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Abstract

Objective. Our study aims to estimate the proportion of the phenotypic variance of
Neuroticism and its facet scales that can be attributed to common SNPs in two adult
populations from Estonia (EGCUT; N = 3,292) and the Netherlands (Lifelines; N = 13,383).

Method. Genomic-Relatedness-Matrix Restricted Maximum Likelihood (GREML) using
Genome-wide Complex Trait Analysis (GCTA) software was employed. To build upon previous
research, we used self- and informant-reports of the 30-facet NEO personality inventories and
analyzed both the usual sum scores and the residual facet scores of Neuroticism.

Results. In the EGCUT cohort, the proportion of phenotypic variance explained by the
additive effects of common genetic variants in self- and informant-reported Neuroticism
domain scores was 15.2% (p = .070, SE = .11) and 6.2% (p = .293, SE = .12), respectively. The
SNP-based heritability estimates at the level of Neuroticism facet scales differed greatly across
cohorts and modes of measurement but were generally higher (a) for self- than for informant-
reports, and (b) for sum than for residual scores.

Conclusions. Our findings indicate that a large proportion of the heritability of Neuroticism is
not captured by additive genetic effects of common SNPs with some evidence for gene-

environment interaction across cohorts.

Keywords: Neuroticism, GREML-GCTA, SNP-based heritability, self- vs. informant-reports, sum- vs.

residual scores
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SNP-Based Heritability Estimates of Common and Specific Variance
in Self- and Informant-Reported Neuroticism Scales

Neuroticism vs. emotional stability appears to be one of the most universal domains in
personality theory and measurement (H. J. Eysenck, 1998/1947). The importance of Neuroticism
—the frequent experience of negative affect — in personality research stems largely from its
significance for public health. Overwhelmingly, research evidence has shown that Neuroticism is
correlated with a wide range of mental and physical health problems and their development
and that low scores of Neuroticism predict longevity after controlling for age, sex, education,
smoking, alcohol consumption, physical activity, and baseline health (e.g., Friedman & Kern,
2014; Jeronimus, Kotov, Riese, & Ormel, 2016; Lahey, 2009; Ormel, Jeronimus, et al., 2013). It
has even been argued that the economic burden of Neuroticism on society exceeds that of the
common mental disorders combined (Cuijpers et al., 2010).

Despite the central importance of Neuroticism, there appears to be little consensus about
its definition (Ormel, Riese, & Rosmalen, 2012). Like many other traits, Neuroticism is often
viewed as a multifaceted construct consisting of various components that are highly correlated
but partially distinct, including anxiety, dependence, sadness, worry, vulnerability, and
impulsivity. In the current study, we use common genome-wide genetic variants to examine the
heritability of Neuroticism and its facets within the context of the Five-Factor Model (FFM).
According to the FFM, the core of the Neuroticism domain is “the general tendency to
experience negative affects such as fear, sadness, embarrassment, anger, guilt, and disgust”
(Costa & McCrae, 1992, p. 14). The NEO family of instruments (i.e., NEO Personality Inventory,

the Revised NEO PI, and the NEO PI-3), which are based on the FFM, distinguishes between six
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facets of Neuroticism: N1: Anxiety, N2: Angry Hostility, N3: Depression, N4: Self-Consciousness,
N5: Vulnerability, and N6: Impulsiveness (Costa & McCrae, 1992). As we argue below, there is
enough evidence to suggest that heritability estimates for Neuroticism may differ across facets.
The Biological and Genetic Basis of Neuroticism

Despite Neuroticism being strongly associated with important health outcomes, its causal
role in health as well as its biological basis is far from being fully understood (Friedman & Kern,
2014; Ormel, Bastiaansen, et al., 2013). The health relevance of Neuroticism as highlighted
above, combined with the uncertainty of its biological basis and exact role in health and disease,
has led to a growing interest in the genetic basis of Neuroticism.

Behavioral genetic (mostly twin and adoption) studies have shown that Neuroticism is
substantially heritable: approximately 40-60% of the variance in Neuroticism scores is estimated
to be attributable to genetic factors (Bouchard & Loehlin, 2001; Jang, Livesley, & Vernon, 1996;
Viken, Rose, Kaprio, & Koskenvuo, 1994; Yamagata et al., 2006). A recent meta-analysis of twin
data from six cohorts (total N = 29,496) found that the heritability of harmonized Neuroticism
scores was 48% (van den Berg et al., 2014), whereas a meta-analysis of 62 behavior genetic
studies representing more than 100,000 participants showed that the average effect of genetic
contributions to individual differences in Neuroticism was 39% (Vukasovi¢ & Bratko, 2015).
Although Turkheimer, Petterson, and Horn (2014) convincingly argue in their recent review that
all personality traits are equally heritable, there are also several studies which have shown that
heritability estimates of Neuroticism appear to be somewhat lower than those of the other Big
Five factors (Kandler, Riemann, Spinath, & Angleitner, 2010; Riemann, Angleitner, & Strelau,

1997; Riemann & Kandler, 2010).
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However, until fairly recently, the search for genes associated with Neuroticism has not
been very successful. Some candidate gene studies reported associations between Neuroticism
and specific genetic variants, such as the CNR1 gene (Juhasz et al., 2009) or a polymorphism (5-
HTTLPR) of the serotonin transporter gene (Schinka, Busch, & Robichaux-Keene, 2004; Sen,
Burmeister, & Ghosh, 2004), among others, but most of these findings failed to be replicated.
Even when such associations were found, the polymorphisms seemed to have modest
predictive value: 2% or even less (see Munafo, 2010; Munafo & Flint, 2011, for a discussion).
Also, despite very promising progress in behavioral genetics, no significant results were found
for Neuroticism in three large scale genome-wide association (GWA) studies (Calboli et al., 2010;
de Moor et al., 2012; Service et al., 2012) where Neuroticism was measured by three different
instruments (i.e., the NEO Five-Factor Inventory, Cloninger's Temperament and Character
Inventory, and the Eysenck Personality Questionnaire). The only noteworthy findings come from
three very recent studies. First, a meta-analysis of GWAS results across 29 cohorts by de Moor
et al. (2015) identified a new locus for Neuroticism in the gene MAGI1, which had been
associated with bipolar disorder and schizophrenia in earlier studies. Second, Smith and
colleagues (2016) identified 9 novel loci associated with Neuroticism in a combined meta-
analysis across three cohorts and nearly 100,000 participants using the short form of the
Eysenck Personality Questionnaire-Revised (EPQ-R-S; S. B. G. Eysenck, Eysenck, & Barrett, 1985).
Finally, Okbay and colleagues (2016) combined results of the above two studies (across
heterogeneous measures of Neuroticism) and could identify a total of 11 variants associated

with Neuroticism, including 2 inversion polymorphisms, in a total sample of 170,911
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participants. However, none of the loci associated with Neuroticism by Smith et al. (2016) were
replicated by Okbay and colleagues (2016).

