets were generated using MERLIN. Each simulated
set was generated under the assumption that there are no sus-
ceptibility loci using the pedigree structures in the data set and
the observed patterns of genotype data, including any missing
genotypes. Each simulated data set was analyzed in the same
way as the observed data. The highest peak for each chromo-
some was recorded. The empirical significance level of an ob-
served LOD score was estimated by counting the number of
peaks in the entire genome that had a LOD score greater than or
equal to the observed score across the 1000 replicates (i.e. the
proportion of genome scans containing one or more peaks of
observed score size). The cutoff for suggestive linkage was
calculated as the LOD score that was observed on average once
per genome scan (i.e. 1000th highest LOD score out of 23,000
LOD scores) [46]. The cutoff for significant linkage was defined
as the LOD score of probability 0.05 (i.e. the 50th highest LOD
score out of 23,000 LOD scores). A nominal p value of 0.01 was
omes. x-axis shows the genetic map of each chromosome and y-axis shows the
enome wide linkage are shown.



Table 2
Regions with multipoint LOD score≥1 in genome scan

Chromosome Position of peak (cM) MERLIN-regress
LOD

Nearest marker

4 62 2.26 D4S405
7 65 2.94 TAT028
16 124 1.02 GATA11c06
X 81 2.01 DXS8043

cM, centiMorgans; LOD, logarithm of odds.
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used to check for confirmation of previously reported significant
linkage findings [46].

3. Results

The general characteristics of the base population and the 485
dizygotic twin pairs available in this study are shown in Table 1.
In this study sample, approximately 15% of the twin individuals
had been alcohol-dependent at some time in their lives, 21%
were current smokers and 21%were university graduates (versus
12% alcohol-dependence, 21% and 18% graduates in the base
population). Other socio-demographic variables that have been
found to be associated with alcoholism risk, such as “at least
weekly church attendance” and religious affiliation [30], are also
compared in Table 1. The age at blood collection ranged from 29
to 84 years with a mean of 44.1 years (S.D.=10.9 years). The
average time between blood collection and processing was
0.75 h (S.D.=1.21 h). The median time blood was collected was
between 10 a.m. and 12 noon. The effects on triglyceride
concentration of age, sex, time since last meal, time of blood
collection (CT), and time to blood processing were found to be
significant at 5% level when tested in the regression model.

Before embarking the linkage analysis, we first used the
larger phenotyped sample of 968 MZ and 633 DZ pairs to
estimate the proportion of genetic and environmental variance in
adjusted ln(TG). The MZ correlations (rMZ) were greater than
the DZ (rDZ) correlations (rMZ=0.44; rDZ=0.27), suggesting an
Fig. 2. Multipoint LOD scores on chromosome 7 from genome-wide scan of ln(tri
indicated by arrows with reference numbers.
important additive genetic influence. The estimate of the
common environment variance component was 0.02 with 95%
CI=(0.00, 0.05), and could be dropped from themodel without a
significant worsening of fit (Δχ1

2 =0.57; p=0.45). With a model
indicating only genetic and unique environmental factors
influencing triglyceride levels in adults, the heritability estimate
for triglycerides was 49%, after adjusting for the covariates.

The results from MERLIN-regress multipoint LOD scores
calculated at 1-cM increments are given in Fig. 1. A number of
peaks with LOD score greater than 1 are observed, including on
chromosomes 4, 7, 16 and X. The highest peak (Table 2) was
located on chromosome 7 with a LOD score of 2.94. The nearest
marker to this peak was TAT028. The 1-LOD support interval
surrounding the QTL peak (1-LOD unit reduction from the peak)
is between markers GATA026 and GATA24D12, which are
15 cM apart. As shown in Fig. 1, several other regions exceeded
the 1LOD score threshold: chromosome 4 at 62 cM (LOD=2.26),
X chromosome at 81 cM (LOD=2.01) and chromosome 16 at
124 cM (LOD=1.02).

Simulation analysis estimated that the thresholds for sig-
nificant and suggestive linkage were 2.93 and 1.64, respectively.
The peak found on chromosome 7 surpasses the threshold for
significant linkage. The simulation results indicated that there
were 49 out of 1000 peaks≥2.94 observed, giving a genome
wide p value of 0.049 which surpasses our threshold for sig-
nificant linkage. The peaks on chromosomes 4 and X surpassed
our suggestive thresholds, whereas chromosome 16 peak fell
short of the suggestive threshold.

