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CHAPTER  9 

GENERAL DISCUSSION
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This thesis encompasses studies on three partly overlapping themes. The first theme 
concerns the imputation against the GoNL reference set and its ability to align separate 
cohorts genotyped on different platforms, to one set of SNPs based on LD patterns 
from the same ethnicity. Combining datasets on the genotype level is crucial to increase 
the sample size and estimate the SNP-heritability for behavior phenotypes. Datasets, 
combined based on the GoNL reference set, were used to estimate the SNP-heritability 
for child behavior problems. The second theme concerns the heritability comparisons 
between different raters, as a follow-up of results of SNP-based heritability estimates 
from the first section. When different raters assess behavior, it may affect heritability 
estimates, as raters may partly assess the same and partly different aspects of the 
phenotype. Loci, whose effects contribute to the phenotype variation, shared between 
raters can be potentially detected in molecular studies if ratings are combined. Likewise, 
if two generally distinct phenotypes genetically correlate to a large extend, the loci, with 
effects that are correlated, can be detected in future GWAS studies, if such phenotypes 
are used in combination or as a proxy. Therefore, the genetic correlations between SWB 
and personality traits NEU/EXT were explored, as well as between glycaemic traits and 
MDD. For the latter the HOMA-B and HOMA-IR summary statistics were inferred from 
FI and FG meta-analysis results. This was the focus of theme three: implementation 
and evaluation of the performance of a new developed method (GWIS) and further 
exploration of the effect of HOMA-B/-IR loci on FI and FG, in which variation are 
important risk factors for T2D.

Imputation as a tool to combine the genotype data for estimation of genetic 
relatedness
In GWAS, imputation is the widely used approach to overcome the platform stratification 
to combine the summary statistics from each cohort in further meta-analysis. If combining 
the genotypic data is required, the overlapping SNP will be selected. If the SNP overlap 
is small, I showed that cross-platform imputation with the reference set from the same 
ethnicity reduces the stratification bias in combined data. Note, that we imputed only 
SNPs absent either on one or another platform, aiming to fill in the gaps. Imputation 
to a large reference set, i.e. 1000G can be done in the next stage, when all individuals 
‘genotyping’ rate (> 99%) is appropriate according to quality control procedures. GoNL 
showed the ability to impute the rare variants better [18] and Dutch specific SNPs 
associated with cholesterol levels were detected in a recent study [235]. Improvement 
in overall imputation accuracy was reported for the homogeneous founder Sardinian 
population, when imputation was performed against local reference sets [236]. More 
accurate imputation of the rare variants is possible due to closer relationships to the 
common ancestor, therefore, the LD is stronger between SNPs and rare variants that are 
tagged better. The feature of stronger LD was used in the current study to combine the 
datasets, genotyped on different platforms. We also estimated the SNP-heritability of 
childhood height based on combined and cross-platform imputed data. The estimates 
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were similar and the results suggested that even a small number of SNPs could reflect 
the relationships between individuals, although SNP-heritability for combined sample 
was slightly lower, thus possibly underestimating the SNP-heritability.

Twin- and SNP-heritability across raters and their effect on expected variation to be 
explained by SNPs in molecular studies
For heritable traits, such as height, an underestimation of the relationships in GRM maybe 
not be as critical for behavioral phenotypes, such as childhood behavior problems. A 
study of Trzaskowski et al (2013) in the TEDS cohort in the UK, did not detect genetic 
influences for a range of child behavior problems [237], whereas the NTR-GENR study 
detected the significant SNP-heritability for attention deficit/hyperactivity, externalizing 
problems and total problems, rated by mother or teacher. One of the reasons for this 
discrepancy can be the age of the children. Genetic influences have been described to 
change with age as well as environmental influences. In TEDS children were aged 12 
years in comparison to NTR and GENR children of three, seven and nine years old. As 
heritability is the proportion of the total phenotypic variance, the change in environment 
may modify the heritability estimate. The SNP-heritability estimates differed across raters 
in our study and exploration of rater effect on heritability estimates was performed in 
the next chapter of this thesis.
 It has been shown that heritability can be rater dependent and we compared 
the maternal and paternal contribution to the variation in the childhood behavior 
problems in chapter 4. In general, the heritability of the phenotype that parents agree 
upon was large for all of the empirical scales in CBCL 6-18, suggesting the possibility 
to combine the paternal and maternal ratings in molecular genetic studies. Our results 
also showed that mothers rated their children higher than fathers and inclusion of the 
appropriate covariate is necessary if the ratings are combined. The difference in the 
rater’s assessment partly explains the difference in SNP-heritability estimates, based on 
maternal and teachers ratings, described in the chapter 3. The loci, which effects are 
shared between both parents’ assessments, are likely to be detected in these settings; 
however, loci that contribute to the variability of the specific maternal and paternal part 
of the phenotype may not be detected. It also has been suggested that rater-specific loci 
may not be possible to detect in a GWAS of a single phenotype, because in GWAS raters 
assess their children in a different context [35]. 