These recent findings have discredited the idea that there is a relatively small set of genes
that determines the level of either a personality factor or its facets. Instead, in light of the
current findings, it seems more plausible that personality traits (including Neuroticism) are
influenced by large sets of different common genetic variants, as assessed by single-nucleotide
polymorphism (SNPs), and that the influence of these genes may differ across facets (McCrae,
2015).

Molecular Genetic Estimates of Heritability

In order to estimate the influence of common variants with small effects on the total
heritability, a new method — Genomic-Relatedness-Matrix Restricted Maximum Likelihood
(GREML) as implemented in the genome-wide complex trait analysis (GCTA) software — was
proposed by Yang and colleagues (2010; 2011). The aim of GREML-GCTA is not to identify SNPs
related to the target phenotype, but to estimate the total variance explained by all common
SNPs for a given trait. As Yang et al. (2011) argued, it is possible that most of the heritability for
Neuroticism or any other complex trait ”is hiding rather than missing,” because many SNPs
contribute small effects. In essence, GREML-GCTA estimates the genetic influence on a certain
trait or target phenotype by “predicting phenotypic similarity for each pair of individuals in the
sample from their total SNP similarity” (Plomin, Haworth, Meaburn, Price, & Davis, 2013, p.
563).

GREML-GCTA has been successfully applied to a variety of complex traits, where it has

demonstrated that the contribution of common additive genetic variants to phenotypic variation
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is about 45% for height (Yang et al., 2010) and 30% for weight (Llewellyn, Trzaskowski, Plomin, &
Wardle, 2013), a little less than 30% for cognitive abilities (Davies et al., 2015), 32% for major
depressive disorder (Lubke et al., 2012), and 23% for liability to both schizophrenia (S. Hong Lee
et al., 2012) and borderline personality disorder (Lubke et al., 2014). For most complex traits
examined so far, GREML-GCTA or SNP-based heritability estimates appear to be about half of
the heritability estimates from twin studies (Plomin & Deary, 2015).

In only a handful of studies so far, GREML-GCTA has been applied to personality traits,
mostly to Neuroticism and Extraversion. To the best of our knowledge, a study by Power and
Pluess (2015) in the British longitudinal cohort National Child Development Study (NCDS) is the
first and only GREML-GCTA study including all five of the FFM. Common SNPs accounted for
15% of the variance in Neuroticism and for 8% of the variance in Extraversion, 21% in Openness,
0% in Agreeableness, and 1% in Conscientiousness, as measured by the International Personality
Iltem Pool (Power & Pluess, 2015).

In a study by de Moor and colleagues (2015), the SNP-based genetic similarity across
individuals accounted for 14.7% of the variance in Neuroticism in the Netherlands Twin Register
(NTR) cohort and 15.7% in the Australian Berghofer Medical Research Institute adult cohort
(QIMR), when using harmonized Neuroticism scores across different measurement instruments
(van den Berg et al., 2014)." A very similar estimate was obtained by M&ttus and colleagues
(2015) in the Generation Scotland cohort and by Smith et al. (2016) in the UK biobank cohort,
using the short version of the EPQ-R (S. B. G. Eysenck et al., 1985). These SNP-based estimates,
however, were nearly twice as high as those reported by Verweij and colleagues (2012) for

Neuroticism measured by different versions of Cloninger’s Harm Avoidance subscale (Cloninger,
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Przybeck, & Svrakic, 1991; Cloninger, Svrakic, & Przybeck, 1993) in combined Australian and
Finnish samples (7%) and by Vinkhuyzen et al. (2012) for harmonized Neuroticism scores’ in
combined samples from Australia, Sweden, the United Kingdom, and the United States (6%). In
general, it appears that the SNP-based heritability estimates for Neuroticism (as well as for
other main personality traits) are lower than those of other complex traits that have been
subjected to the same analysis (see above).

The Present Study

The general aim of the present study is to estimate the proportion of the phenotypic
variance of Neuroticism that can be attributed to common SNPs in two large-scale adult
populations from Estonia and the Netherlands. Our study goes beyond earlier research in
several important aspects.

First, as described above, the SNP-based heritability of Neuroticism has so far been
examined using so-called harmonized Neuroticism scores (de Moor et al., 2015; Vinkhuyzen et
al., 2012), the 10 items of the IPIP (Power & Pluess, 2015), the short version of the EPQ-R
(M6ttus, Marioni, et al., 2015; Smith et al., 2016), or the Harm Avoidance scale from Cloninger’s
personality questionnaires (Verweij et al., 2012). Although Van den Berg and colleagues (2014)
argued that harmonization across nine different personality inventories was very successful, and
that Neuroticism and extraversion personality inventories were “largely measurement invariant
across cohorts” (p. 296), such harmonized phenotype scores are, by definition, heterogeneous,
because they are based on different personality scales measuring different facets or
characteristics of Neuroticism. For instance, the Harm Avoidance subscale from Cloninger’s

personality scales, used by Verweij et al. (2012), cannot be taken as a pure measure of
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Neuroticism, as it is a composite of both Neuroticism and extraversion (De Fruyt, Van De Wiele,
& Van Heeringen, 2000). Several researchers have argued (e.g., Manolio et al., 2009) that in
order to progress in our search for missing heritability, one important step is to reduce
heterogeneity by refining our phenotypes. To achieve this, we used two versions of the same
well-defined and well-validated FFM personality inventory: the NEO Personality Inventory-3
(NEO PI-3; McCrae, Costa, & Martin, 2005) and the Revised NEO Personality Inventory (NEO PI-
R; Costa & McCrae, 1992).

