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Genetic variations as predictors
of dispositional and dyadic
empathy—a couple study

Maria Kazmierczak®, Magda Rybicka? & Pawet Syty3“**

Biological drivers of empathy have been explored in an interdisciplinary manner for decades. Research
that merges the psychological and genetic perspectives of empathy has recently gained interest,

and more complex designs and analyses are needed. Empathy is a multidimensional construct that
might be regarded both dispositionally (as a personality trait) and contextually (experienced and/

or expressed in a particular relationship/situation). This study analyzed genetic variations associated
with genes encoding oxytocin, arginine vasopressin, and receptors that regulate their secretion as
predictors of the empathic dimensions of emotional (empathic concern and personal distress) and
cognitive (perspective taking) dyadic factors of partners in heterosexual intimate relationships.
Machine learning methods to capture both linear and nonlinear relationships between SNPs, RS1

and RS2 repeat polymorphisms and dimensions of empathy in couples were employed. A total of 442
individuals (221 couples) participated in this study. Empathy was measured by the Polish version of the
Interpersonal Reactivity Index and the Interpersonal Reactivity Index for Couples. The MassARRAY®

4 instrument, which combines mass spectrometry with endpoint PCR, was used for genotyping all 14
genetic variations. Microsatellite fragment analysis was performed by denaturing polyacrylamide gel
electrophoresis. The results confirmed the significance of certain genetic alterations linked to oxytocin,
vasopressin, serotonin and estrogen for dispositional and dyadic empathy (mainly rs1884051, rs6311,
RS1, rs4686302, and rs1042778) in couples. The effects were stronger for the prediction of emotional
and dyadic empathy than for perspective taking. Separate analyses for women and men indicated
different predictive effects of genes for empathy (for example, effects of rs53576 were indicated only
in women), which are also experienced and expressed in couples. Different dimensions of empathy
should be included when the genetic predictors of empathy are examined.
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Empathy has been linked to bonding, parental caregiving, relationship maintenance and intimacy'~. It facilitates
mutual support, cooperation, and prosocial behaviors, which have also been observed in nonhuman primates>®.
Thus, the mechanisms responsible for empathy and its outcomes have been sought. Apart from studies on
sociocultural influences on the development and expression of empathy, its biological predictors, including
neuroendocrine and genetic factors, have been well documented and interpreted as markers of evolutionary
processes’ ™%, In mammals, empathy reflects approach tendencies to social cues, both positive and negative, in
various relational contexts. Nevertheless, neurophysiological processes have been indicated as possible mediators
of links between genes and empathic behaviors as well as traits, with different effects on emotional and cognitive
empathy’. One of the factors behind empathic reactions might be the neuropeptide oxytocin, which is related
to heightened attunement to social stimuli'!. It has been suggested that oxytocin facilitates approach-related
prosocial behaviors and decreases perceptions of social threats, and depending on the modulating role of the
context, it might promote empathy®!%13,

The link between oxytocin and empathy has also been explored in genetic research. In this paper, we
examined genetic predictors of dispositional and dyadic empathy in partners in heterosexual intimate
relationships. The role of single nucleotide polymorphisms (SNPs) as predictors of emotional and cognitive
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dispositional empathy in predicting individual differences in empathy has attracted some attention and has been
debated, with oxytocin receptor gene (OXTR) polymorphisms being the most commonly studied!®. However,
to our knowledge, no studies have been conducted on the predictive effects of SNPs on empathy experienced
toward a romantic partner. Researchers have suggested that empathic tendencies linked to oxytocin might be
only enhanced in supportive, cooperative social contexts'""!%, and intimate, stable relationships might be one of
them. It has recently been confirmed that the oxytocin receptor (OXTR) rs53576 polymorphism, which is linked
to the empathic dispositions of partners, predicts increased attachment security and relationship satisfaction
in intimate couples'®. It has also been well documented that empathy is a predictor of high relationship quality
(e.g.,'”). Nevertheless, associations between partners’ empathy and relationship quality are complex! and are
not the focus of this paper. Instead, we uniquely explored whether the emotional and cognitive dimensions
of empathy, as well as empathic tendencies oriented toward a romantic partner, are predicted by SNPs related
mainly to oxytocin. We also innovatively tested the predictive effects of arginine vasopressin (AVP), which
has been linked to social functioning and affiliative tendencies'4, and genetic variation within genes encoding
receptors that regulate oxytocin and vasopressin secretion (ESRI and HTRA2).