Shared aetiology of comorbid traits may guide future molecular study designs
As shared genetic factors may influence the two assessments of mother and father, 
they can influence two different, but correlated phenotypes. In this case the focus on 
one trait may lead to the discovery in another trait, as was recently shown in a meta-
analysis of Subjective Well-being, Depressive Symptoms and Neuroticism [168]. The loci 
detected to be associated for SWB were taken for the follow up analysis for DS and NEU 
and resulted in new detected loci. The results described in chapter 5 showed substantial 
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genetic correlation between SWB and NEU, but not between SWB and EXT. Therefore, 
the focus on the SWB-NEU pair will likely be more successful, than focus on SWB and 
EXT.
 SWB and personality are behavioral phenotypes, which generally are more 
likely to share the genetic influences. In contrast, in chapter 7 we aimed to estimate the 
shared risk factor between psychiatric phenotype and disease, MDD and T2D through 
the measures of glycaemic traits, FI, FG, HOMA-B/-IR. MDD status was not predicted 
from polygenic scores. LDscore regression also did not detect a significant genetic 
correlation, using meta-analysis results with the largest sample size to date. Although 
comordibity between T2D and MDD has been reported as well as association with Insulin 
Resistance, the mechanism behind it remains unclear [238]. The absence of overlapping 
genetic risk factors suggests that other influences play a role, including environmental 
exposures or lifestyle. Among these, BMI seems to be a plausible candidate for future 
studies in relation to T2D and MDD. Both increased and decreased BMI is associated 
with MDD [228] and relationships are not linear. Therefore, it is also possible that 
complex mechanisms behind the association of T2D and MDD are difficult to pinpoint 
when applying linear models. Another possible explanation lies in cultural differences. 
This study was conducted in a Dutch population, which in general has a lower BMI, 
than in US or UK (World Health Organization, Global Database on Body Mass Index, 
http://apps.who.int/bmi/). It does not explain, however, a lack of association between 
glycaemic traits and MDD/Depressive symptoms in a LD score regression analysis, where 
data from international collaborations were used. Power would be one of the possible 
explanations, as for glacaemic traits and T2D, there were a number of loci detected, 
whereas MDD is still lacking statistically significant hits. Lack of association should not 
hinder work in that direction, but rather should encourage a reconsideration of the 
approach by increasing sample size, using proxy phenotypes (Depressive Symptoms and 
Neuroticism) and MDD subtypes, including environmental factors and exploring non-
linear relationships between T2D and MDD.