Second, we examined the variance in Neuroticism which could be accounted for by the
additive effects of the SNPs, not only at the domain level as had been done in earlier studies (de
Moor et al., 2015; Maottus, Marioni, et al., 2015; Power & Pluess, 2015; Smith et al., 2016;
Verweij et al., 2012; Vinkhuyzen et al., 2012), but also at the level of the more specific facet
scales of the NEO PI-3. This was prompted by the growing number of studies showing that
important variation in personality occurs at the level of facet scales (e.g., Mottus, McCrae, Allik,
& Realo, 2014; Mottus, Realo, et al., 2015), or even at the level of more narrow personality
characteristics/nuances (Mottus, Kandler, Bleidorn, Riemann, & McCrae, 2016). A recent meta-
analysis by Briley and Tucker-Drob (2014) showed that broad measures of personality (e.g., FFM
domains) tended to be less heritable than narrow measures (e.g., facets), although the
differences were rather small. On the other hand, several twin studies have shown that there
are substantive differences between the heritability estimates of the facets of the FFM domains
(Luciano, Wainwright, Wright, & Martin, 2006; Pincombe, Luciano, Martin, & Wright, 2007),
including the facets of Neuroticism (Briley & Tucker-Drob, 2012; Jang et al., 1996; Jang, McCrae,

Angleitner, Riemann, & Livesley, 1998; Kandler et al., 2010). For instance, in Jang and

http://mc.manuscriptcentral.com/jopy



OCoONOOOPR~WN =

Journal of Personality Page 10 of 46

SNP-Based Heritability of Neuroticism 10

colleagues’ two studies (1996; 1998), the heritability estimates of Neuroticism facets ranged
from .37 (N2: Hostility and N5: Impulsiveness) to .46 (N4: Self-Consciousness; Jang et al., 1996)
and from .26 (N1: Anxiety) to .44 (N6: Vulnerability; Jang et al., 1998), respectively. In sum,
there is enough evidence to suggest that (a) the SNP-based heritability estimates for
Neuroticism may differ at the domain and the facet levels and that (b) there might be
differences among facet scales because “aggregating facet scores to produce domain scores
overshadows nuances of the genetic effects and renders the domain scores not genetically
crisp” (Briley & Tucker-Drob, 2012; p. 755).

Third, as recently argued by McCrae (2015), it seems very likely that broad personality
factors correspond to large sets of different genes, some of which may influence all facets, some
several facets, and some only one or two facets. Thus, “a gene that affected only one facet,
however, would not be part of the set [of genes that pertains to domain-level variance]; it
would instead be one of the sources of specific variance in the facet” (p. 107). Consequently,
and similarly to Jang and colleagues (1998), we decomposed the variability in Neuroticism into
the common variance of its measured manifestations and their unique variances, and examined
the SNP-based heritability separately in each of these components. There is evidence that facet-
specific variance is agreed upon by different raters (e.g., self- vs. informant-reports; Kandler et
al., 2010; McCrae & Costa, 1992; Maottus et al., 2014) and that such residual scores contain valid
and meaningful specific variance over and above the variance that they share with their
respective domain scales (McCrae, 2015; Méttus et al., 2016).

Fourth, in addition to self-reports, we employed informant-reports of personality by

knowledgeable others. Informant-reports have become one of the most useful tools in
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personality research (Allik, Borkenau, Hrebickova, Kuppens, & Realo, 2015), and it has even
been shown that they may have substantially better validity than self-reports in predicting real-
life outcomes, such as job performance and academic achievement (Connelly & Ones, 2010).
Although substantial cross-rater agreement on personality traits has been demonstrated in
numerous studies (see Connelly & Ones, 2010; Connolly, Kavanagh, & Viswesvaran, 2007, for
reviews), with correlations between self- and informant-reports for Neuroticism typically
ranging between .40 and .50, there are only a few twin studies which have examined the
genetics of personality using informant-reports. Most of these studies have found a substantial
genetic influence on informant-rated personality trait scores (including Neuroticism), similar to
what has been found using self-reports (Borkenau, Riemann, Angleitner, & Spinath, 2001; Briley
& Tucker-Drob, 2014; Heath, Neale, Kessler, Eaves, & Kendler, 1992; Riemann et al., 1997).
Riemann and colleagues (1997) found, for instance, that additive genetic effects explained 52%
and 61% of the variability in Neuroticism scales for self- and informant-reports, respectively.
Our study is the first to examine whether SNP-based estimates of Neuroticism heritability
generalize across self- and informant-reports, and the extent to which SNP-based estimates of
heritability for Neuroticism are method-specific.

Fifth, we used two adult population samples, one from Estonia and the other from the
Netherlands, to ensure that our findings were not restricted to a specific population. First, we
calculated the SNP-based heritability estimates separately for the two samples. Next, we
explored whether different genetic markers influence Neuroticism in different environments by
testing for gene-environment interactions in a combined dataset, using the cohort of origin as a

proxy for the different environments (cf. Tropf et al., 2016).
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Method
Participants
The EGCUT sample. The Estonian participants for the present study came from the Estonian
Biobank cohort (approximately 52,000 individuals), which is a volunteer-based sample of the
Estonian resident adult population (Leitsalu et al., 2014). Participants were recruited by general
practitioners (GPs), physicians, and other medical personnel in hospitals and private practices,
as well as the recruitment offices of the Estonian Genome Centre of the University of Tartu

(EGCUT). Each participant signed an informed consent form (available at www.biobank.ee) and

underwent a standardized health examination by a physician. Participants also donated blood
samples for DNA and completed a Computer Assisted Personal Interview (CAPI) on health-
related topics and various clinical diagnoses listed in the WHO ICD-10 (Leitsalu et al., 2014).

