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Circadian rhythms run in approximately 24-h 
cycles to carry out essential functions, such as regu-
lating sleep, temperature, and digestion (Reddy et al., 
2021). Circadian rhythms have often been associated 
with health outcomes, mainly focused on physical 

health (Walker et  al., 2020; Morgan et  al., 2019). 
Recently, researchers have found specific genes in 
humans that contribute to the predisposition of 
developing traits related to circadian rhythms, such 
as being a morning person (Jones et al., 2019). In other 
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Abstract  The association between circadian rhythms and diseases has been well 
established, while the association with mental health is less explored. Given the heri-
table nature of circadian rhythms, this study aimed to investigate the relationship 
between genes underlying circadian rhythms and mental health outcomes, as well as 
a possible gene-environment correlation for circadian rhythms. Polygenic scores 
(PGSs) represent the genetic predisposition to develop a certain trait or disease. In a 
sample from the Netherlands Twin Register (N = 14,021), PGSs were calculated for 
two circadian rhythm measures: morningness and relative amplitude (RA). The PGSs 
were used to predict mental health outcomes such as subjective happiness, quality of 
life, and depressive symptoms. In addition, we performed the same prediction analy-
sis in a within-family design in a subset of dizygotic twins. The PGS for morningness 
significantly predicted morningness (R2 = 1.55%) and depressive symptoms 
(R2 = 0.22%). The PGS for RA significantly predicted general health (R2 = 0.12%) and 
depressive symptoms (R2 = 0.20%). Item analysis of the depressive symptoms showed 
that 4 out of 14 items were significantly associated with the PGSs. Overall, the results 
showed that people with a genetic predisposition of being a morning person or with 
a high RA are likely to have fewer depressive symptoms. The four associated depres-
sive symptoms described symptoms related to decision-making, energy, and feeling 
worthless or inferior, rather than sleep. Based on our findings future research should 
include a substantial role for circadian rhythms in depression research and should 
further explore the gene-environment correlation in circadian rhythms.
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words, these genes can be used to partially predict 
whether one will be a morning or an evening person. 
Here, we used these genes to study the association 
between the genetic predisposition for circadian 
rhythms and wellbeing and mental health.

In the past decade, the role of genetic factors in cir-
cadian rhythms has become more evident (Lane et al., 
2023; Vitaterna et al., 2019). Twin studies have shown 
that chronotype has a heritability estimate between 
40% and 54% (Barclay et al., 2014; Hur, 2007). But as 
chronotype changes with age (Broms et al., 2014; Cox 
et al., 2019; Maukonen et al., 2019), it is important to 
notice that the heritability of morningness changes 
with age as well. Specifically, the additive genetic 
influences on finding it easy to be active in the morning 
rather than in the evening are 34% in middle adult-
hood and 44% in younger and older adults (Barclay 
et al., 2014). This decrease in genetic influences dur-
ing middle adulthood is possibly driven by increased 
work and family responsibilities with more dictated 
daily activity patterns that suppress genetic predis-
position. Besides heritability studies, there has also 
been work focused on specific genes related to circa-
dian rhythms (Vitaterna et al., 2019), both in humans 
and in animal models (Chang et al., 2019; Lou et al., 
2018; Mesgar et al., 2022).

Circadian rhythms are subjected to both genetic 
and environmental factors, but these factors do not 
act separately; they also depend on each other. This 
is called “gene-environment correlation”: your envi-
ronmental exposure depends on your genetic make-
up. Recently, Burns et  al. (2023) considered this 
theory for their genome-wide gene-by-environment 
study on daylight and chronotypes. They studied 
data from 280,987 participants, including data on 
their DNA, chronotype (self-report), and time spent 
outdoors (self-report). They reported a positive effect 
of daylight exposure on morningness, that is, greater 
daylight exposure was associated with greater morn-
ingness. One genetic variant was found to moderate 
this effect, meaning that the positive effect of day-
light exposure on morningness is enhanced in peo-
ple that carry this genetic variant. Based on this 
finding, one of the author’s hypotheses is that people 
with a genetic predisposition to seek out more day-
light also tend to be morning people.

