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Abstract

Genetic factors contribute significantly to interindividual differences in the suscepti-

bility to stress-related disorders. As stress can also be conceptualized as environmen-

tal exposure, controlled gene–environment interaction (GxE) studies with an in-depth

phenotyping may help to unravel mechanisms underlying the interplay between

genetic factors and stress. In a prospective-longitudinal quasi-experimental study, we

investigated whether polygenic scores (PGS) for depression (DEP-PGS) and neuroti-

cism (NEU-PGS), respectively, were associated with responses to chronic stress in

daily life. We examined law students (n = 432) over 13 months. Participants in the

stress group experienced a long-lasting stress phase, namely the preparation for the

first state examination for law students. The control group consisted of law students

without particular stress exposure. In the present manuscript, we analyzed perceived

stress levels assessed at high frequency and in an ecologically valid manner by ambu-

latory assessments as well as depression symptoms and two parameters of the corti-

sol awakening response. The latter was only assessed in a subsample (n = 196). No

associations between the DEP-PGS and stress-related variables were found. How-

ever, for the NEU-PGS we found a significant GxE effect. Only in individuals

experiencing academic stress a higher PGS for neuroticism predicted stronger

increases of perceived stress levels until the exam. At baseline, a higher NEU-PGS

was associated with higher perceived stress levels in both groups. Despite the small

sample size, we provide preliminary evidence that the genetic disposition for neuroti-

cism is associated with stress level increases in daily life during a long-lasting stress

period.

K E YWORD S

ambulatory assessment, chronic stress, cortisol awakening response, depression, neuroticism,
polygenic scores, quasi-experimental design

Received: 20 December 2022 Revised: 31 July 2023 Accepted: 6 October 2023

DOI: 10.1111/gbb.12872

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2023 The Authors. Genes, Brain and Behavior published by International Behavioural and Neural Genetics Society and John Wiley & Sons Ltd.

Genes, Brain and Behavior. 2023;e12872. wileyonlinelibrary.com/journal/gbb 1 of 13

https://doi.org/10.1111/gbb.12872

https://orcid.org/0000-0002-2315-8949
mailto:stefan.wuest@ur.de
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/gbb
https://doi.org/10.1111/gbb.12872
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fgbb.12872&domain=pdf&date_stamp=2023-10-24


1 | INTRODUCTION

Differences in the susceptibility to mental disorders can in part be

explained by genetic factors.1,2 Regarding depression, twin studies

have estimated the heritability to range between 30% and 40%3–5

and recent large-scale genome-wide association studies (GWAS) have

identified several related genomic loci.6,7 Similarly, numerous loci

have been found to be associated with neuroticism,8,9 a personality

trait which is also a risk factor for mental disorders.10–12 In twin stud-

ies the heritability of neuroticism was found to be around 40%.13,14

Overall, recent GWAS confirmed the hypothesized polygenic nature

of complex traits and common disorders, with each associated genetic

variant being characterized by a very small effect size.7,8,15,16

Identification of genetic main effects and of gene variants forming

the molecular basis of these effects are important goals of genetic

psychiatry. Moreover, gene–environment interaction (GxE) effects are

of substantial interest as well.17–19 At this point, an interesting overlap

emerges between genetics and stress research. Modern stress con-

cepts define stress as a transactional relationship between individuals

and their environment.20 Nevertheless, stress—or in the narrow sense

‘stressors’—can also be perceived as a significant environmental expo-

sure, which is known for decades to increase the risk for several phys-

ical as well as mental disorders including depression.21–26

Furthermore, neuroticism is related to stress sensitivity. Individuals

with high levels of neuroticism perceive life as more stressful and

report a higher negative affect in response to stress.27–29

The majority of past GxE studies related to stress research inves-

tigated single candidate genes.17,18,30,31 However, in the last decade a

growing number of genome-wide by environment interaction studies

(GWEIS)32,33 as well as polygenic score (PGS) analyses

studies emerged.34–37 PGS are estimates of the genetic disposition to

a specific trait at the individual level. The effects of many common

SNPs are aggregated to account for the polygenic nature of stress-

related disorders and complex behavior.38,39 PGS are estimated as the

sum of effect alleles weighted by the corresponding estimated effect

size of this allele derived from a respective GWAS on the examined

trait.38 This approach enables to estimate the genetic disposition to a

specific trait across the whole genome at the individual level. PGS

analyses are an interesting approach to combine psychological and

genetic research and to examine GxE effects with more predictive

power than single candidate SNP analyses.40–42 Studies applying the

PGS approach to investigate the interplay between genetic and envi-

ronmental factors, mainly examined childhood trauma and stressful

life events.34,35,43 So far, results have been mixed.34,35,43–48 These

inconsistent results probably arise from methodological differences

and lack of power. Most of the studies focused on retrospective

assessments of stressful life events or childhood maltreatment, an

approach which is important but at the same time known to be sus-

ceptible to recall bias and cognitive errors.49–51 If feasible,

prospective-longitudinal designs are preferable as they have the

potential to uncover causal relationships between stress exposure and

alterations in psychobiological systems or disease vulnerabilities. In

our view, the combination of such a design with methods like

ambulatory assessment (AA) which enables the ecologically valid

recording of momentary experience and behavior52 is a promising

approach to overcome some difficulties of previous studies.53 More-

over, AA offers a high reliability due to repeated real-time and real-life

measurements and was proposed to provide higher sensitivity for

examining the interplay between psychological and biological pro-

cesses.52,54 First studies investigating associations between PGS and

carefully assessed phenotypes obtained promising results.55–57 Schick

et al.57 investigated 248 subjects and found that a PGS for schizo-

phrenia (SCZ-PGS) was associated with psychotic experiences in

response to minor daily stressors. Another study, investigating 70 sub-

jects with AA, reported that a SCZ-PGS and the quantity of social con-

tacts were associated with positive affect in daily life.55 These studies

document the usefulness of PGS analyses in studies with smaller sam-

ple sizes and highlight the importance to investigate the association

between genetic factors and precisely assessed (intermediate) pheno-

types to understand mechanisms involved in the etiology of psychiat-

ric disorders and stress regulation. Conceptually, a thorough

phenotyping may increase the size of the effect of interest. However,

it should be noted that phenotyping quality can surely not fully com-

pensate for the lack of power in studies with small samples.