The sample for the current study consists of 3,292 individuals (59.3% female) for whom
both personality (self- and informant-reports) and genotype data were available.®> The mean age
of the participants was 47.2 years (SD = 17.0, ranging from 18 to 91 years). About 40 per cent of
the respondents had higher education. The mean age of informants (N = 3,151, 71.3% female,
gender was unknown for 64 participants) was 42.1 (SD = 16.0) years. On average, informants
had known target subjects for 23.4 (SD = 15.1) years. Among informants, 47.5% were spouses or
partners, 17.5% were parents, 15.3% were friends, and the remaining 19.7% were other
relatives or acquaintances (for 60 respondents the relationship to the target was not known).

Genotyping was performed on multiple Illumina platforms (the lllumina CNV370-Duo
BeadChip platforms for 1,126 samples; OmniExpress BeadChips for 1,079; HumanCoreExome-11

BeadChips for 569; HumanCoreExome-10 BeadChips for 174; and PsychChip arrays for 344
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participants). Prior to imputation, samples with a call rate <0.95, excess heterozygosity, non-
Caucasian ethnicity (as determined by principal component analysis), high relatedness (pi-hat >
0.4), or a gender mismatch were excluded, as were SNPs with a MAF < 1%, a HWE p-value <10-
3, or a callrate < 95%. A total of 257,581 SNPs was used for imputation. Imputation was
performed with IMPUTE v2 (Howie, Donnelly, & Marchini, 2009) using the 1000 Genomes Phase
1 v3 reference panel (The 1000 Genomes Project Consortium, 2012; The Genomes Project,
2015).

The Lifelines sample. The Dutch sample is part of the Lifelines Cohort Study (approximately
167,700 individuals), a large population-based cohort study and biobank in the Northern part of
the Netherlands, which was established “as a resource for research on complex interactions
between environmental, phenotypic and genomic factors in the development of chronic
diseases and healthy ageing” (Scholtens et al., 2015; p. 1172). The Lifelines dataset contains
information about participants’ medical history, biochemistry, psychosocial characteristics,
lifestyle, and other relevant characteristics.

The sample used in the current study includes 13,383 people (58.2% female), with a mean
age of 48.8 years (SD = 11.4, ranging from 18 to 90 years) who completed a personality
inventory and for whom genotype data were available. About 33 per cent of the respondents
had higher education.

Genotyping was performed with the Illumina Cyto SNP12 v2 chip, and genotype calling was
carried out with Illumina GenomeStudio. Prior to imputation, samples with a call rate < 0.8,
excess heterozygosity, non-Caucasian ethnicity (as determined by principal component

analysis), high relatedness (pi-hat > 0.4), or a gender mismatch were excluded, as were SNPs
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with a MAF < 1%, a HWE p-value <1073, or a callrate < 95%. A total of 257,581 SNPs was used for
imputation. Imputation was performed in MiniMac (Howie, Fuchsberger, Stephens, Marchini, &
Abecasis, 2012) using the 1000 Genomes Phase 1 v3 reference panel (The 1000 Genomes
Project Consortium, 2012; The Genomes Project, 2015).

Personality Measures

The EGCUT cohort. In the EGCUT cohort, personality was assessed with the Estonian version
of the NEO PI-3 (McCrae et al., 2005), which is a slightly modified version of the NEO PI-R (Costa
& McCrae, 1992; Kallasmaa, Allik, Realo, & McCrae, 2000). Like the NEO PI-R, the NEO PI-3 has
240 items that measure 30 personality facets, which in turn are grouped into the five FFM
domains of six facet scores each. The NEO PI-3 has excellent psychometric properties in a wide
range of countries (De Fruyt et al., 2009), including Estonia. Iltems are answered on a five-point
scale (0 = false/strongly disagree - 4 = true/strongly agree).

Sum scores of the facet scales were calculated by adding up the scores of the 8 individual
items (reverse scored if required) in each facet scale, separately for self- and informant-ratings.
Higher scores reflect higher levels of anxiety, angry hostility, depression, and so on. The total
score of the Neuroticism domain is the sum of all items from each subscale, with higher scores
indicating greater levels of Neuroticism. Finally, to compare the findings with the Lifelines
sample (see below), a sum score of 32 items was calculated (henceforth N-32) from the Angry
Hostility (N2), Self-Consciousness (N4), Impulsiveness (N5), and Vulnerability (N6) facet scales.

The descriptive statistics of the scales, including Cronbach alphas, are shown in Table 1.

Insert Table 1 about here
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EGCUT participants completed the self-report form and informants the observer-report
form of the NEO PI-3. Similar to findings from other studies (e.g., Connolly et al., 2007), the
cross-rater correlation between the respective sum scores was .53 for the Neuroticism domain
and ranged from .42 for Impulsiveness (N5) to .51 for Anxiety (N1) and Depression (N3) among
the six facet scales (median = .47; all correlations significant at p < 0.001), see Table 1.

The Lifelines Sample. In the Lifelines sample, participants were asked to complete an
abbreviated version” of the Dutch NEO PI-R (Hoekstra, Ormel, & De Fruyt, 1996). Therefore, self-
reported data were only available for four facet scales of Neuroticism: Angry Hostility (N2), Self-
Consciousness(N4), Impulsiveness (N5), and Vulnerability (N6). The items were answered on a
five-point scale ranging from 1 (false/strongly disagree) to 5 (true/strongly agree). Sum scores of
the four abovementioned facet scales were calculated in the same way as in the EGCUT sample.
To compare the findings with the EGCUT sample, also a sum score of these 32 items (N-32) was
calculated from the Angry Hostility (N2), Self-Consciousness (N4), Impulsiveness (N5), and
Vulnerability (N6) facet scales. The means, SDs, and Cronbach alphas of the four facet scales and
the N-32 score are given in Table 1.