The heritable influences on complex traits are 
driven by thousands of genetic variants with small 
effects, rather than a few genetic variants with large 
effects (Boyle et al., 2017). With this in mind, Jones 
et al. (2019) performed a Genome-Wide Association 
Meta-Analysis (GWAMA) using data from 697,828 
individuals from UK Biobank and 23andMe partici-
pants. They found 351 loci associated with chrono-
type and reported a single-nucleotide polymorphism 
(SNP) heritability (h2

snp) of 13.7%. The results from 

Genome-Wide Association Studies (GWASs) can also 
help us understand the associations between various 
traits. For example, a common practice is to use 
GWAS summary statistics to examine genetic corre-
lations. Jones et  al. (2019) reported genetic correla-
tions between being a morning person and 
psychiatric traits. They found both positive genetic 
correlations (subjective wellbeing) and negative 
genetic correlations (e.g., schizophrenia, depressive 
symptoms, and intelligence) with morningness, but 
they also found that body mass index and Type 2 
diabetes were not genetically correlated to morning-
ness. As they ultimately were interested in establish-
ing whether morningness had a causal relation with 
(mental) health outcomes, they applied Mendelian 
randomization analyses to estimate causal effects. 
Their main findings suggested that a genetic predis-
position for being a morning person may reduce the 
odds of developing schizophrenia and increase lev-
els of subjective wellbeing. Using the same methods, 
Lane et  al. (2016) suggested that increased genetic 
predisposition for “eveningness” is correlated with 
and possibly causal for increased educational attain-
ment (educational attainment increased by 7.5% 
increase in “eveningness” category).

Where GWAS helps us to identify genetic markers 
related to specific traits, another application of 
GWAS is to use these markers found in the analysis 
to calculate polygenic scores (PGSs). Not many stud-
ies have applied this approach to circadian rhythm 
data yet, but Ferguson et al. (2018) calculated PGSs 
for low relative amplitude (RA). The PGSs were 
found to predict mood instability, major depressive 
disorder, and neuroticism, meaning that having a 
high genetic risk for low RA, reflecting a predisposi-
tion for a disrupted rest-activity rhythm, is associ-
ated with a higher risk of developing these psychiatric 
phenotypes. This was not the case for generalized 
anxiety disorder and bipolar disorder

We built on the work of Jones et  al. (2019) and 
Ferguson et al. (2018) to further explore the genetic 
association between circadian rhythms and mental 
health. To this end, we constructed PGSs for two dif-
ferent proxies of circadian rhythms. In the current 
study, the proxy of daily rhythm phase was chrono-
type (“morningness”) and the proxy of amplitude 
was RA. RA was defined as the difference in activity 
between the most active 10-h period and the least 
active 5-h (nighttime activity level) period in a com-
plete 24-h period (van Someren et  al., 1996). This 
means that high RA indicates a bigger difference 
between activity levels during the most active and 
least active periods of the day, compared to low RA. 
Low RA is indicative of a disrupted rest-activity 
rhythm. A PGS for self-reported chronotype, a sub-
jective proxy of daily rhythm phase, and a PGS for 
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RA as an objective proxy of amplitude were con-
structed in a sample of the Netherlands Twin Register 
(NTR). These two types of PGS were used to predict 
several outcomes such as wellbeing, depressive 
symptoms, chronotype, and health.

To enable detection of possible gene-environment 
correlation in the associations between circadian 
rhythms and sleep, wellbeing, and mood-related 
outcomes, the analyses were extended from a 
between-family design to a within-family design 
that only included dizygotic (DZ) twins. The theory 
behind this method is that the twins all grew up in 
the same family environment, so you expect the 
effect of the family environment to be zero in that 
sample, being left with only genetic effects. In the 
between-family sample, you expect to have both 
genetic and family effects. If the prediction results 
from both samples are significantly different from 
each other, one can conclude that there is gene-envi-
ronment correlation at play.

Materials And Methods

Participants

Participants in this study voluntarily registered to 
participate in scientific research at the NTR (Ligthart 
et al., 2019). The NTR sample is a population-based 
sample of twins and their families. On average, every 
2 to 3 years a survey is send out designed to measure, 
among other things, personality, psychopathology, 
wellbeing, and lifestyle.

In this study, we used data from 14,021 adult par-
ticipants (mean age 43.01, SD = 17.63, 63.3% female) 
for whom phenotype and genotype data were avail-
able. The data came from surveys (“waves”) 2 (1993-
1994), 3 (1995-1996), 4 (1997-1998), 8 (2009-2010), 10 
(2013-2014), and 14 (2019-2020). In the event of mul-
tiple available time-points per individual for the 
same measure, the last time-point was selected.