Dimensions of empathy

Empathy is a multidimensional concept that might be viewed as a disposition rather than a personality trait.
In accordance with this approach, we followed the definition by Davis!®20, who differentiated emotional and
cognitive dimensions of trait empathy, all of which were measured with the Interpersonal Reactivity Index (IRI).
In detail, we explored the genetic predictors of three dispositional empathy dimensions: (1) empathic concern
(EC; sometimes called empathy or sympathy?!??)—other-oriented emotional empathy related to feelings of
warmth, compassion, care and support of others in need; (2) personal distress (PD) —self-oriented emotional
empathy linked to emotional contagion, distress or anxiety while facing others’ plight, which ultimately leads to
a focus on one’s own well-being; and 3) perspective taking (PT) —other-oriented cognitive empathy, attempts to
imagine and take others’ point of view in social situations®*.

Additionally, the dyadic approach has been introduced to the measurement of self-reported empathy, which
is subjectively experienced in the context of a romantic relationship and shown to a partner. Thus, dispositional
(experienced independently of specific relationships) and dyadic empathy are not the same constructs.
Personal involvement in a couple’s dynamics might make it difficult to experience or express empathy toward
a romantic partner depending on the quality of this relationship. Thus, self-reported dyadic empathy might
reflect the strength and intimacy of connections between partners more than general tendencies to empathize
with others*»%. This type of empathy translates into behaviors that promote higher relationship quality, such
as displaying care and affection or adopting a partner’s point of view?%2°, It has been repeatedly confirmed that
dyadic empathy predicts or reflects highly satisfactory relationships?4-2¢.

It should be noted that dyadic empathy has been shown to be independent of relationship duration
However, partners’ empathy plays a crucial role in providing emotional support within couples, particularly
during significant role transitions. Research indicates that higher levels of dyadic empathy predict better
relationship adjustment for both women and men during the transition to parenthood, by reducing stress
and fostering intimate communication and care?®. Partners” perceived empathy has also been linked to better
adjustment to parenthood?. In this context, empathy acts as a protective factor against the negative effects of
relationship strain and serves as a foundation for maintaining emotional intimacy?’. As couples face various
life-role challenges, supportive behaviors may increasingly depend on each partner’s empathic tendencies, to
a greater extent than in early stages of dating?®. From a lifespan perspective, studies largely show that empathy
remains stable or undergoes only small changes—whether slight increases or declines—across adulthood, with
mixed results concerning emotional and cognitive empathy dimensions®®. These variations are often attributed
to cohort differences®. Still, more empathic individuals rate their interpersonal interactions more positively
throughout adulthood, suggesting that empathy contributes to sustaining healthy relationships well into later
life3%3, Therefore, considering the relational context in genetic studies on empathy seems valuable.

In this paper, we aimed to expand the knowledge not only about genetic predictors of dyadic empathy but
also about congruence in declared partner-oriented empathic reactions. Schneiderman et al.>? previously added
a genetic perspective to the mutual empathy of partners by finding that certain SNPs related to the oxytocin
receptor gene (OXTR) predicted levels of reciprocity and congruence in partners’ behaviors during couple
communication, which are important aspects of dyadic empathy?. Such findings fall within the broader area
of research on the benevolent effects of similarity or congruence in perceptions of empathy between romantic
partners for their relationships'3>.