Preliminary Analyses of the EGCUT Sample on the Personality Measure

Residual facet scores. The residual facet scores in the EGCUT sample were obtained using
structural equation modelling, which allowed us to decompose the common variance of the
Neuroticism domain (shared variance across all items of the domain) and its facets (shared
variance of all items measuring a given facet, independently of what they shared with the
common variance of the domain). First, the same bi-factor model as in M&ttus et al. (2014; see

Figure 1) was fitted to self-reports. More specifically, the model was constructed in a way that
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all 48 self-reported items defined the general domain of Neuroticism, and all 8 self-reported
items of each facet defined the respective facet score. The correlations between the facet
scores and the Neuroticism domain score were set to zero, resulting in an orthogonal domain
and facet scores. Differently from Mottus et al. (2014), the facets of Neuroticism were not
allowed to correlate among themselves in the current study, which also made them orthogonal
in relation to each other. Since this bi-factor model did not fit the data sufficiently well, the
model was tweaked until it met the fit criteria, that is, until the Comparative Fit Index (CFI)
reached a value of .90 and the root mean squared error of approximation (RMSEA) reached
.06°, by omitting loadings below < .20 and by allowing residual correlations among items (based
on modification indices). The final model (shown in Figure 1) was then applied to informant-
ratings; this fitted the data reasonably well with CFl =.894 and RMSEA = .065. As a result, we
obtained a score of the general Neuroticism factor that underlies each of the 48 items and the
residual scores of six facets, each of which accounts for the unique influence of the specific facet
over and above the general factor. In other words, the six residual facet scores each represent
variance not accounted for by the general factor of Neuroticism. The cross-rater correlations for
the residual facet scores were .34, .42, .33, .40, .38, and .24 (median = .36) for Anxiety (N1) to
Vulnerability (N6), respectively. These estimates are similar to what was reported by Costa and
McCrae (2008; median =.33). The residual scores were — similarly to the sum-scores — analyzed
with GCTA.
Preparing the Genotypes

The EGCUT sample. The EGCUT genotypes were delivered in 5 separate files (corresponding

to the 5 genotyping platforms used). First, we selected only autosomal HapMap3 SNPs, as this
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set was optimized to capture common genetic variation in the human genome (Altshuler et al.,
2010). The files were then converted to the PLINK format with GTOOL (Freeman & Marchini,
2012), and merged with PLINK (Purcell, 2009; Purcell et al., 2007). We included only SNPs that
were present on all five platforms. We also checked whether the remaining SNPs had large
differences in allele frequencies between platforms, and excluded those with a difference >
15%. A number of SNPs with allele or position mismatches was also excluded. The final dataset
contained 3,303 individuals and 1,234,312 markers. The first four principal components were
calculated in PLINK for use as covariates.

The Lifelines sample. The Lifelines genotypes were available as PLINK files, with the first ten
principal component values calculated with Eigenstrat (Price et al., 2006), so we only needed to
select autosomal HapMap3 SNPs. The final Lifelines dataset contained 13,383 individuals and
1,401,138 SNPs.

The combined sample. For the combined analysis, we used the same merging procedure as
for the EGCUT: we only included SNPs that appeared in both cohorts, and excluded SNPs with
allele, allele-frequency (> 15%), or position mismatches between cohorts. When combining the
dataset, 0.1% of SNPs in the EGCUT and 12.0% of SNPs in the Lifelines cohort were excluded due
to reasons above. The final, combined dataset, consisted of 16,686 individuals and 1,233,075
SNPs.

GREML analyses in GCTA

GREML analyses were performed by calculating a genetic relationship matrix (GRM) in

GCTA, and then using the GRM in a REML analysis of the phenotypes. We used a GRM cut-off

value of 0.05 (Zaitlen et al., 2013), which excludes relationships that are approximately closer
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than second-cousins. This removed around 460 samples in the EGCUT sample, 3,910 in the
Lifelines sample, and 4,370 in the combined sample. In the EGCUT sample, we used sex,
genotyping platform, age, and the first 4 principal components as covariates. In the Lifelines
sample, we used sex, age, and the first 10 principal components as covariates. In order to run
the analysis in the combined dataset, we merged the genetic data in PLINK, and then
determined the first ten principal components using GCTA. Next, we calculated the residuals for
the phenotypes separately for both cohorts (using age, sex, genotyping platform (EGCUT only)
and the first ten PCs as covariates), and analyzed them in GCTA. We also included the cohort
from which the sample originated as an environmental factor, to test for gene-environment
interactions.

Power analysis (http://cnsgenomics.com/shiny/gcta) indicated a 99% chance of detecting a

SNP-based heritability estimate (h°) of 0.15 in Lifelines and the combined sample, and a mere
27% chance of detecting a h* of 0.15 in EGCUT sample.
Results

Genetic Correlations between SNP-based Estimates for Self- and Informant-Reports

Results of bivariate analyses (S. H. Lee, Yang, Goddard, Visscher, & Wray, 2012) showed that
genetic correlations between the SNP-based estimates for self- and informant-reports of
Neuroticism domain and facet sum scores were all 1, except for N6: Vulnerability (rG = .91).
Variance in Neuroticism Explained by Common SNPs

The SNP-based estimates of additive genetic effects of Neuroticism sum and residual facet
scores, as well as for Neuroticism domain scores, are shown in Table 2. In Lifelines, all estimates,

except for N5: Impulsivity, were significant at the level of p <.05. In EGCUT, on the contrary,
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only the estimate for self-reported Impulsiveness (N5) sum scores was significant at p < .05, and
the GREML-GCTA estimates for self-reported Depression (N3) and Vulnerability (N6) sum scores
and for other-reported Anxiety (N1) sum scores were marginally non-significant at p = .054,
.058, and .050, respectively. Due to the small sample size, the standard errors of the SNP-based
heritability estimates in the EGCUT cohort were relatively large (11-12%), reducing the

significance of our findings. In the Lifelines cohort, the standard errors were 4%.

Insert Table 2 about here

Self-Reports. In the EGCUT cohort, the SNP-based estimates for the Neuroticism domain
score was 15.2% (p = .070). The SNP-based heritability estimate of the N-32 score (that is, a
composite index of N2, N4, N5, and N6 items) was 13.4% (p = .098) in the EGCUT and 11.0% (p =
.002) in the Lifelines cohort (Table 2).