Our prospective-longitudinal quasi-experimental LawSTRESS pro-

ject aimed at identifying predictors of chronic stress responses in daily

life to unravel molecular mechanism of stress regulation and interindi-

vidual differences.58 Besides psychological and neural factors, the

identification of genetic predictors was of special interest. The main

objective of the genetic study arm was to perform gene-set analyses

to examine the association between chronic stress responses and the

overall genetic variability of the neuropeptide S (NPS) system, consist-

ing of the genes for NPS and its receptor (NPSR1).59 Our previous

analyses did not confirm associations between genetic variability in

the NPS/NPSR1 system and perceived stress levels or anxiety symp-

toms. However, we found a significant association with alterations of

salivary cortisol regulation, in particular under the environmental con-

dition ‘chronic stress exposure’. The aim of the present analyses was

to expand this candidate gene approach and to conduct secondary

exploratory PGS analyses. We investigated the associations between

a PGS for depression (DEP-PGS) and neuroticism (NEU-PGS), respec-

tively, and three stress-related phenotypes, namely perceived stress

levels, depression symptoms and cortisol regulation, assessed repeat-

edly over the 13 months observation period. Law students were

examined while preparing for their first state examination which is

considered one of the most stressful exam periods in the German uni-

versity system. In Bavaria, this exam consists of six written exams of

several hours each within 8 days, it can be repeated only once, has a

failure rate of about 24% to 30%, and the final mark is of crucial

importance for the future career of the candidate. Additionally, we

assessed an adequate control group, consisting of law students in ear-

lier semesters experiencing usual study-related workload. Especially,

perceived stress levels measured at high frequency via AA in 432 par-

ticipants represent an interesting in-depth phenotype which comple-

ments previous studies using categorial phenotypes.35,43 The AA was

combined with assessments of the cortisol awakening response
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(CAR). The CAR is characterized by a sharp increase of cortisol con-

centrations in the first 30 to 45 minutes after morning awakening.60,61

Regulatory mechanisms of the CAR partly differ from the basal diurnal

secretion pattern as it is evoked by morning awakening.62 A moderate

heritability of the CAR was consistently found in twin studies.63,64

Besides the repeated measurement of the stress related variables and

the detailed phenotyping, the (quasi-) experimental design of our

study holds further advantages for the investigation of GxE effects.

To a certain degree, it reduces the measurement error in the environ-

mental component and diminishes the uncontrollable influence of

gene–environment correlations, which hinders the discovery of true

GxE interactions.65,66

The investigation of the genetic disposition to depression and

neuroticism seems promising for several reasons. Besides the high rel-

evance of depression and neuroticism in stress research, large-scale

GWAS for both phenotypes are available, enabling to compute PGS

with substantial power.7,8 Furthermore, although both phenotypes

are highly correlated, genetically as well as phenotypically, they also

have distinct genetic influences.5,9,67 Thus, we assume that they com-

plement each other in the search for genetic predictors of stress

responses during a long-lasting stress phase as the PGS for depression

captures the genetic disposition to develop a clinical

depression whereas the NEU-PGS probably has a broader range and

stronger overlap with stress reactivity.

We were especially interested in the GxE effect of the DEP-PGS

as well as the NEU-PGS in combination with the environmental vari-

able “chronic examination stress.” The main hypothesis was that the

DEP-PGS and the NEU-PGS predict perceived stress levels which

were assessed at high frequency via AA over the observation period.

We expected this association particularly in the stress group,

experiencing chronic academic stress. Furthermore, we investigated

whether alterations in depression symptoms and different parameters

of the cortisol awakening response were associated with genetic dis-

position for depression and neuroticism, respectively.

2 | MATERIALS AND METHODS

2.1 | Sample

In the LawSTRESS project, we recruited 470 law students from

Bavarian universities. Genetic data were analyzed for 451 partici-

pants who completed at least the first sampling timepoint. Another

19 participants were excluded during the quality control (QC) steps

of the genetic data (see section 2.4) resulting in a final sample of

432 students for the following analyses. For a detailed sample

description of the total sample, health and university study-related

information, and trajectories of several psychological questionnaires,

please see https://doi.org/10.5283/epub.51920 and Giglberger

et al.58

Two different cohorts were recruited, each consisting of a stress

group (SG), experiencing a long-lasting and significant stress phase,

namely the preparation for the first state examination for law

students, and a control group (CG) experiencing usual study-related

workload. Cohort A consisted of 196 students (SG: n = 95 and CG:

n = 101) mainly from the University of Regensburg. Cohort B com-

prised 236 (SG: n = 123 and CG: n = 113) law students from other

Bavarian universities who underwent a modified examination protocol

(less extensive AA, no CAR data; see Section 2.3.1).