24,25

Genetic predictors of empathy

Twin studies have indicated that empathy is partially heritable*!. Greater effects have been obtained for emotional
empathy linked to temperamental emotional reactivity or regulation than for cognitive empathy, which is more
strongly associated with environmental influences throughout individual development”*>*¢. Hypotheses have
been formulated about the heritability of so-called “affective drive,” which is reflected in emotional empathy, and
about the crucial role of learning processes in taking the perspective of others in social situations®®. Nevertheless,
across various studies and methodologies, there have been inconsistencies regarding gender differences in genetic
and environmental influences on empathy, with research results pointing to genetic roots of either female!® or
male’” empathy; no gender differences in the heritability of empathy have been shown®.

Since oxytocin increases prosocial motivation and salience of social signals, SNPs related to oxytocin receptor
genes have been the most frequently analyzed in studies on predictors of empathy’. Meta-analyses of OXTR
rs53576, which is commonly studied in this context, have indicated that GG homozygotes often have greater
empathic tendencies than do individuals with AA genotypes®, especially with respect to emotional empathy*’.
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However, in their meta-analysis, Chander et al.*! reported that research on a general empathy construct and

SNPs indicated a lack of genetic effects. Studies on general sociality seem to confirm this conclusion. In their
meta-analysis, Bakermans-Kranenburg and Van Jjzendoorn*? concluded that OXTR rs53576 is not linked to any
social behaviors or personality traits such as empathy. Nevertheless, Li et al.** also performed a meta-analysis
and found that OXTR rs53576 GG homozygotes displayed greater general sociality (emotional support seeking,
empathy, or extraversion) but not in the context of close relationships (attachment, dealing with relational
conflicts). OXTR rs53576 might be more strongly associated with individual differences in behaviors and
attitudes in sexual behaviors but not with dispositional empathy**. For example, the inclusion of emotional
and cognitive empathy better reflected the diverse predictive effects of rs53576, especially in European cohorts.
Rs53576 GG homozygotes scored higher in EC*!, and this effect was sometimes confirmed only in women (not
in men)®. Lower emotional or other-oriented empathy has been confirmed in adults with OXTR rs53576 A
alleles (AA/AG)'440,

Furthermore, it has been recommended that multiple SNPs effects within candidate genes should be
tested simultaneously for effects on different aspects of sociality, including empathy**. As the OXTR gene is
a determinant of oxytocin sensitivity, some SNPs have been analyzed in relation to not only empathy but also
functioning in social relations, sometimes in couples. Israel et al.” reported that rs1042778 is significantly linked
to altruism and autism and that TT homozygotes were also less prosocial than individuals with the G allele.
Regarding empathy dimensions, Chist et al.*® reported that female GG carriers had greater PT scores than TT
carriers, but no effects of this SNP on empathy were reported®. Rs4686302 has also been linked to empathy.
Research has indicated that men with the CT and TT rs4686302 genotypes score lower than women do in
terms of emotional empathy®. Individuals with C alleles scored lower than others (TT homozygotes or CT
genotypes, depending on the study) in PT***°. Additionally, a recent study on children with ADHD indicated
that the rs4686302 C allele corresponded to greater facial emotional recognition®!, which is linked to empathy
and emotional intelligence?’. Thus, the results on the associations between rs4686302 and empathy dimensions
are inconclusive.

Many other SNPs were found to be inconsistently associated with empathy and related social variables*’. For
example, a frequently tested SNP, rs2254298, was variously linked to either emotional or cognitive empathy as
measured by the IRI, which was moderated or not moderated by gender’®°, and the results differed in different
clinical samples, such as in patients with schizophrenia®?. Rs237887 was linked to prosocial behaviors*” and,
inconsistently, to cognitive or emotional empathy**-*°. In terms of AVP, polymorphisms within AVPRIa were
linked to cognitive empathy?, with a long RS3 promoter repeat length predicting lower scores'®. Zhang et al.>
concluded that short RS3 and RS1 repeats are typically linked with less sociality. Furthermore, both oxytocin and
vasopressin were correlated with the estrogen receptor alpha (ERa) mRNA, suggesting that not only more SNPs
within a gene of interest but also genes related to the analyzed pathway should be examined simultaneously™.
In addition, changes in mitochondrial function have recently been linked to psychiatric disorders, including
those related to social functioning and aggressive behavior. In addition, a serine protease in the mitochondria,
HTRAZ2, has been implicated in promoting cell death, which could indirectly affect social behavior. Although
there is no specific research on its direct involvement in empathy, studies investigating a possible link between
HTRA2 and empathy are worthwhile>>>°.