At the level of facet scales, common SNPs explained between 8.3% (Angry Hostility (N2); p =
.210) and 19.8% (Impulsiveness (N5); p = .040) of the variance in the EGCUT self-reported facet
sum scores (median = 14.6%) and between 3.3% (Impulsiveness (N5); p =.192) and 16.1% (N2:
Angry Hostility; p < .001) of the Lifelines facet sum scores (median = 11.2%).

The SNP-based heritability estimates in the EGCUT sample for self-reported residual facet
scales — from which the common variance of Neuroticism had been statistically removed -
ranged from 0% (Depression (N3), Self-Conscientiousness (N4) and Impulsivity (N5), all n.s.) to

14.7% (Anxiety (N1), p =.106), median = 3.6%.
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Informant-reports. In the EGCUT cohort, common SNPs explained 6.2% of the variance (p =
.293) in the informant-reported Neuroticism domain score and 1.5% of the variance (p = .448) in
the N-32 score (see Table 2).

At the level of facet scales, common SNPs explained between 0% (Self-Consciousness (N4)
and Impulsiveness (N5); n.s.) and 17.5% (Anxiety (N1); p = .050) of the variance in the EGCUT
facet sum scores (median = 6.8%) of informant-ratings. The SNP-based heritability estimates for
residual facet scales in informant-ratings ranged from 0% (Self-Consciousness (N4) and
Impulsiveness (N5), n.s.) to 16.8% (Angry Hostility (N2); p =.073), median = 5.5%.
Gene-Environment Interactions in Neuroticism

Finally, we tested whether genetic influences on Neuroticism were shared across cohorts, or
whether there were unique genetic effects to them. To this aim, we combined the EGCUT and
Lifelines cohorts (using the cohort of origin as the environment) and estimated a gene-
environment interaction model which gives two estimates, one for the genetic variance

component which is shared across both cohorts and one that is specific to cohorts.

Insert Table 3 about here

A significant gene-environment interaction (p < .05) was found in self-reported Impulsivity
(N5) sum scores (Table 3). At the same time, the genetic effects of Impulsivity (N5; 0.1%) and N-
32 (6.8%) did not reach statistical significance (p < .05) in the combined sample.

Discussion
Despite strong research evidence from behavioral genetics showing that all personality

traits, regardless of their type or breadth, are heritable (Turkheimer et al., 2014; Vukasovi¢ &
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Bratko, 2015), candidate gene and GWA studies have provided little evidence for the existence

of an involvement of specific genetic variants in personality traits (see Okbay et al., 2016 and

OCoONOOOPR~WN =

Smith et al., 2016; for recent exceptions). It has been proposed that this may be due to the

11 existence of many common variants with tiny effects which remain under the threshold of
statistical significance (Manolio et al., 2009) and that it is the cumulative effect of these variants
16 that makes people who share them similar in phenotype (Turkheimer et al., 2014).To overcome
this problem, GREML-GCTA (Yang et al., 2010) has been developed and successfully applied to
21 many complex phenotypes, providing considerably higher estimates of heritability than earlier
GWA studies.

26 To complement the existing research on personality traits, we examined the SNP-based
heritability of Neuroticism both at the domain and the facet level by using self- and other-

31 reports that were obtained with well-defined and validated NEO personality instruments.

34 Furthermore, in addition to the usual NEO sum scores of Neuroticism domain and facet scales,
36 we also examined the SNP-based heritability of the residual facet scores of Neuroticism from
39 which the common variance of Neuroticism had been statistically removed.

41 SNP-based Heritability of General Neuroticism

44 In the EGCUT cohort, the proportion of phenotypic variance explained by the additive

46 effects of common genetic variants in the self-reported Neuroticism domain score (15.2%, p =
49 .070) was very similar to what was reported earlier by De Moor and colleagues (2015; 14.7%

51 and 15.7%, respectively), Power and Pluess (2015; 15%), Smith et al. (2016; 15%), and Md&ttus

54 and colleagues (2015; 16%).
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In informant-reports, however, common SNPs explained only 6.2% (p = .293) of the variance
in Neuroticism domain score. In the case of the N-32 score, the estimates ranged between 11%
(Lifelines) and 14% (EGCUT) in self-reports vs. 1.5% in informant-reports (EGCUT). As M&ttus
and colleagues (2016) recently showed, the heritability estimates of informant-ratings may
indeed be smaller than those of self-ratings, even when based on aggregated ratings of multiple
informants.

In sum, our findings indicate that the SNP-based heritability of general self-reported
Neuroticism is typically 15%-16% which is less than half the average heritability estimate of
Neuroticism (39%) obtained in a recent meta-analysis of behavior genetics studies in twins
(Vukasovi¢ & Bratko, 2015). This estimate appears to be relatively robust across different
measurement instruments and samples, suggesting that the phenotypic heterogeneity has a
little effect on the heritability estimate. The difference between the heritability estimates from
twin and GCTA-GREML studies may imply that the genetic contribution is primarily caused by (a)
non-additive genetic variance due to genetic interactions within or across loci (Plomin, Corley,
Caspi, Fulker, & Defries, 1998; Zuk, Hechter, Sunyaev, & Lander, 2012); (b) the existence of
rare(r) variants with potentially large effects, which are not represented on genotype arrays
(Yang et al., 2015); or (c) epigenetic influences that may substantially contribute to the
transgenerational inheritance of complex traits (Trerotola, Relli, Simeone, & Alberti, 2015).
Specifically, the finding that heritability estimates tend to be systematically lower in
family/adoption studies than in twin studies (Vukasovic & Bratko, 2015), suggest the

involvement of epistatic or dominance mechanisms (non-additive genetic variance).
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Alternatively, (d) heritability estimates from twin studies may be biased upwards for different
methodological reasons (Vinkhuyzen et al., 2012).
SNP-based Heritability Estimates of Neuroticism Facet Scales

The SNP-based heritability estimates at the level of facet scales differed greatly across the
two samples, modes of measurement, and sum vs. residual scores, making it difficult to draw
uniform general conclusions. There are, however, certain trends in our findings, which we
describe below.