Outcome Measures

Wellbeing
Hedonic wellbeing.  Hedonic wellbeing is assessed 

with the Subjective Happiness Scale (Lyubomirsky 
and Lepper, 1999), the Satisfaction with Life Scale 
(Diener et al., 1985), and the Cantril Ladder (Cantril, 
1965). The Subjective Happiness Scale is a 4-item sur-
vey where the items are rated on a Likert-type scale 
from 1 (strongly disagree) to 7 (strongly agree). An 
example item is: “Compared with most of my peers, I 
consider myself more happy.” We re-coded two nega-
tively worded items, so that for all items a higher score 

was associated with a higher level of happiness. The 
Satisfaction with Life Scale (Diener et  al., 1985) is a 
5-item survey where the items are also rated on a Lik-
ert-type scale from 1 (strongly disagree) to 7 (strongly 
agree). An example item is: “So far I have gotten the 
important things I want in life.” The Cantril Ladder 
(Cantril, 1965) invites participants to rate their qual-
ity of life on a 10-point scale, where score of 0 rep-
resents the worst life possible, whereas a score of 10 
represents the best life possible (“Where on the scale 
would you put your life in general?”)

Eudaimonic wellbeing.  Eudaimonic wellbeing is 
assessed with the Short Flourishing Scale (Diener 
et al., 2010), which consists of 8 items that participants 
rated from 1 to 7 (“strongly disagree” to “strongly 
agree”) on a Likert-type scale. An example item is: “I 
lead a purposeful and meaningful life.”

Health.  Self-rated health was assessed using a single 
item: “How would you rate your general health?” 
(Eriksson et al., 2001). Participants rated the item on 
a 5-point Likert-type scale ranging from “bad” to 
“excellent.”

Chronotype.  A single item was used to assess Chrono-
type: “Are you a morning-active or evening-active 
person?” The scale ranges from 1 to 5 with 1 repre-
senting a morning-active person and 5 representing 
an evening-active person.

Depressive Symptoms.  The adult self-report (ASR) of 
the Achenbach System of Empirically Based Assess-
ment (Rescorla and Achenbach, 2004) was used to 
measure the DSM depressive problems scale (Achen-
bach and Rescorla, 2003). Fourteen items (see Suppl. 
Table S1) were rated from 0 to 2 (0 = not true, 1 = some-
what true, 2 = very true). An example item is: “I cry a 
lot.” The data included the sum scores of the scale, as 
well as the scores on the individual items.

GWAS Summary Statistics.  To create the PGSs, GWAS 
summary statistics for two traits were used: morning-
ness and RA.

Morningness.  We include morningness as a subjective 
proxy of daily rhythm phase and we used the pub-
licly available summary statistics from the GWAMA 
by Jones et  al. (2019). Using a 4-point Likert-type 
scale, participants reported whether they identified 
as a morning person or an evening person. The 
GWAMA detected 351 genome-wide significant 
SNPs. For this study, we used the summary statistics 
that only included UK Biobank participants 
(N = 449,734). We retained variants for which the 
effect allele frequency (EAF) was 0.01 ≤ EAF ≤ 0.99. 
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Variant EAF and effect sizes were aligned with the 
NTR reference for the 1000 genome variants. Discov-
ery variants that are not part of this reference were 
discarded.

Relative Amplitude.  The publicly available summary 
statistics from the GWAS by Ferguson et  al. (2018) 
were used to make PGSs for RA. RA was derived 
from accelerometer data and is therefore commonly 
used as an objective proxy of amplitude. The GWAS 
was performed in a sample of 71,500 UK Biobank 
participants and detected 5 genome-wide significant 
SNPs. We retained variants for which the EAF is 
0.01 ≤ EAF ≤ 0.99. Variant EAF and effect sizes were 
aligned with the NTR reference for the 1000 genome 
variants. Discovery variants that are not part of this 
reference were discarded.

Statistical Analyses

PGS Computation.  The summary statistics from Jones 
et al. (2019) and Ferguson et al. (2018) were taken as 
input for the LDpred 0.9 software (Vilhjálmsson et al., 
2015). For estimating the target linkage disequilib-
rium structure, we (1) used a selection of unrelated 
individuals in the NTR sample and (2) selected a set 
of well-imputed variants in the NTR sample. The 
parameter ld_radius is set by dividing the number of 
variants in common (from the output of the coordina-
tion step) by 12,000. Note that for the coordination 
step we provided the median sample size as input 
value for N. For the LDpred step, we applied the fol-
lowing thresholds for fraction of variants with non-
zero effect (in addition to the default infinitesimal 
model): p = 0.01, p = 0.05, p = 0.1, p = 0.2 and p = 0.5. We 
used the plink2 software package for generating the 
PGSs by applying the score option to the input 
weighted effect sizes and the genotype data set. As 
scoring genotype data sets, we used the entire NTR 
sample. PGSs were generated for all the NTR partici-
pants who had genotype data available. A more 
detailed description on how the PGSs were generated 
can be found in the Supplementary Material.