The findings described above led to the conclusion that empathy dimensions and the context of relationships
should be included in studies on the predictive effects of the above-described SNPs. For example, the question
might be posed whether partners with the rs53576 GG genotype, especially women, experience and express
more empathy in their relationship and whether they are more similar in dyadic empathy. In studies on couples,
the existing results indicated that rs1042778 (the TT allele as a risk factor) exerted effects on interactions
between partners depending on®” or irrespective of*? their gender. Schneiderman et al.?2, in a sample of 120
couples, showed that the rs1042778 T allele was linked to lower communicative empathy and lower verbal and
nonverbal signs of affection, responsiveness and harmony in dyads. According to the analyses of 79 couples
by Mattson et al.”’, men’s rs1042778 T allele was linked to less support provided and perceived in couples,
which reflected the dyadic context of this effect. Another SNP examined in the same study (rs4686302), the CT
genotype, was associated with less support in intimate relationships than CC homozygotes (effects for women).
Further exploration of multiple SNPs’ effects on empathic dimensions, and in couples, would add new insights
into this complex but socially important area of individual differences.

The present study
The aim of this paper was to explore the effects of multiple SNPs within genes linked to empathy and social
functioning. We went beyond OXTR and AVPRIa polymorphisms and examined genetic variation within genes
encoding receptors that regulate oxytocin and vasopressin secretion (ESR1, HTRA2). Taking into consideration
previous research, we analyzed selected genetic predictors of empathy within OXTR (rs53576, rs1042778,
rs13316193, rs2228485, rs2254298, rs2268494, rs4686302, rs237887, rs7632287), two in HTRA2 (rs6311,
rs6314), one in ESR1 (rs1884051), and two AVPRA1 microsatellites (RS1 and RS3). Based on earlier research, we
expected the lowest scores in other-oriented empathy in participants with rs53576 A alleles (H1), with stronger
effects for women (H1a), and in participants with T rs1042778 alleles (H2). We further asked whether rs4686302
heterozygotes would be less empathic and whether other SNPs predict levels of dispositional empathy in our
sample. Additionally, as empathy is linked to gender stereotypes and femininity®®, we explored the above effects
for women and men separately.

We added the dyadic perspective to the link between genetic factors and empathy and included intimate
partners’ assessments of their empathy experienced and expressed in their relationships in a relatively large
sample of couples. To explore the dyadic data more extensively, we analyzed whether congruence in partner-
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Men ‘Women

Measures 1 2 3 M SD | M SD | t(440) Cohen’s d
Empathic - 36.68 | 6.18 | 40.85 | 5.72 | — 7.363** | —0.70
concern

Personal distress | 0.35** | - 19.40 | 4.78 | 24.16 | 5.36 | — 9.853** | — 0.94
Perspective 0.37%* | 0.04 | - 33.34 | 5.02 | 3442 | 446 | —2.385¢ | —0.23
taking

Dyadic empathy | 0.29** | 0.04 | 0.43** | 4029 | 4.96 | 40.93 | 4.61 | — 1421 |—0.14

Table 1. Intercorrelations, means, standard deviations of study variables and differences in means between
women and men. *p <0.05, **p <0.001.