First, similarly to the Neuroticism domain level, the SNP-based heritability estimates were
generally higher for self-reports — for both sum and residual scores — than for informant-reports
at the level of facet scales. In general, this is in line with the findings of a study by Kandler and
colleagues (2010), who showed that, while self-rater-specific variance was substantially
influenced by genetic factors, peer-report method factors showed smaller genetic influences,
with the non-shared environment explaining most of the remaining variance. Differences in
heritability estimates between self- and informant-reports may also be due to the fact that
"genetic effects on the self-report method factor may reflect genetic effects on response
distortions (e.g. response styles, self-enhancement)” or that “... self-reports may be partially
based on information that is not accessible to peers or weighted less in peers’ personality
judgments (like motives, mental states)” (Riemann & Kandler, 2010; p. 263). For example,
Moéttus et al. (2016) reported that 39% of individual differences in a specific response bias,
acquiescent responding, could be explained by genetic variance; self-report method biases may
be as heritable as trait scores themselves. Last but not least, it is also possible that the SNP-

based heritability estimates were generally higher for self-reports than for other-reports simply
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because people see themselves as more neurotic compared to how they are seen by other
people (Allik et al., 2010) or that the self is more accurate than others in judging Neuroticism
and its facet scales, as proposed by the self-other knowledge asymmetry (SOKA) model (Vazire,
2010).

Second, across both methods of measurement (self- and informant-reports) and cohorts
(EGCUT and Lifelines, where applicable), SNP-based heritability estimates > 0% were observed
for the Anxiety (N1), Angry Hostility (N2), Depression (N3), and Vulnerability (N6) facet sum
scores. However, only three of these estimates (i.e., EGCUT informant-reported Anxiety (N1)
and Lifelines self-reported Angry Hostility (N2) and Vulnerability (N6)) were statistically
significant at p = .05, and there were also noticeable inconsistencies in our GREML-GCTA results,
across cohorts and/or self- and informant-reports. When in the EGCUT self-reports, for instance,
the SNP-based heritability of Impulsiveness (N5) sum scores was as high as 19.8% (p = .040), the
same estimate was 0 (n.s.) in the EGCUT informant-reports, and a low 3.3% (p = .193) in the
Lifelines self-reports. These inconsistent findings are particularly intriguing, as the genetic
correlations between the SNP-based estimates for self- and informant-ratings for different
Neuroticism sum scores (both domain and facet scores) in the EGCUT sample were all near unity
(except for Vulnerability (N6), rG = .91), indicating that, by and large, the same genes seem to
explain the genetic variance in self- and informant-ratings of Neuroticism. Overall, these results
suggest that SNP-based heritability estimates are not very robust at a finer level of
measurement of Neuroticism. Of course, it must be noted that the statistical power was very

low for these analyses (less than 30% for a heritability of 15%).
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Third, SNP-based heritability estimates were considerably lower for residual facet scales
than for sum scores, for both self- and informant-reports. This means that, if you remove the
“general Neuroticism genetic effect,” there is little specific genetic effect left in facet-level
scores. In other words, the heritability estimates of facet scores discussed in the paragraph
above were largely due to the heritable variance they shared with other facets—something that
could be interpreted as the general domain of Neuroticism. For instance, in both self- and
informant-reports, a modest portion of the specific variance in the Neuroticism facet scales
Anxiety (N1) and Angry Hostility (N2) was still attributable to genetic influence (8% to 17%),
implying that there might be unique genetic influences underlying these facets (cf. McCrae,
2015).

Fourth, we found a significant gene-environment interaction effect (p < .05) in self-reported
Impulsivity (N5) sum scores, suggesting that genetic effects on Impulsivity scores differ across
cohorts.

Limitations and Conclusions

Despite several strengths, as outlined above, our study also has some notable limitations.
The main limitation is restricted statistical power of some of the analyses conducted because of
the relatively small sample size of the EGCUT cohort (as evinced by the large standard errors of
the SNP-based heritability estimates), as GREML-GCTA requires very large samples to detect
genetic effects (J. J. Lee & Chow, 2014; Visscher et al., 2014). Another major limitation is that
the Lifelines cohort only had self-reported personality data for four Neuroticism facet scales,
meaning that we could not repeat all analyses (self- vs. informant-reports, sum vs. residual

scores) in both cohorts. As far as we are aware, this is the first study to estimate the heritability
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of personality traits with both self- and informant-reports by using the GREML-GCTA approach,
but as our findings are limited to a single cohort, it is impossible to generalize these effects.

In sum, if we accept that individual differences in Neuroticism are heritable to a larger
extent than 15%—as demonstrated by behavioral genetics studies—our findings may indicate
that a large proportion of the heritability of Neuroticism can be explained by other factors such
as non-additive or due to rare genetic variants. In both cases, the genetic mechanisms of the
trait are complex and possibly quite idiosyncratic: very different combinations of genes might be
implicated, even in similar levels of the phenotypic traits.

Our results also show that, although there may be substantial differences in the heritability
of Neuroticism facets—supporting a more “nuanced” approach to Neuroticism as recently
advocated by McCrae (2015)—these differences are not robust, in that they do not replicate
across different cohorts or modes of measurement. Even more, we found a significant gene-
environment interaction effect for the Neuroticism facet scale Impulsiveness (N5), indicating
that different genetic markers influence this Impulsiveness score in different populations. Thus,
it is perhaps time to consider the possibility that “there actually is not a large set of neuroticism
genes, each with small effect” but “there is merely a nonspecific genetic background to
phenotypic neuroticism, and to its phenotypic causes and effects” (Turkheimer et al., 2014; p.
536). How this nonspecific genetic background becomes manifest in the phenotypic
characteristics that we aggregate into the facets of Neuroticism, and the broad Neuroticism

itself, may vary across people and the point of view from which the characteristics are judged.
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Table 1
Descriptive Statistics of the NEO PI-3 (EGCUT) and the NEO PI-R (Lifelines) Neuroticism Scales (Sum Scores)