Exclusion criteria were: (self-reported) current psychiatric, neuro-

logical, or endocrine disorders, treatment with psychotropic medica-

tions, any other medication affecting central nervous system or

endocrine functions, or regular night-shift work. The study was

approved by the local ethics committee. All participants provided writ-

ten informed consent and received monetary compensation and indi-

vidual feedback.

2.2 | General procedure

As reported elsewhere,58 the study comprised six sampling timepoints

(t1–t6) over 13 months (Figure 1). T1 for the SG took place 1 year

before the exam; the remaining timepoints were scheduled 3 months

(t2) and 1 week (t3) prior to the exam, on the weekend during the

eight-days exam period (t4), as well as 1 week (t5) and 1 month

(t6) after the exam. For the CG the same procedure applied, except

that there was no exam at t4. Data collection lasted from March 2018

until April 2021. At t1, exclusion criteria were checked and written

informed consent obtained. An online questionnaire battery to inquire

baseline data, psychometrics, physical health, health behavior, and

university studies-related variables was sent out. Furthermore, partici-

pants received the material and detailed description for the first AA

and a buccal swab for DNA analysis was collected. At t2–t6 the

AA was conducted. Moreover, a trajectory questionnaire was

assessed at all timepoints except for t4 (Figure 1), comprising health,

health behavior and psychological variables.

2.3 | Acquisition of behavioral and endocrine data

2.3.1 | Ambulatory assessment

As previously reported,58,59 the AA in cohort A encompassed the col-

lection of saliva samples after awakening for later assessment of the

CAR and an assessment of current perceived stress via the newly

developed, five-item AA stress scale. A description of the generation

of the AA stress scale consisting of the items ‘time pressure’,
‘relaxed’, ‘tense’, ‘overstrained’ and ‘I am disappointed with my per-

formance’ with a seven-point Likert scale as response format

(‘strongly disagree’ to ‘strongly agree’) can be found in Giglberger

et al.58 For the AA, the combined smartphone app and web platform

movisensXS (Version 1.3.2 to 1.5.13; movisens, Karlsruhe, Germany)

was used. At t1, t2, t5, and t6, 10 queries per day were presented on

two consecutive working days. At the timepoints close to the exam

(t3 and t4), AA was performed on 1 day only to limit the study-related

burden. T4 in the SG (not in the CG) was scheduled at the weekend in
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the middle of the eight-days exam period. The first daily query was

presented immediately at the individually chosen awakening time

between 05:00 and 07:30 a.m. and the last one at 09:00 p.m. The

remaining eight queries took place at pseudo-randomized times

between 08:30 a.m. and 08:00 p.m. with a minimum interval of

60 minutes between two queries. Participants who did not have a

compatible smartphone received a device provided by the institute

(Motorola G4, Motorola Play G4 and Motorola Play G6).

The measurement of the CAR was based on three saliva samples,

collected using cortisol Salivettes (Sarstedt, Nümbrecht, Germany)

immediately after awakening as well as 30 and 45 min later. Saliva

samples were collected on the first day of each AA phase; except for

t1, when CAR was assessed on both sampling days. During this

period, participants were briefed not to eat, drink (except from water),

smoke or brush their teeth. To enhance compliance and sampling

accuracy, in 51%–72% (varying over sampling points) of the measure-

ments, functional and non-functional (‘sham’) electronic monitoring

devices to verify times of sample collection (MEMS caps, AARDEX

Ltd., Zug, Switzerland) were used.68,69 In addition, participants were

instructed to transfer a random three-digit code to the sampling tube

for each saliva sampling, which was displayed to them via smartphone.

In our lab saliva samples were stored at �20�C until analysis. Samples

were assayed in duplicate using a time-resolved fluorescence immu-

noassay with fluorometric end-point detection (DELFIA) at the bio-

chemical laboratory of the University of Trier.70 The intra-assay

coefficient of variation was between 4% and 7%; inter-assay coeffi-

cients of variation were between 7% and 9%.

In cohort B, the AA stress scale was assessed via SoSci Survey

(alerts via SMS and e-mail; https://www.soscisurvey.de/)71 in the

morning at 07:30 a.m. and in the evening at 09:00 p.m. The query had

to be answered within 90 min.

2.3.2 | Questionnaires

Demographic variables (age, sex, etc.) and different psychological con-

structs were assessed online with SoSci Survey at t1. Depression

symptoms were inquired with the depression subscale of the Hospital

Anxiety and Depression Scale (HADS)72 at t1, t2, t3, t5 and t6. Please

see Giglberger et al.58 and https://doi.org/10.5283/epub.51920 for

additionally assessed variables not included in the present report.

2.4 | DNA sampling, genotyping, quality control
and genotype imputation

As described previously,59 we used a non-invasive DNA sampling via

buccal swabs (Analytik Jena GmbH, Jena) and salting out procedure

for DNA isolation.73 Genotyping was conducted using the Illumina

Infinium™ Global Screening Array 3.0 with Multi-disease drop in

(Illumina, San Diego, CA, USA) at the Life & Brain facilities, Bonn,

Germany.

Quality control of the data was conducted with PLINK 1.9 (see

www.cog-genomics.org/plink/1.9/).74 SNPs with minor allele fre-

quency (MAF) of <0.01, deviating from Hardy–Weinberg equilibrium

(HWE) with a p-value of <10�6, and with missing data >0.02 were

removed. Participants were excluded in case of missingness >0.02,

sex-mismatch, and heterozygosity rate >j0.20j. Filtering for related-

ness and population structure was performed on a SNP set filtered for

high quality (HWE p > 0.02, MAF >0.20, missing rate = 0) and linkage

disequilibrium pruning (pairwise r2 = 0.10). In the case of relatedness

(pi-hat >0.20), one participant was excluded at random. To adjust for

population stratification, principal components (PC) were computed.