Genetic variation | Allele order
1s53576 [G, GA, A]
152254298 [G, GA, A]
15237887 [A, AG, G]
1s4686302 [C,CT, T]
rs13316193 [T, TC, C]
rs1042778 [G,GT, T]
152268494 [T, TA, A]
157632287 [G, GA, A]
152228485 [A, AG, G]
rs1884051 [A, AG, G]
rs6311 [C, TC, T]
1s6314 [G, AG, A]
RS1 [L,M,S]
RS3 [L,M,S]

Table 2. Encoding scheme for alleles of analyzed genetic variations (IVs). For numerical purposes, all IVs were
encoded as [0, 1, 2] in order.

oriented empathy between women and men, which reflects mutual empathy in intimate relationships, was
predicted by SNPs.

Following recent trends in studies on individual differences and relationship quality®®, we employed machine
learning methods to capture both linear and nonlinear relationships between SNPs and dimensions of empathy
in couples. Machine learning allows the shift of deep domain knowledge toward constructing and training
machine models®. Such models allow us to look for relationships and interactions between variables that might
go unnoticed during typical statistical analysis.

Linear mixed effects (LMEs) and random forest (RF) modeling

Data preprocessing

The data have been preprocessed in a standard way®!; e.g., missing (or incorrect) values have been imputed (or
replaced) by the most frequent value in each genetic variation. The total percentage of erroneous and missing
values was less than 0.3% of the full data, so it had no practical impact on the results.

Intercorrelations, means, standard deviations of study variables and differences in means between women
and men are collected in Table 1. Analysis of the table indicates the need to model, in addition to the group as
a whole, subgroups composed of individuals of different genders. The statistical power of the sample, assuming
a significance level of a=0.05, sample size of n=442, and standardized effect size of f=0.23 (calculated using
data from®?), is > 90%.

To create numerical models for studying the significance of each individual genetic variation (independent
variable, referred to as IV), their alleles were encoded to [0, 1, 2] using the order [major homozygote, heterozygote,
minor homozygote]® (see Table 2). For example, alleles [G, GA, A] in rs53576 were encoded as [0, 1, 2]. For
vasopressin (RS1, RS3), a fixed encoding order [L, M, S] of [0, 1, 2] was used instead, where L is the long, M is
the medium and S is the short repeat length. We stress that encoding has been introduced as a requirement of the
numerical libraries used in calculations, but these IVs were still treated as categorical data.

Overview of the machine learning modeling for explanatory analysis

To determine the significance of each IV in predicting empathy (including testing H1, Hla, and H2), two
modeling methods were employed in the current work: linear mixed effects (LMEs) and random forests (RFs).
Several models based on these methods were constructed to predict the values of the dependent variables (EC—
Empathic concern, PD—Personal distress, PT—Perspective taking, DYADIC—Dyadic empathy and dyadic

Scientific Reports |

(2024) 14:27411 | https://doi.org/10.1038/s41598-024-78857-7 nature portfolio


http://www.nature.com/scientificreports
http://mostwiedzy.pl

A\ MOST

www.nature.com/scientificreports/

empathy congruence—DYADIC CONGRUENCE) as a function of the IVs. These models were trained and then
subjected to explainability to determine the significance of each SNP.

The LME method, in general, allows for the modeling of structured linear relationships between variables®.
In that approach, data points consist of inputs of varying types, which may be categorized into groups, and the
output of a real value. LME models are hierarchical ones: they share statistical strength across groups, which,
in turn, allows for improving inferences about any single data point®®. Each model is composed of fixed effects
(held constant across the population of data points) and random effects (varied across the population of data
points). This method (as with the other linear methods) allows for easy determination of the contribution
of particular variables to the model performance (by analyzing the regression coefficient), together with the
statistical significance (p values). However, although simple and effective, it does not automatically detect
interactions between variables—they need to be included explicitly in the model.

The RF method, in contrast, allows for modeling complex, strong nonlinearities between variables®® while
being resistant to overfitting. Unfortunately, this comes at the cost of a loss of model explainability. However,
several techniques can be used for explanatory analysis of trained RF models®”. Moreover, RFs are also suitable

for studying interactions between predictors®.