Between-Family Analysis.  A between-family design 
was applied to test whether the outcome measures 
can be predicted by the PGSs for morningness and 
RA. Given the exploratory nature of the associa-
tions, the results for all the threshold values are 
reported (p = 0.01, p = 0.05, p = 0.1, p = 0.2, p = 0.3, 
p = 0.5, and p = infinity). We performed generalized 
estimating equation (GEE) modeling (Halekoh 
et al., 2006) with a conditional covariance matrix to 
account for the fact that observations for family 
members are dependent. The following covariates 
were included in the analyses: sex, age, age2, the first 

10 principal components, and the survey wave. We 
employed a conservative Bonferroni-corrected sig-
nificance value (0.05/126 = 0.0004).

If the PGSs for morningness and RA were able to 
significantly predict the DSM depressive symptoms 
sum scores, we would perform a sensitivity analysis. 
Here we regressed the 14 individual depressive 
symptom items (see Suppl. Table S1) on the PGSs for 
morningness and RA. This time, we only included 
the PGSs with p-value thresholds that were signifi-
cant in the prior GEE. The sensitivity analysis tested 
two hypotheses.

Hypothesis 1: The PGSs predict all the depressive 
symptoms, possibly through a common latent factor 
(“depression”).

Hypothesis 2: The PGSs only predict the depres-
sive symptoms that are directly related to sleep 
(symptoms 54, 77, and 100).

Within-Family Analysis.  As a follow-up analysis, we 
applied a within-family genetic design to detect pas-
sive gene-environment correlations (prGE). The the-
ory behind this design is that parents generate an 
environment for their offspring that is correlated to 
their own genotypes (prGE). That is why an estimate 
of the effect of a PGS on an outcome not otherwise 
adjusted for the family environment is likely to 
include both direct genetic effects and indirect effects 
through the environment parents created. We can dis-
entangle these direct genetic and indirect effects by 
using a within-family design applied to a subset con-
taining only DZ twin pairs. The related formula is 
shown below:

PGS
PGS

mean �
� �i

n
i

n
0

And the personal deviation for sibling i from the 
family mean as:

� � �PGS PGS PGSmeani i

Then we can regress the outcome y on Xmean  and 
∆i as:

y b b u eij i j i� � � � � � �PGS PGSwithin between mean

The intuitive reasoning behind the model is as 
follows: (1) siblings share the same parental genetic 
influences that have shaped their environment, (2) 
using within-family further rules out bias due to 
population stratification and assortative mating 
(Selzam et al., 2019), and (3) using DZ twins rather 
than sibling further controls for age, parental age, 
family income at a given age, and age-specific 
neighborhood factors (Selzam et al., 2019). Based 
on this, we expect the beta for the within-family 



274  JOURNAL OF BIOLOGICAL RHYTHMS / June 2024

predictions to be smaller than the beta for the 
between-family predictions.

We only applied the within-family analysis to the 
predictions that were found significant in the 
between-family analysis. Ninety-five percent confi-
dence intervals (CIs) were estimated using 1000 boot-
strap resampling with replacement.

Results

Between-family Analysis

Descriptive statistics are presented in 
Supplementary Table S2. The results for the between-
family analysis are summarized in Table 1. The PGS 
for morningness significantly predicted two outcome 
measures: morningness (R2 = 1.55%, p  < 0.001, 
N = 4048) and depressive symptoms (R2 = 0.22%, 
p < 0.001, N = 9449, Figure 1). This means that having 
a higher genetic predisposition for morningness is 

related to being a morning person, and to experienc-
ing fewer depressive symptoms. The p-value thresh-
old of 0.2 had the best predictive value. The results 
for all the PGS morningness analyses can be found in 
Supplementary Table S3.

The PGS for RA also yielded two significant asso-
ciations: health (R2 = 0.12%, p < 0.001, N = 10,912) and 
depressive symptoms (R2 = 0.20%, p < 0.001, N = 9449, 
Figure 1). This means that having a genetic predispo-
sition for a higher RA, meaning a well-functioning 
rest-activity rhythm, is associated with better health 
and less depressive symptoms. The p-value threshold 
of 0.01 had the best predictive value. The results for 
all the PGS RA analyses can be found in Supplementary 
Table S4.