4. Discussion

We performed a genome scan to map loci influencing plasma
triglycerides concentration in 485 pairs of dizygotic Australian
twins. The sample used for linkage analysis was drawn from a
larger community study of adult twins and did not differ from the
sample in respect to BMI, alcohol-dependent, smoking and other
socio-demographic characteristics. Evidence of a significant
glyceride) adjusted for covariates. Linkage peaks reported in other studies are
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linkage result (MLS higher than 2.93) was found on chromo-
some region 7p13 (at 65 cM).

There are several regions on chromosome 7 that have been
suggestively linked to susceptibility loci influencing triglyceride
levels [13–20]. There is strong evidence for a QTL on chromo-
some 7q36 (at 176 cM nearmarker FATA148A08) that influences
the variation of TGs in extremely obese individuals [15], in the
Framingham population [13] and in Caucasian families [14]. The
peak found in these previous studies is quite some distance from
the peak identified here (Fig. 2). However, it is known that there is
considerable variation in the location of linkage peaks in samples
of moderate size – including ours and others cited here [47].
Previous peak nearest to our 1-LOD support interval is one found
by Lehman et al. [20] (7q11.23, 103–109 cM). There are no
obvious known candidate genes for hypertriglyceridaemia in this
region of chromosome 7. A possible potential candidate gene
related to cholesterol in this chromosomal region could be
Niemann-Pick C1 Like 1 (NPC1L1) (MIM 608010), which maps
to chromosome 7p13. This gene has been suggested to be
involved in the subcellular cholesterol trafficking [48] and thus
could conceivably have a role in modulating or affecting tri-
glyceride levels. Another possible gene, GSBS located on chro-
mosome 7p15 (MIM 604088) has been associated with
significantly higher plasma total cholesterol in people who
carry the T allele of the −1323T-C polymorphism [49]. The
candidate genes mentioned are purely speculative and hence
further investigation including high-density SNPmapping will be
needed to confirm the involvement of triglycerides with the
candidate genes mentioned above.

Some studies have found suggestive linkage evidence on
chromosome 7 for triglyceride/HDL ratio [16,18]. To investigate
further, we performed a genome-wide scan for ln(triglyceride/
HDL) ratio and found a similar linkage region (at 60 cM) on
chromosome 7, although the peak for ln(triglyceride/HDL) ratio
was lower (LOD=2.65) compared to ln(triglyceride). In addition,
we also performed a genome-wide analysis for ln(triglycerides)
adjusted for all above mentioned covariates and also for BMI.We
then found a LOD score of 2.66 in the similar linkage region
(chromosome 7 at 64 cM). This is consistent with the known
association between BMI and plasma triglyceride and suggests
that this chromosomal region contains genes with effects on both
phenotypes.

Results of our linkage analyses suggest the presence of a
number of potential chromosomal regions which may harbour
genes influencing ln(triglyceride) levels. As CVD is a multi-
factorial disease, it is the cumulative contribution of suscepti-
bility genes that influences the disease, in combination with
exposure to certain environmental factors.

There are several potential limitations of this study. The age
range of the sample is wide (between 29 and 84 years of age)
and different genes (and hence linkage peak) may operate across
this age spectrum. A further limitation is that the participants
had not been fasting before their blood samples were collected.
Nevertheless, time since last meal has been recorded and it has
been used as a covariate to adjust readings. Our data came from
a volunteer panel rather than a register of twins systematically
ascertained from birth records. There is consequently a slight
over-representation of well-educated individuals [30], and this
factor was not corrected for in the analysis.

In conclusion, on the basis of our genome-wide scan analysis,
we found significant evidence for a susceptibility locus on chro-
mosome 7p13 influencing triglyceride levels in an Australian
population. This region has not been identified previously. In order
to strengthen the evidence of this QTL, it will be necessary to
conduct replication studies. In addition, high-densitymappingwith
single nucleotide polymorphism and linkage disequilibrium
mapping techniqueswill be required to identify functional variants.
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