Details of the LME models

In the current analysis, fixed effects were chosen as the individual genetic variations (14 IVs). Random effects
were introduced to the model in the sense of random intercept terms only. In the case of the whole sample,
random effects were connected with the grouping of the population by (A) couple ID and (B) person ID. This
allows for checking for couple effects in the gene analysis. For the separate analyses of women and men, random
effects were introduced by grouping the population by person ID only. For each measure, three models were
studied:

Model 1: baseline model with no predictors (1A—grouping by couple ID, 1B—grouping by person ID),
Model 2: all IVs as predictors (incl. testing of H1 and H2; 2A—grouping by couple ID, 2B—grouping by
person ID),

Model 3: all IVs as predictors, including the interaction between rs53576 and gender (H1a; 3A—grouping by
couple ID, 3B—grouping by person ID; for the whole group only, since including an interaction with gender
is inappropriate when the analyzed population contains only women or men).

Additionally, for the DYADIC CONGRUENCE measure, Model 3 of type A (grouping by couple) was omitted
because DYADIC CONGRUENCE is calculated as the difference between the DYADIC values within a couple,
so grouping of the population by couple is inappropriate.

In order to test whether expecting a child affects the performance of the above models, a random effect was
introduced for each model for both groups (individuals/couples expecting, and not expecting a child).

The importance of each individual genetic variation (IV) was determined by analyzing the calculated
regression coefficient, together with the corresponding p value. To facilitate the comparison of coefficients
and the assessment of their significance, standardized coefficients were also calculated. They were obtained by
standardizing the data prior to using LME analysis. To compensate for multiple tests, adjusted p values were
calculated using the Holm-Sidak method®. To estimate the size of the effects, Cohen’s f2 was calculated for
variables with p values <0.05.

Details of the RF models

The optimal set of hyperparameters of RF models has been found to maintain the trade-off between performance
and the required computing time. The number of independent trees (number of estimators) was restricted to
1500 without restricting their depths. Each model for each dependent variable was trained; then, along with the
study aim (including testing H1, Hla, and H2), the significance of the variables was then calculated for each
model using explanatory methods®’. The out-of-bag estimate’® has been used, allowing for efficient overfitting
prevention.

Results

LME

To train the models, which were subsequently used to calculate the significance of each SNP, the Python package
statsmodels was used (https://www.statsmodels.org). The performances of the models are summarized in Table
3, which shows that grouping by couple ID (Models 1A, 24, 3A) did not result in a sufficiently high intraclass
correlation (ICC<0.05). Therefore, for further analysis, models introducing grouping by person ID were
selected. Model 3B (including the interaction between rs53576 and gender) was the best model when the full
sample was analyzed, but for females and males, Model 2B showed the best fit to the data.

For each model, the inclusion of grouping by expecting (or not) a child was found to have no effect on
performance (the coefficient for the random effect was zero or negligibly small in each case).

A summary of the results for Model 2B (including all SNPs, without an interaction term, grouping by person
ID) is shown in Table 4 (for the whole group) and Table 5 (separately for females and males). The list of the most
important IVs was selected as those with p value (adjusted for multiple testing) <0.05 and at least a small effect
size (f2>0.02). For variables with adjusted p value >0.05, IVs with unadjusted p value < 0.05 and at least a small
effect size were also selected. The full results for Models 1B, 2B and 3B are shown in Supplementary Tables S1-S5.

Thus, H1 and H1a were partially confirmed, as no strong effects on dispositional empathy occurred for the
whole sample or for women. For women, rs53576 predicted dyadic empathy levels and dyadic congruence scores
(the more A alleles there were, the lower the score and the greater the incongruence in empathy between women
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Whole sample | Women Men