OCoONOOOPA~WN =

EGCUT Lifelines
Self-Ratings Informant-Ratings Self-Ratings

N=3,292 (59.3% female, N=3,151 (71.1% female, N=13,383, 58.2% female,

mean age =47.2 (SD =17.0) mean age =42.1 (SD = 16.0) mean age 48.8 (SD =11.4)

Scales n M SD a M SD o r M SD a

N1: Anxiety 8 16.02 5.99 .81 15.38 5.92 .82 .51 - - -
N2: Angry Hostility 8 13.21 5.27 .78 13.37 6.04 .83 .49 10.74 4.26 74

N3: Depression 8 14.20 5.61 77 13.59 5.26 77 .51 - - -
N4: Self-Consciousness 8 1473 5.22 72 13.25 4.90 72 .45 11.51 4.64 .78
N5: Impulsiveness 8 16.64 4.86 .67 15.46 5.19 .70 42 14.19 3.80 .61
N6: Vulnerability 8 10.71 4.68 .78 9.92 5.24 .83 43 10.35 4.14 .80

Neuroticism domain 48 85.51 24.50 .93 80.98 25.28 .93 .53 - - -
N-32: N2, N4, N5, N6 items 32 55.29 15.57 .88 52.00 16.99 .90 49 46.74 12.65 .87

Note. EGCUT = Estonian Genome Centre of the University of Tartu; Lifelines = The Lifelines Cohort Study; n = number of items;
r = cross-rater correlation; a = Cronbach alpha; As Lifelines used an item scale of 1-5, whereas EGCUT 0-4, we subtracted the
number of items (n) from the Lifelines averages to make them comparable to EGCUT.
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Table 2

SNP-based Estimates of Heritability for Sum and Residual Facet Scores of Neuroticism in Self- and Informant-Ratings

OCoONOOOPA~WN =

EGCUT Lifelines

11 Self-Ratings® Informant-Ratings® Self-Ratings®

13 Sum (N = 2,836) Residual (N=2,833) Sum (N=2,721) Residual (N=2,717) Sum (N =9,469)

15 Scales W p W’ p W p W p W p

17 N1: Anxiety 0.145 .091 0.147 .106 0.175 .050 0.078 232
20 N2: Angry Hostility 0.083 .210 0.121 .128 0.151 .095 0.168 .073 0.161 .000
22 N3: Depression 0.161 .054 0.000 .500 0.080 .236 0.129 139
24 N4: Self-Consciousness  0.120 .116 0.003 489 0.000 .500 0.000 .500 0.071 .029
N5: Impulsiveness 0.198 .040 0.069 .279 0.000 .500 0.000 .500 0.033 .193
29 N6: Vulnerability 0.168 .058 0.000 498 0.058 .313 0.033 .388 0.152 .000
31 Neuroticism domain 0.152 .070 0.118 123 0.062 .293 0.079 242

33 N-32 (N2+N4+N5+N6)  0.134 .098 0.015 .448 0.110  .002

Note. EGCUT = Estonian Genome Centre of the University of Tartu; Lifelines = The Lifelines Cohort Study; Sum = sum scores of items;
37 Residual = residual facet scores; h’= SNP-based heritability estimate, p = p-value; Standard errors (SE) of the SNP-based heritability
38 estimates were 0.11-0.12 for the EGCUT sample and 0.04 for the Lifelines sample.
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Table 3

SNP-based Estimates of Gene-Environment Interaction in the EGCUT and the

Lifelines Combined Cohort

Interaction effect Genetic effect

Scales GXxE p W p
N2: Angry Hostility 0.087 .064 0.090 .023
N4: Self-Conscientiousness 0.000 .500 0.094 .015
N5: Impulsivity 0.107 .033 0.001 491
N6: Vulnerability 0.049 .203 0.103 .014
N-32 (N2+N4+N5+N6) 0.082 .081 0.068 .069

Note. EGCUT = Estonian Genome Centre of the University of Tartu; Lifelines = The
Lifelines Cohort Study; G x E = gene and environment interaction effect (the
environment factor is the cohort of origin); h’= SNP-based heritability estimate, p =
p-value. p-values are based on likelihood-ratio tests comparing the full model with a
model constraining the particular effect to be zero. The Neuroticism scores of both
cohorts were corrected separately (using sex, age, PC1-10 and genotyping platform
(EGCUT only) as covariates). SE of the interaction effect was 0.058-0.060 and of the
genetic effect 0.046-0.048.
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Footnotes

! The Neuroticism score for the NTR cohort was composed of the items measuring psycho-
neuroticism by the Amsterdamse Biografische Vragenlijst (which is mainly based on the Maudley
Personality Inventory by Eysenck (1959) and by the NEO-FFI Neuroticism items). For the QIMR
cohort, the harmonized Neuroticism score was obtained across the Neuroticism items of the
Eysenck Personality Questionnaire, the NEO-FFI, the Temperament and Character Inventory, and
the Multidimensional Personality Questionnaire.

2 Neuroticism and Extraversion scores were derived from the Eysenck Personality
Questionnaire, the NEO-FFI, the International Personality Item Pool, and the Multidimensional
Personality Questionnaire.

3 For calculating residual facet scores (see below), a sample of 3,345 individuals (59.3%
female) was used with a mean age of 46.6 years (SD = 17.0, ranging from 18 to 91 years).

* This was done with the aim of reducing respondent burden and to limit overlap between
the omitted Neuroticism facets and anxiety and depressive symptoms as assessed with the MINI
International Neuropsychiatric Interview.

>Hu and Bentler (1999) suggested that a cut-off value close to or greater than .95 for CFl and
a cut-off value close to .06 for RMSEA are needed in order to conclude that the model fits the
observed data relatively well. However, as CFl tends to decrease in models with a large number
of variables, even when the model is correctly specified (cf. Mottus et al., 2014), we decided that
a cut-off value of .90 for CFI (together with an RMSEA value close to .06) can be considered

indicative of an acceptable model fit.
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Figure 1. The bi-factor model for N in self-ratings. N1 = Anxiety; N2: Angry Hostility; N3 =

Depression; N4 = Self-Consciousness; N5 = Impulsiveness; and N6 = Vulnerability.
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