Outliers on any of the first 20 PCs (jzj > 4.5) were eliminated. In total,

F IGURE 1 Timing of data collection. For an overview of the whole study procedure of the LawSTRESS project see https://doi.org/10.5283/
epub.51920; Reproduced with permission from Peter et al.59
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19 participants were excluded. In a last step, data was checked for

duplicate SNPs and one was retained at random. Thus, the final data

set contained 432 subjects and 476,701 SNPs.

After quality control, genotype imputation was performed with

Eagle v2.4.175 and Minimac4.76 Data from 1000 Genomes Phase3

v577 was used as reference panel. For the analyses, we used the esti-

mated most likely genotype and only SNPs with an info score ≥0.90.

In a last step, data was again checked for MAF of >0.01, for duplicate

SNPs, retaining one at random, and SNP rs IDs were added resulting

in a total of 5,278,541 SNPs used for PGS analysis. Detailed informa-

tion on genotyping, quality control steps, and genotype imputation

has been previously described in Peter et al.59

2.5 | Polygenic scores

DEP-PGS for each participant were calculated based on summary sta-

tistics of GWAS using data from the Psychiatric Genomics Consortium

(PGC), the UK Biobank and 23andMe Inc. (containing 246,363 cases

and 561,190 controls).7 The NEU-PGS were computed based on sum-

mary statistics of the meta-analysis of GWAS for neuroticism exclud-

ing data from 23andMe, only including data from the UK Biobank, and

the Genetics of Personality Consortium (GPC; containing 390,278

subjects).8 Calculation of PGS was performed with PRSice 2.3.3.38

PGS were calculated as weighted sums of each participant's trait-

associated alleles across SNPs retained after clumping (250 kb sliding

window, linkage disequilibrium r2 > 0.1) and after removal of variants

within the major histocompatibility complex region (�-x-range chr6

26,000,000–33,000,000). For the inclusion of SNPs, a p-value thresh-

old (PT) of ≤0.05 for DEP-PGS and PT ≤ 0.10 for NEU-PGS, respec-

tively, was applied since they explained the largest proportion of

phenotypic variance in their original GWAS.7,8 Otherwise, default set-

tings were used. The final DEP-PGS contained 29,523 SNPs and the

NEU-PGS contained 49,816 SNPs. Moreover, we tested an additional

PGS method using continuous shrinkage prior on SNP effect size

(so called PGScs)78 on our significant results to test their consistency

across different approaches.

As positive control, PGS for height were calculated with PRSice

using summary statistics from Yengo et al.79 for the p-value thresh-

olds 5 � 10�08, 10�06, 0.0001, 0.001, 0.01, 0.05, 0.10, 0.2, 0.5, and

1. Height PGS were tested for association with measured height

and with sex, age and PC1 to 5 as covariates.

2.6 | Statistical analysis

Because of the hierarchical and longitudinal structure of our data, the

associations between the PGS and the stress-related variables were

tested in two level linear mixed models (timepoints nested within par-

ticipants) using R (version 4.0.3).80 Since we were interested in the

association between the PGS and the trajectory of the investigated

variables under chronic stress conditions, only the timepoints until the

exam were included (t1–t4, for depression: t1-t3). In a first step,

the final group models investigating group differences over the obser-

vation period are shortly presented. Some of these models have

already been presented in Giglberger et al.58 and Peter et al.59 How-

ever, sample sizes are slightly different, only timepoints until the exam

were examined, and aggregated parameters of the CAR were used

instead of single cortisol values (see Section 2.6.1). The aggregation of

the single cortisol values was necessary in order to facilitate interpret-

ability of the final models. In a second step, we then added the PGS to

these models to test our hypotheses. All models were estimated with

Maximum Likelihood and the significance level was set at α = 0.05.

2.6.1 | Model structure of the group models to test
for group differences

The trajectories of the AA stress scale (n = 432; observations =

12,230) and depression symptoms (n = 432; observations = 1231)

were calculated using generalized linear mixed models (package

glmmTMB).81 The final group models (group. model) contained the

fixed effects group (0 = CG, 1 = SG), timepoint (centered at the first

timepoint) as linear and quadratic time trend, their interactions with

group (0 = CG; 1 = SG), and the covariates sex (0 = men; 1 = women)

and cohort (0 = cohort A; 1 = cohort B), the latter only in the AA

stress scale model. To account for dependencies in the data, random

intercepts and slopes for timepoint by participant were estimated. To

model the CAR (n = 196; observations = 919), we used the two

parameters area under the curve with respect to the ground (AUCg),

serving as measurement of the total hormonal output and the AUC

with respect to the increase (AUCi), representing the time-dependent

change of cortisol in the morning.60 Raw cortisol values were used

since the residuals of the final models displayed satisfactory approxi-

mation to normal distribution. Fourteen cortisol values were excluded

because of participants' self-reported nonadherence to the study pro-

tocol and physiologically implausible values (e.g., only one extremely

high value within one CAR assessment). Linear mixed models were

computed with the package nlme.82 The models contained similar

fixed effects as presented above, except that AUCg was best repre-

sented by a linear time trend only and without a random slope for

timepoint. As covariates, we added the person-mean centered variable

time of awakening (in minutes) and instead of sex the hormonal status

was used (0 = women not using hormonal contraceptives,

1 = women using hormonal contraceptives and 2 = men).