Sensitivity Analysis: ASR Items

Since both PGSs significantly predicted the DSM 
depressive symptoms sum scores, the 14 items were 
also separately regressed on the PGSs. Under the 

Table 1.  Summarized results from the between-family predictions for both the morningness PGS and the RA PGS. This summary 
table shows the results for the analyses with the p-value thresholds that yielded the most explained variance (R2).

PGS Phenotype b SE 95% CI R2 p

PGS for morningness (p-value threshold)
  0.01 Satisfaction with life

(N = 9922)
0.0225 0.01 0.00 to 0.04 0.0005 0.0317

  0.01 Subjective happiness
(N = 3222)

0.0276 0.02 −0.01 to 0.06 0.0008 0.1242

  Infinity Quality of life
(N = 10,431)

0.0224 0.01 0.00 to 0.04 0.0005 0.0268

  Infinity Flourishing
(N = 4150)

−0.0141 0.02 −0.05 to 0.02 0.0002 0.3720

  Infinity Health
(N = 10,912)

0.0270 0.01 0.01 to 0.05 0.0007 0.0065

  0.2 Morningness
(N = 4048)

−0.1246 0.02 −0.16 to −0.09 0.0155 0.0000

  Infinity ASR
(N = 9449)

−0.0492 0.01 −0.07 to −0.03 0.0024 0.0000

PGS for RA (p-value threshold)
  0.01 Satisfaction with life

(N = 9922)
0.0266 0.01 0.01 to 0.05 0.0007 0.0135

  Infinity Subjective happiness
(N = 3222)

0.0254 0.02 −0.01 to 0.06 0.0006 0.1619

  0.01 Quality of life
(N = 10,431)

0.0258 0.01 0.01 to 0.05 0.0007 0.0116

  Infinity Flourishing
(N = 4150)

0.0198 0.02 −0.01 to 0.05 0.0004 0.2202

  0.01 Health
(N = 10,912)

0.0350 0.01 0.02 to 0.05 0.0012 0.0003

  0.05 Morningness
(N = 4048)

−0.0247 0.02 −0.06 to 0.01 0.0006 0.1366

  0.01 ASR
(N = 9449)

−0.0447 0.01 −0.07 to −0.02 0.0020 0.0000

Abbreviations: PGS = polygenic score; ASR = adult self-report (Achenbach and Rescorla, 2003); RA = relative amplitude; SE = standard error; 
CI = confidence interval.
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Bonferroni-corrected alpha, 4 of the predictions were 
significant. The top 3 significantly predicted items for 
the PGS for morningness were (1) I have trouble mak-
ing decisions (R2 = 0.18, p = 0.0001, N = 8820), (2) I do not 
have much energy (R2 = 0.17, p = 0.0002, N = 8785), and 
(3) I feel worthless or inferior (R2 = 0.16, p = 0.0003, 
N = 8992). Higher PGSs for morningness predicted 
lower scores on these 3 items. The top 3 predicted 
items for the PGS for RA were (1) I do not have much 
energy (R2 = 0.21, p < 0.0001, N = 8785), I think about kill-
ing myself (R2 = 0.16, ns, N = 8974), and (3) I feel that I 
cannot succeed (R2 = 0.15, ns, N = 8948). Higher PGSs 
for RA predicted lower scores on these 3 items. Only 
the prediction of I do not have much energy was signifi-
cant. The predictions are shown in Figure 2 and the 
detailed results for all the item analyses can be found 
in Supplementary Table S5 and S6. The results contra-
dict both hypotheses. The PGSs do not significantly 
predict all symptoms (Hypothesis 1), nor do they 
only predict the sleep-related symptoms (Hypothesis 
2). The results compared to the hypotheses are 
depicted in Figure 3.

Within-family Analysis

Descriptive statistics for the within-family analysis 
can be found in Supplementary Table S7. The analysis 
was bootstrapped with N = 1000. The within-family 
PGS predictions were only analyzed for the PGS 
associations that were statistically significant in the 
between-family PGS analysis. Therefore, Figure 4 
depicts the between- and within-family analyses for 
(1) morningness and the depressive symptoms sum 
score regressed on the PGS for morningness, and (2) 

self-rated health and the depressive symptoms sum 
score regressed on the PGS for RA. In the within-fam-
ily analysis, the PGS for morningness predicted 
morningness (b = −0.18, 95% CI = −.32 to −.05). This 
means that twins with a higher PGS for morningness 
are more likely to be a morning person than their co-
twin. Because the regression coefficient was signifi-
cantly different from zero, this suggests that there is 
gene-environment correlation. However, the CIs of 
the within-family analysis overlap with the CIs of the 
between-family analysis. The other within-family 
predictions did not yield significant results (Suppl. 
Tables S8 and S9).