Leveraging existing data to get new insight into pathophysiology of complex diseases
The exploration between MDD and Insulin resistance and β-cell function would not be 
possible without computation of HOMA-B and HOMA-IR meta-analysis summary statistics of 
sufficient sample size to detect new loci. These results were used as weight in PRS and in LD 
score regression. The newly developed method GWIS (Genome Wide Inferred Statistics) was 
used to infer the summary statistics of the complex non-linear functions (HOMA-B/-IR) from 
FI and FG. Insulin resistance and β-cell function are both biomarkers for T2D diabetes. Both 
are difficult to compute as FI and FG should be available in the same person, and also at the 
same time point. GWIS allows to overcome this obstacle, as any function can be computed 
from the statistics of its components for overlapped and also for not overlapped sample. This 
feature may pave the way for the future research, where obtaining measurements from the 
same individuals are required, but not always possible. 
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Implications for the future studies and conclusion
In this thesis a combination of several new methods and approaches were applied 
to optimize the analysis of gene-phenotype data to facilitate research on the genetic 
influences on human complex traits, including psychiatric and somatic diseases. 
 As data are usually collected cross-sectionally at different time points, they may 
have been genotyped on a series of different genotyping platforms. When genotyped 
data are available from earlier arrays and need to be combined, but re-genotyping 
may not be possible, data need to be cross-platform imputed to a local reference set. 
This local reference set, describing the variation within the boundaries of a relatively 
homogeneous population, will allow characterization of the migration history, detection 
of rare variants and structural variations and investigation of the subtle differences 
in allele frequencies and population substructure with a greater resolution than an 
international reference set [18, 23, 239, 240]. All this information will form the solid 
foundation for the imputation into existing SNP-based genotype data. While whole-
genome sequencing is thought to be the next ‘big thing’ in genetic research, many 
research questions could exploit the existing SNP-based genotype data far more time 
and cost-efficiently. This requires the use of imputation as a tool to infer the missing 
genotypes, increase the coverage, or combine the data.
 There is a vast amount of GWAS summary statistics available from large 
international collaborations. Over the last few years a range of methods emerged, for 
example LD score regression or Genome Wide Inferred Statistics (GWIS), which aimed 
to gain biological insights from the publicly available summary statistics data without 
the (privacy-sensitive) disclosure of raw genotyped data [28, 222]. Other techniques use 
summary statistics across many studies in combination with the raw genotype data from 
a target study to apply e.g. Polygenic Risk Score [241] or LD pred [242]. These approaches 
often rely on the LD information available from reference sets representative of the 
population. Here too, it can be beneficial to employ LD information from local reference 
set in addition to an international set. 
 In this thesis, I utilised the broader perspective on complex human traits. For 
complex biological traits, different (endo)phenotypes and for complex behavioral traits, 
different raters as well as different (endo)phenotypes can be used jointly to detect 
the genetic loci common to these different (endo)phenotypes. Exploring such shared 
genetic aetiology may lead to an increase in statistical power, but also can lead to 
important conclusions about non-genetic, i.e. environmental risk factors’ role and serve 
as a starting point for future studies detecting biological and environmental risk factors. 
This will, in the long run, pave the way for preventions and interventions at both levels. 
 Unique genetic influences, that is, influences pertaining to one trait, but not 
to another, largely remain to be discovered. The effect of the loci, which contribute 
to the specific part of the phenotype, can be explored in the multivariate twin model, 
involving correlated phenotypes. Genetic information can be expressed in various forms, 
such as SNPs, SNPs from a gene or a genomic region, PRS or gene expression profile. An 
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interesting addition, for both shared and specific parts of the phenotype, would be the 
longitudinal modeling as genetic influences changes with age, and the effect of loci may 
also change across time. Models incorporating environmental and gene×environment 
effects could be employed to explain the observed association between T2D and MDD 
as well as between SWB and EXT through genetic and environmental risk factors. It has 
been suggested that part of the detected GWAS loci could reflect the modifiable effect of 
the environmental exposure or certain behavior and could be explored using Mendelian 
randomization approach [234]. 
 With more and more genetic variants for various phenotypes being discovered, 
the next step would be to investigate the pathophysiology of the diseases by bringing 
the genetic and environmental variables in the same model. Here, the twin data can 
be utilized together with information about genetic variation [243]. Increasing data 
collection in biobanks (metabolic, proteomic, etc.) allows exploration of the genetic 
effect on complex (disease) traits through these intermediate biological phenotypes 
[217]. The ongoing characterization of the genome expands the genomic databases 
not only in size but also in the type of genetic variation available [244]. Other types of 
variation, rather than SNPs exclusively, should be considered in the future, such as copy-
number-variation (CNVs) [245]. 
 To conclude, the future perspective is one in which genomic, biological, 
behavioral, and environmental data are combined to explore the aetiology of complex 
traits.