2.6.2 | Models containing PGS to test main
hypotheses

To test our hypotheses that the PGS for depression and the PGS for

neuroticism are associated with the trajectories of the stress-related

variables, the following fixed effects were added simultaneously to

the group. model: PGS, the interaction of PGS with group and the lin-

ear and quadratic time trend as well as the three-way interaction

(timepoint/timepoint2 � group � PGS; PGS.model). The PGS were
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z-standardized; for models containing only the SG or the CG, the PGS

were standardized within the group. Adding the PGS, we used the

decrease in AIC and log-likelihood ratio test to evaluate improvement

in model fit. In order to control for genetic ancestry, grand

mean-centered PC1-5 were added to the PGS.model (PC.model). The

covariates PC1-5 were only retained in the model if a significant

improvement in model fit was observed (AIC and change in �2log-

likelihood with χ2-test) or if their addition led to changes in the results.

To account for possible confounders, an alternative approach was

evaluated to control for covariates and possible interactions with the

PGS and the environmental variable.83 Therefore, we exploratively

tested whether the addition of all the interaction terms (PGS � covari-

ates and group � covariates) changed our results. In total, eight main

models were tested, four for the DEP-PGS and four for the NEU-PGS,

respectively. Post-hoc, additional models were computed for the vari-

ables AA stress scale and AUCg. In order to unravel the interaction

between the NEU-PGS and the group, separate models for the SG

and the CG were calculated. The explained variance of the fixed

effects of the final models was calculated via marginal R squared

(R2).84 The predictive power of the PGS was then measured by the

‘incremental R2’, defined as the increase of marginal R2 when the PGS

and its interactions were added to the model.

3 | RESULTS

3.1 | Demographics and descriptives

Demographic information of the sample can be taken from Table 1.

As the control group consisted of students in earlier semesters, the

significant age difference between SG and CG was not surprising (t

(430) = �11.45, p < 0.001). Descriptives of the dependent variables

and the PGS as well as information about the distribution of the PGS

for depression and neuroticism can be found in the supplements

(Supplementary Tables S1-S6 and Supplementary Figures S1-S6). No

significant differences were found regarding the DEP-PGS or the

NEU-PGS between the groups or cohorts (t(430) > 1.57, ps >0.117).

The correlation between the DEP-PGS and NEU-PGS was r(430)

= 0.30, p < 0.001.

3.2 | Association of DEP-PGS and NEU-PGS with
stress-related phenotypes

The focus of our analysis was to investigate the association of the

DEP-PGS and the NEU-PGS with the rise in momentary perceived

stress levels due to the examination stress. Furthermore, we assessed

whether the PGS were associated with the alterations in depression

symptoms as well as the CAR parameters AUCg and AUCi until the

exam at t4. As recently reported, trajectories of perceived stress

levels, depression symptoms, and the CAR were significantly different

between SG and CG.58,59 The present analyses, based in part on dif-

ferent sample sizes and aggregated variables for the CAR (see

Section 2.6.1), yielded very similar results.

In none of the final PGS models the addition of the covariates

PC1-5 did improve the model fit. Moreover, only minor effects on the

beta values but no alterations of the overall results were observed.

Furthermore, we found no significant changes in results regarding our

predictors of interest after adding all covariates in interaction with

PGS and group. Therefore, always the less complex PGS.model with-

out covariates and additional interaction terms is presented in the fol-

lowing. Information on PC.models that include PC1-5 as well as

the interaction terms can be found in Supplementary Tables S7–S24.

The positive control, height PGS, showed a positive association with

measured height (strongest association: PT ≤0.10, R
2 = 12.26%).

3.2.1 | AA stress scale

The AA stress scale represented the most relevant self-report instru-

ment used in the present study as it was assessed at high frequency

as well as in real-time and real-life to capture the momentary per-

ceived stress. Considering only t1–t4, a compliance rate of 94% was

reached. As already presented elsewhere,59 we found significant dif-

ferences between SG and CG in the trajectories of perceived stress

levels until the exam at t4 (timepoint � SG b = 0.18, p < 0.001; time-

point2 � SG b = �0.04, p < 0.001). Mean perceived stress levels in

the SG increased, whereas perceived stress levels in the CG stayed

relatively stable (see Supplementary Figure S7 and Table S7). Addi-

tionally, the SG showed slightly higher perceived stress levels at the

baseline measurement, compared with the CG, resulting in a signifi-

cant difference at t1 (SG b = 0.10, p = 0.003).

Entering the DEP-PGS to the model did not lead to an improve-

ment of the model (group.model vs. PGS.model χ2(6) = 8.63,

p = 0.196, ΔAIC = �3.37). Therefore, our hypothesis that the

increase of stress perception in the SG is predicted by the DEP-PGS

could not be confirmed (Figure 2). Please see Supplementary Table S7

for all model parameters, the explained variance and a detailed model

comparison. However, adding the NEU-PGS resulted in an improved

model fit (group.model vs. PGS.model χ2(6) = 38.76, p < 0.001,

TABLE 1 Demographic characteristics of the total sample.