Discussion

Recent genetic studies have advanced the field of 
circadian rhythms (Crislip et  al., 2021; Lane et  al., 
2023; Jones et al., 2019; Vitaterna et al., 2019). The goal 
of this study was to see to what extent the genetic pre-
disposition for circadian rhythm–related proxies like 
morningness and RA reflecting rest-activity rhythm, 
captured with a PGS, could be used to predict wellbe-
ing, depressive symptoms, chronotype, and health. 
We show that people with a higher genetic predispo-
sition for being a morning person are more likely to 
be morning people and to have fewer depressive 
symptoms. People with a higher genetic predisposi-
tion for a high RA, reflecting a stronger rest-activity 
rhythm, are more likely to have good general health 
and also to have fewer depressive symptoms. We 
found no associations between the PGSs and wellbe-
ing. Using sensitivity analyses, it was tested if the 

Figure 1.  The seven outcome measures regressed on the PGS for morningness and the PGS for relative amplitude. Abbreviation: 
PGS = polygenic score.
*Indicates a significant association.
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Figure 2.  The 14 depressive symptoms regressed on the PGS for morningness and the PGS for relative amplitude. Abbreviation: 
PGS = polygenic score.
*Indicates a significant association.

Figure 3.  Hypotheses 1 and 2 compared to the results from the sensitivity analysis of depressive symptoms. The figure shows the top 3 
predicted symptoms per PGS. Abbreviation: PGS = polygenic score.
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PGSs predict all the depressive symptoms, possibly 
through a common latent factor (“depression”; 
Hypothesis 1) or if the PGSs only predict the depres-
sive symptoms that are directly related to sleep 
(Symptoms 54, 77, and 100, see Suppl. Table S1; 
Hypothesis 2). The results did not confirm either 
hypothesis. The results from the within-family analy-
sis were inconclusive.

The result that people with a higher genetic predis-
position for being a morning person and with a 
genetic predisposition for a high RA score were likely 
to have fewer depressive symptoms is in line with the 
results from Ferguson et al. (2018) where the PGSs for 
low RA predicted major depressive disorder, and the 
results from Jones et al. (2019) where they found that 
morningness and depressive symptoms are partially 
influenced by the same genes, reflected in a signifi-
cant genetic correlation of −0.16. On the contrary, the 
lack of associations of the PGS with wellbeing mea-
sures was unexpected. Jones et  al. (2019) showed 
through both genetic correlation analysis and 
Mendelian randomization analysis that morningness 
and subjective wellbeing are related to each other. 
One explanation for this could be that the strict 
Bonferroni correction reduced power to detect a true 
positive effect. Considering the sign of the effects and 
disregarding the significance of the effects for a 
moment, our results show a pattern of a positive 
association between the PGSs and the wellbeing mea-
sures. In general, this association was stronger for the 
PGS for RA than for the PGS for morningness.

The PGSs do not, in contrast to our hypotheses, 
relate to all depressive symptoms, nor do they only 
relate to the sleep-related symptoms. These results 
are inconsistent with an influence of these PGS on 
depression symptoms via a common (latent) depres-
sion factor. Our findings are potentially complemen-
tary to the causal systems perspective (Borsboom, 2008). 
This perspective argues that the co-occurrence of 
symptoms is not driven by a common factor, but that 
this co-occurrence exists because of causal meaning-
ful symptom-to-symptom interactions. Based on this 
absence of a common causal factor, it is likely that 
each symptom has their own psychological, neuro-
logical, and genetic root (Borsboom, 2008). 
Particularly, the latter relates to our results. For exam-
ple, the PGS for morningness seems to relate more 
strongly to “I have trouble making decisions” than to 
“I cry a lot.” At the same time, “I think of killing 
myself” (not significantly predicted, but in the top 3 
predicted items) seems to be influenced by the genetic 
variants related to RA but not at all by the genetic 
variants related to morningness. These are two exam-
ples that demonstrate differences in genetic root in 
depressive symptoms. This also suggests that 
although the two types of PGS both are proxies of the 
construct of circadian rhythms, they may apply very 
differently to these symptoms. Possible explanations 
for this could be that morningness and RA are very 
distinct aspects of circadian rhythms, or that morn-
ingness is a subjective measure while RA is an objec-
tive measure. However, it is important to remember 

Figure 4.  Bootstrap between- and within-family analysis results with 95% confidence intervals. Abbreviation: RA = relative amplitude.
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that we tested whether the PGS predictions were dif-
ferent from zero, but we did not formally test whether 
the PGS predictions were significantly different from 
each other. Our conclusions are therefore merely sug-
gestive or even merely an illustration of how, with 
increasing numbers of SNP hits, future studies could 
explore the relation between circadian rhythms and 
depression under different models of depression, 
such as the common factor model or symptom-to-
symptom model.