Stress group
Control
group

n 218 214

Age (Mean ± standard

deviation)

22.96 (± 1.72) 21.04 (± 1.77)

Women n = 160 (73%) n = 165 (77%)

Women using hormonal

contraception

n = 102 n = 103

Note: Recruiting was separated in two cohorts. Cohort A (n = 196)

underwent the elaborate study protocol with laboratory visits in

Regensburg and the assessment of the cortisol awakening response

whereas cohort B (n = 236) consisted of law students from other Bavarian

universities who completed a less detailed study protocol (see

Section 2.1).
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ΔAIC = 26.77), indicating a significant association between NEU-PGS

and perceived stress levels. We found a significant effect of the

NEU-PGS on the trajectory of perceived stress levels in the SG (NEU-

PGS � timepoint � SG b = �0.06, p = 0.001; NEU-PGS � time-

point2 � SG b = 0.02, p < 0.001) but not in the CG (NEU-PGS � time-

point b = 0.02, p = 0.093). Only the quadratic trend in the CG seems

to be associated slightly with the PGS (NEU-PGS � timepoint2

b = �0.01, p = 0.005). However, as there is nearly no change in per-

ceived stress levels of the CG over the time period, results should be

viewed with caution. Additionally, we found a significant effect of the

NEU-PGS on the baseline measure of perceived stress levels at t1

(NEU-PGS b = 0.05, p = 0.034). The effect did not differ between

the two groups (NEU-PGS � SG b = 0.02, p = 0.460). To unravel the

interaction, separate models were calculated for both groups and this

analysis confirmed the result of the total model (see Supplementary

Tables S9 and S10). Thus, individuals with a low genetic disposition

for neuroticism showed lower perceived stress levels at t1 in both

groups as well as a lower increase of stress levels in the SG under

chronic examination stress (see Figure 3, Table 2 and Supplementary

Table S8). In the PGS.model, 1.53% of the variance could be explained

by the NEU-PGS parameters. Additional analyses with the NEU-

PGScs confirmed these results with only minor differences (see Sup-

plementary Tables S11–S13 for all model parameters).

3.2.2 | Depression symptoms

Regarding depression symptoms, we found a difference between the

SG and the CG over time (timepoint � SG b = 0.50, p < 0.001; time-

point2 � SG b = �0.11, p = 0.044). No difference was found at the

baseline measure (t1) between both groups (SG b = �0.08,

p = 0.285). The SG showed a steep increase until the exam, whereas

the CG stayed relatively stable (see Supplementary Figure S8 and

Table S14). As already presented in Giglberger et al.58 18% of the stu-

dents in the SG exceeded the clinically relevant score of 11 for

depression symptoms at t3, compared with 2% at the baseline mea-

surement and 3%–5% of the CG. Neither including the DEP-PGS nor

the NEU-PGS resulted in an improved model fit (DEP-PGS:

F IGURE 2 Time course of mean
perceived stress levels (±SEM) in the
stress group (SG) and control group
(CG) separated by polygenic score (PGS)
for depression (grouping based on
standard deviation (SD) for illustrative
purposes only).

F IGURE 3 Time course of mean
perceived stress levels (±SEM) in the
stress group (SG) and control group
(CG) separated by polygenic score (PGS)

for neuroticism (grouping based on
standard deviation (SD) for illustrative
purposes only).
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group.model vs. PGS.model χ2(6) = 7.07, p = 0.314, ΔAIC = �4.92;

NEU-PGS: group.model vs. PGS.model χ2(6) = 8.89, p = 0.180,

ΔAIC = �3.11). Thus, no association between the DEP-PGS nor the

NEU-PGS and depression symptoms could be assumed (see Supple-

mentary Figures S9 and S10 & Tables S14 and S15).

3.2.3 | Cortisol awakening response: AUCg
and AUCi

Regarding the CAR parameters AUCg and AUCi, we found significant

differences between both groups over time (AUCg: timepoint � SG

b = �19.15, p = 0.016; AUCi: timepoint2 � SG b = �19.81,

p = 0.015). No differences were found at t1 (AUCg: SG b = 2.83,

p = 0.888; AUCi: SG b = �10.60, p = 0.511). The SG showed a strong

decline of AUCg and AUCi at t4 (see Supplementary Figures S11 and

S14 & Tables S16 and S23). Thus, our previously reported finding of a

blunted CAR in the SG compared with the CG could be reproduced by

the present analyses of the aggregated CAR parameters.58

For the AUCg and the AUCi, addition of the DEP-PGS did not

improve the global model fit (AUCg: group.model vs. PGS.model χ2(6)

= 2.64, p = 0.620, ΔAIC = �5.36; AUCi: group.model vs. PGS.model

χ2(6) = 2.42, p = 0.877, ΔAIC = �9.58). Hence, the DEP-PGS was

not related to the CAR (see Supplementary Figures S12 and S15 &

Tables S16 and S23). Also, regarding the NEU-PGS and the CAR we

could not confirm our GxE hypothesis. The NEU-PGS was not related

to the alteration of the AUCg and AUCi over the time period (AUCg:

ps ≥0.538; AUCi: ps ≥ 0.068; see Supplementary Tables S17 and S24).

We found an association between the NEU-PGS and the baseline

measurement of the AUCg which differed significantly between the

two groups (PGS b = �47.40, p < 0.001; PGS � SG b = 48.23,

p = 0.014). Subsequently calculated separate models for the CG and

SG confirmed this association solely for the CG (CG.model vs. PGS.

model χ2(2) = 12.33, p = 0.002, ΔAIC = 8.33; PGS b = �48.42,

p < 0.001; Supplementary Table S18) but not for the SG (SG.model

vs. PGS.model χ2(2) = 0.21, p = 0.900, ΔAIC = �3.79; PGS b = 1.49,

p = 0.911; Supplementary Table S19). The PGS parameters in the

model containing only the CG explained 5.77% of the variance. For

the AUCi, a tendency for this association within the CG could also be

found (PGS b = �25.33, p = 0.021), although the model did not

improve significantly (group.model vs. PGS.model χ2(6) = 7.75,

p = 0.257, ΔAIC = 0.01; Supplementary Table S24). Individuals in the

CG with lower genetic disposition for neuroticism showed a higher

AUCg (Supplementary Figure S13) and, probably, also a stronger

increase in cortisol upon awakening at t1 (Supplementary Figure S19).

Results for the AUCg were confirmed by the analyses with the NEU-

PGScs (see Supplementary Tables S20–S22).

4 | DISCUSSION

In the present analyses, we studied if polygenic scores capturing the

genetic disposition for depression and neuroticism, were associated

with chronic stress responses in everyday life. The focus was to inves-

tigate GxE effects of both PGS and the environmental exposure

‘chronic examination stress’ in a quasi-experimental and prospective

longitudinal design. The main outcome variable, the increase in per-

ceived stress levels, was assessed at high frequency and in an ecologi-

cal valid manner via AA in 432 subjects. As previously reported,58

significant differences between the SG and the CG over the

13 months period could be found: The SG showed increases in per-

ceived stress levels and depression symptoms as well as decreases in

the CAR parameters AUCg and AUCi until the exam compared with

the CG. Hence, we can conclude that the chronic examination stress

resulted in alterations in psychological well-being as well as in cortisol

regulation.

To examine whether these alterations are associated with genetic

factors, PGS for depression and neuroticism were investigated. Both

phenotypes are related to stress.27,85–87 Although they are highly cor-

related, both phenotypically as well as genetically,5,8,9,88 they have

also distinct genetic influences67 complementing each other in the

search for genetic factors influencing chronic stress responses. Con-

trary to our hypothesis, no relation was found between the DEP-PGS

and perceived stress levels over the observation period. Thus, we did

not observe any difference between individuals with elevated or low

polygenic disposition for depression regarding their perceived stress

levels in daily life over a long-lasting stress phase. Usually, phenotyp-

ing in large-scale GWAS is not very extensive and recent studies

showed that this strategy can result in unspecific PGS capturing not

only the risk to develop clinically-relevant depression but also related

TABLE 2 Parameter estimates for overall effects of the final PGS.
model with perceived stress as dependent variable and the polygenic
score for neuroticism as predictor.

Fixed effects Estimates SE p

Intercept 2.46 0.04 <0.001

Timepoint 0.07 0.01 <0.001

Timepoint2 �0.02 0.00 <0.001

Women (vs. men) 0.07 0.03 0.049

Cohort B (vs. cohort A) 0.18 0.03 <0.001

SG (vs. CG) 0.09 0.03 0.004

Timepoint � SG 0.18 0.02 <0.001

Timepoint2 � SG �0.05 0.00 <0.001

PGS 0.05 0.02 0.034

PGS � SG 0.02 0.03 0.460

PGS � timepoint 0.02 0.01 0.093

PGS � timepoint2 �0.01 0.00 0.005

PGS � timepoint � SG �0.06 0.02 0.001

PGS � timepoint2 � SG 0.02 0.00 < 0.001

Random effects SD Correlation Intercept

Participant (Intercept) 0.31

Timepoint 0.11 �0.27

Abbreviations: CG, Control group; PGS, polygenic score; SD, standard

deviation; SE, standard error; SG, stress group.
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constructs and comorbid disorders.89,90 However, it can be assumed

that the DEP-PGS particularly represents the risk for clinical depres-

sion as the investigated GWAS sample was enriched for patients with

diagnosed depression. This risk is probably not fully congruent

with the risk to reach high perceived stress levels in the context of

academic stress. Thus, we suppose that the DEP-PGS was not entirely

suitable to uncover GxE effects in our study sample consisting of

healthy students. Although academic stress was shown to be associ-

ated with increased depression symptoms,91,92 we expected that the

majority of our participants would be rather stress resilient. This

notion was supported by our findings that most of the students

showed a fast recovery after the exam regarding perceived stress

levels as well as other psychometric variables, including anxiety and

depression symptoms, reported sleep disturbances, and other facets

of chronic stress.58 It appears plausible that a larger and more hetero-

genic sample regarding stress vulnerability would be needed to find

meaningful associations between DEP-PGS and perceived stress

levels. Regarding the NEU-PGS, we found support for our hypothesis

as we observed a significant GxE effect. The higher the genetic dispo-

sition for neuroticism, the more pronounced was the increase of per-

ceived stress until the exam at t4 in the SG. Additionally, we observed

an effect at the baseline measurement in both groups. The higher the

NEU-PGS, the higher were perceived stress levels. The PGS and

the PGS � stress exposure effect explained 1.53% of the variance in

perceived stress levels. The present findings are in accordance with

previous studies reporting an association between neuroticism and

stress sensitivity.28,29,93 Furthermore, it was shown in a twin study

using AA that the phenotypic association between the variability in

negative affect in daily life and neuroticism can be partly explained by

genetic effects.94

Taken together, our analyses using PGS on the individual level,

reflecting the polygenicity of neuroticism, expand the current knowl-

edge as they suggest a shared genetic basis of neuroticism and

reported momentary stress levels under normal conditions as well as

under chronic stress conditions. Furthermore, the findings support the

notion that the NEU-PGS which was proposed to capture the genetic

predisposition to subclinical symptoms of anxiety and depression95

has a stronger overlap with stress reactivity than the DEP-PGS. We

assume that the NEU-PGS probably reflects partly the genetic disposi-

tion of how individuals react to stress whereas the DEP-PGS reflects

to a higher extent the genetic susceptibility for the disorder itself.