The within-family analysis yielded unexpected 
results. There was a relation between the PGS for 
morningness and the trait morningness. This indi-
cates that, while correcting for effects of the family 
environment, the differences in outcome measures 
are related to polygenic differences between twins. 
This implies that differences in morningness between 
DZ twins of the same family are driven by genetic 
differences between them. When comparing these 
within-family results to the (bootstrapped) between-
family results, we expected that the within-family 
analysis would result in a smaller beta. This would 
then imply a gene-environment correlation (Selzam 
et al., 2019). The results showed the opposite: the beta 
for the within-family analysis was bigger compared 
to the between-family analysis. This could mean that 
the association between one’s genetic predisposition 
of being a morning person and actually being a morn-
ing person becomes stronger when we remove the 
effect of the family environment. However, even 
though the within-family prediction was significantly 
different from zero, it was not statistically different 
from the between-family prediction. This makes the 
result inconclusive and no conclusions should be 
drawn from this. This lack of statistical difference is 
likely to be an issue of power. For example, Okbay 
et  al. (2022) compared within- and between-family 
PGS results for education attainment and found that 
about half of the predictive value of the PGS could be 
attributed to direct genetic effects from the within-
family design. This also means that the other half 
could be attributed to assortative mating and popula-
tion stratification and therefore their results justify 
gene-environment correlation. Compared to this 
study, Okbay et al. (2022) used a much larger sample 
(n = 56,500 vs 2100 for the within-family analysis) so it 
would be interesting to see how our findings would 
hold in a larger sample.

Zooming in on the within-family morningness 
association, studies by Yamazaki (2007) and 
Leonhard and Randler (2009) have reflected on this 
role of the family environment on circadian rhythms. 
Yamazaki (2007) showed that circadian rhythms of 
first-time mothers are influenced by their few-
months old children. Leonhard and Randler (2009) 
expanded this and investigated how circadian 

rhythms of women are influenced by both their chil-
dren and their partners. Their results showed that 
circadian rhythms and the chronotype of mothers 
are significantly influenced by their children, also 
when the children are on average 3.3 years old. In 
addition, the synchrony between the mother and the 
child is stronger than between the mother and the 
partner, which indicates that children are a more 
influential social synchronizing factor than partners. 
Based on their data, they argue that it is likely that 
the mother wakes up early because of the child, but 
that this does not necessarily reflect her own chrono-
type. Chronotypes of partners were moderately cor-
related (Leonhard and Randler, 2009), leaving the 
question whether this is due to assortative mating or 
the effect of living together. More recently, Pereira-
Morales et al. (2019) published results on the associa-
tion between individual chronotypes and perceived 
family chronotypes. Their findings show that the 
perceived family chronotype explains part of the 
variance in individual chronotype. Our result from 
the within-family analysis in morningness leans 
toward these other findings. A follow-up study could 
include a family design with both parents and chil-
dren to look at (1) the phenotypic associations of cir-
cadian rhythms and the direction of the association 
and at (2) the associations between the children’s 
PGS, the parental PGS (transmitted and non-trans-
mitted), and the phenotypic circadian rhythm prox-
ies. The value of studying both the transmitted PGS 
and non-transmitted PGS is that they both reflect dif-
ferent types of effect. The transmitted parental PGS 
consists of alleles that are directly transmitted to the 
child, and therefore reflect a direct genetic effect. The 
non-transmitted parental PGS consists of alleles that 
were not transmitted to the child, but still have an 
effect on their children through the family environ-
ment. The latter is also known as the “genetic nur-
ture” phenomenon. These analyses together will 
allow us to better understand the role of genetic 
nature and family effects in circadian rhythms.