Regarding the prediction of depression symptoms, no effect of

neither the DEP-PGS nor the NEU-PGS was found. Thus, in our sam-

ple the genetic disposition to depression and neuroticism was not

related to depression symptoms. Several reasons why we failed to

find any association with depression symptoms are conceivable. First,

the lack of power due to the small sample size has to be noted, espe-

cially since depression symptoms were not assessed via AA in contrast

to perceived stress levels. This probably resulted in a lower validity

due to the lower proximity to the momentary experience as well as in

a lower reliability of the self-report as symptoms were only assessed

once per measurement timepoint. Second, although we found an

increase in depression symptoms in the SG, most participants

reported only low to moderate depression symptoms, in particular

compared with clinical cases. Thus, our variance in the outcome vari-

able could have been too small. Other recent studies which have used

DEP-PGS or NEU-PGS did find significant GxE effects on depression

symptoms.34,37,96,97 Fang et al.34 examined 5227 training physicians

under chronic stress conditions, more precisely during their medical

internship year. They found that depression symptoms under stress

were predicted by DEP-PGS, and that this association was stronger

than with depression symptoms at baseline. In another longitudinal

study, Li et al.37 found a significant association between a NEU-PGS

and late life depression investigating a sample of 4877 participants.

This association was partly mediated by retrospectively assessed

stressful life events. While the phenotyping in these investigations

was less extensive, the samples were considerably larger than in our

study, which probably explains why Fang et al.34 as well as Li et al.37

could detect an effect of the PGS on depression symptoms. Two addi-

tional interesting longitudinal studies in this context with slightly smal-

ler sample sizes also found significant associations between DEP-PGS

and depression symptoms.46,98 However, results are not necessarily

comparable to our study as the investigated trauma-like type of

stressor (motor vehicle collision and death of spouse) differed sub-

stantially from chronic academic stress.

Investigating the two CAR parameters, AUCg and AUCi, we found

no association with the DEP-PGS. Furthermore, no association

between the NEU-PGS and alterations of the CAR parameters under

chronic stress conditions was observed. In general, it is a well-known

phenomenon that biological indicators of stress are often not or only

moderately correlated with subjective stress-related variables.58,99,100

As the PGS were primarily generated based on self-report data, they

predominantly capture the genetic disposition for phenotypes

assessed on a subjective psychological level. Thus, the genes influenc-

ing these phenotypes may show only limited overlap with the genes

modulating alterations of the CAR under chronic examination stress.

The baseline effect of the NEU-PGS on the AUCg only in the CG was

somewhat unexpected, as we would assume that any effect at the

baseline should be visible in both groups. Therefore, and due to

the fact that the power of the CAR analyses was substantially lower

compared with analyses of perceived stress levels and depression

symptoms (n = 196, less frequent assessment), results should be

interpreted with caution.

Our study has some limitations that need to be considered. Our

sample consisted of young students who probably have better overall

health and a higher socioeconomic status compared with the general

population. Furthermore, only students with European ancestry were

investigated. Thus, the generalizability of the present results is limited.

Furthermore, like any other study examining real-life stress, a certain

selection bias cannot be ruled out. Students who already felt stressed

by their regular study program and who anticipated an exceedingly

stressful exam (preparation phase) did possibly not volunteer to par-

ticipate in a study that was related to (modest) additional burden.

Therefore, it might be possible that we underestimated the mean

stress load in the stress group to a certain extent. An obvious limita-

tion of our quasi-experimental design was the missing randomization
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regarding the assignment to the stress and the control group. To com-

pensate for this issue, our CG contained individuals who were as simi-

lar as possible to our SG participants. This rather conservative

strategy might have caused an underestimation of group differences

as students in the CG as well had substantial study-related stress.

Additionally, as mentioned earlier, the sample size has to be discussed.

Although some features of our study design, as for example the quasi-

experimental design as well as the repeated measurements, likely

increased the power, our sample size was quite small, particularly for

the analysis of depression symptoms and the CAR. Hence, the statisti-

cal power to show three-way interaction effects was limited. In addi-

tion, it should be emphasized that, consistent with the exploratory

nature of our PGS analyses, no correction for multiple testing was

applied. It should also be acknowledged that a small sample size can

increase the likelihood of false positive findings. Therefore, the pre-

sented findings need to be replicated in an independent sample. Addi-

tionally, the number of covariates within the model could have caused

overfitting with too small variance left for the PGS to explain, possibly

further reducing the power of our analyses. However, we assume that

overfitting due to the number of covariates did not impact results as

no alterations of the reported results were observed recomputing the

models without covariates. It further has to be noted that the variance

currently explained by PGS represents only a marginal proportion of

genetic contribution and therefore is still very small.101

In summary, we conclude that the present PGS analysis in a

cohort that has been thoroughly phenotyped in a longitudinal study

including a meaningful, long-lasting and real-life stress exposure, pro-

vided relevant information on the association between genetic dispo-

sition and chronic stress responses in daily life. In particular, we found

that individuals with a higher NEU-PGS were more stress sensitive, as

they generally reported higher perceived stress levels and showed

stronger increases over the stressful period. Assumed associations

between genetic disposition for depression and stress-related pheno-

types could not be confirmed. Due the small sample further replica-

tion is needed. Future studies could combine polygenic scores with

additional factors, such as brain activation changes in response to

acute stress, functional connectivity, or other physiological stress

markers to predict chronic stress responses in daily life. Such a combi-

nation of PGS and other relevant factors was already shown to be

useful for disease risk stratification and for the prediction of medica-

tion treatment outcomes.102,103
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