The present study was subjected to a number of 
limitations related to both the PGSs and the pheno-
typic data. One limitation regarding the PGSs is the 
lack of power in the PGSs. Jones et al. (2019) found 
351 SNP hits in a sample of 449,734 participants and 
Ferguson et al. (2018) found 5 SNP hits in a sample of 
71,500 participants. GWASs of morningness and RA 
with larger sample sizes are likely to find more SNPs 
and will therefore increase the predictive power of 
the PGSs. The relatively low power could be an expla-
nation for the lack of association with wellbeing in 
this study. However, it is important to remember that 
complex traits, such as morningness, are driven by 
many genetic variants that all have a small contribu-
tion to the trait (Boyle et  al., 2017). Therefore, the 
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expected power depends on a number of variables, 
such as the SNP heritability of the trait and the sam-
ple size of the discovery sample. Based on this, one 
would expect morningness to predict approximately 
3.6% of the variance in morningness (refer to the 
Supplementary Material for the formula behind this 
number). Possible reasons for the lower predictive 
values in this article are slight difference in (1) the 
chronotype measure (“To what extent do you identify 
as a morning person” vs “Do you identify as a more 
morning-active or evening-active person”), (2) the 
age distribution of the samples, (3) the male/female 
ratio of the samples, and (4) countries of the samples. 
Related to the difference in chronotype measures, 
another way of possibly increasing the power is by 
using a more objective proxy for chronotype (e.g., 
patterns in daily melatonin, cortisol levels, actigra-
phy-derived proxies; Kantermann et  al., 2007; 
Roenneberg et al., 2007; Thun et al., 2012) or a more 
stable proxy, for example by measuring chronotype 
over a longer period of time.

Besides limitations to the PGSs, there are also limi-
tations to the phenotypic data. We identified three 
possible confounders in our data. The first is the time 
of day of filling in the questionnaire (morning/eve-
ning) and whether this is in line with the participant’s 
chronotype. It is likely that one will obtain different 
wellbeing scores from a “night-owl” participant in 
the early morning compared to the evening. The sec-
ond is the possible effect of seasonality. Some partici-
pants may be affected by the changing of the seasons 
(Patten et al., 2017; Wirz-Justice et al., 2019) and this 
may be reflected in, for example, their wellbeing data. 
The third is the probability of recall bias. Retrospective 
self-reported data of emotional experiences are sub-
jected to recall bias. Generally, both positive and neg-
ative emotions are overestimated in retrospect, but 
this overestimation is typically larger for negative 
emotions, especially in people with a history of 
depression (Miron-Shatz et  al., 2009; Urban et  al., 
2018). In our data, the participants answered the 
wellbeing questions reflecting their life in general, 
but they answered the depressive symptom ques-
tions reflecting the past 6 months. Even though we 
did not have data on the participants’ depressive 
diagnosis, there could have been recall bias, espe-
cially in the reporting of the depressive symptoms. If 
this was the case, then this could be an explanation 
for the inconsistent findings in the association with 
the symptoms. To conclude, our study is limited by 
two other phenomena that are common in biological 
research. First is the lack of informativity of the PGSs. 
In addition to the predictive value being low, the 
PGSs do not provide us with information regarding 
the direct or indirect (causal) pathways between the 

relevant genes and the outcome measures (Plomin 
and von Stumm, 2022). Second, our study includes 
data from a sample with a predominantly European 
ancestry and with a high socioeconomic status. 
Therefore, our results are not generalizable to other 
populations.

This study has several implications considering 
the relationship between circadian rhythms and men-
tal health. The first is that the genes that are found to 
be related to circadian rhythms (until today) predict 
depressive symptoms and not wellbeing outcomes. 
Research on depression should therefore more often 
include circadian rhythms as a relevant factor when 
studying causes and prevention in depression, while 
the strong focus on the general positive effects of 
sleep on wellbeing should be studied in more detail. 
Second, this study has shown that it is insightful to 
investigate different derivatives of circadian rhythms, 
since these have been shown to have a different 
genetic make-up and are likely to be associated with 
different traits. Therefore, different derivatives 
should be considered when trying to understand a 
certain trait. Third, even though this study did not 
directly prove gene-environment correlations in the 
circadian rhythm, the results for morningness in the 
within-family design are interesting enough to fur-
ther investigate family effects in circadian rhythms 
using genetically informed designs. And finally, the 
sensitivity analysis results advocate including item-
based analysis when studying complex traits. Given 
that each symptom is likely to have a different genetic 
make-up and may be subjected to symptom-symp-
tom interactions, item-based analyses are likely to 
provide researchers with new insights.

To conclude, this study showed that people with a 
genetic predisposition of being a morning person or a 
high RA are likely to have fewer depressive symp-
toms. The four strongest associated depressive symp-
toms described symptoms related to decision-making, 
energy, and feeling worthless or inferior, rather than 
sleep. Based on our findings, future research should 
include a substantial role for circadian rhythms in 
depression research, and should further explore the 
gene-environment correlation in circadian rhythm 
proxies.
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