Variable —2LL |RMSE | —2LL |RMSE | —2LL |RMSE
EC (model 1A) 2881.10 | 6.30 - - - -
EC (model 1B)* 2881.10 | 2.99 1396.94 | 2.58 1431.45 | 2.79
EC (model 2A) 2866.96 | 6.20 - - - -
EC (model 2B)* 2866.96 | 2.80 1377.60 | 2.47 1419.46 | 2.72
EC (model 3A) 2813.02 | 5.43 - - - -
EC (model 3B)* 2814.15 | 2.64 - - - -
PD (model 1A) 2777.01 | 5.60 - - - -
PD (model 1B)* 2777.01 | 2.66 1368.12 | 2.42 1317.94 | 2.19
PD (model 2A) 2750.51 | 5.43 - - - -
PD (model 2B)* 2750.51 | 2.46 1340.83 | 2.27 1308.55 | 2.11
PD (model 3A) 2668.44 | 4.95 - - - -
PD (model 3B)* 2668.44 | 2.24 - - - -
PT (model 1A) 2634.60 | 4.77 | - - - -
PT (model 1B)* 2634.60 | 2.16 1287.00 |2.01 1338.88 | 2.26
PT (model 2A) 2625.04 | 4.71 - - - -
PT (model 2B)* 2625.04 | 2.13 1271.08 | 1.94 1327.52 | 2.21
PT (model 3A) 261791 | 4.62 - - - -
PT (model 3B)* 2617.94 | 2.12 - - - -
Dyadic (model 1A) | 2638.80 | 4.76 - - - -
Dyadic (model 1B)* | 2638.81 | 2.17 1301.95 | 2.08 1333.69 | 2.24
Dyadic (model 2A) | 2613.51 | 4.65 - - - -
Dyadic (model 2B)* | 2613.51 | 2.11 1275.66 | 1.96 1316.63 | 2.15
Dyadic (model 3A) | 2607.43 | 4.58 - - - -
Dyadic (model 3B)* | 2607.45 | 2.20 - - - -

D. C. (model 1A) - - - - - -

D. C. (model 1B)* 2938.11 | 3.04 1469.05 | 3.19 1469.05 | 3.19
D. C. (model 2A) - - - - - -

D. C. (model 2B)* 2926.51 | 3.00 1453.09 |2.93 1459.78 | 2.98
D. C. (model 3A) - - - - - -

D. C. (model 3B)* 2924.96 | 2.99 - - - -

Table 3. Performance of the LME models: — 2 times the log of the likelihood (— 2LL) and root-mean-square
error (RMSE). D.C. dyadic congruence. *Indicates ICC > 0.05.

Variable IVs Coefficient | Coefficient (standardized) | p value | p value (adjusted) | f2
EC - - - - - -
RS1 - 1.193 —-0.213 0.001 0.005 0.131
PD rs4686302 | 1.494 0.267 0.015 0.059 0.021
rs6311 0.892 0.159 0.018 0.087 0.020
PT - - - - - -
rs1042778 | — 0.969 —0.202 0.007 0.035 0.024
DYADIC rs4686302 | — 1.372 —0.286 0.009 0.044 0.022
rs237887 —0.938 —0.196 0.035 0.163 0.020
Dyadic congruence | rs2254298* | — 2.230 —0.332 0.019 0.091 0.013

Table 4. List of most important IVs (with p <0.05) as result of LME modeling for the whole group (Model
2B). For EC and PT no genetic variation with statistical significance is found. Coeflicient is the slope of the
regression straight line, higher absolute value implies higher importance. Sign of the coefficient is the trend,
according to the scheme in Table 2. Standardized coefficients, p values adjusted for multiple testing (using the
Holm-Siddk method), and Cohen’s f2 effect size are also presented. *Excluded from further analysis, due to
highly imbalanced data and too small effect size (2 <0.02).
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Variable ‘ v Coefficient | Coefficient (standardized) ‘ p value ‘ p value (adjusted) | f2
‘Women
EC 151884051 —1.837 —0.321 0.001 0.005 0.178
156311 2.037 0.380 0.000 0.000 0.073
P RS1 —1.086 —0.203 0.024 0.114 0.023
PT - - - - - -
Dyadic rs13316193 | — 1.699 —0.368 0.005 0.025 0.035
1s53576 -1.277 —-0.277 0.026 0.123 0.022
Dyadic congruence | rs53576 — 1.669 —0.248 0.049 0.182 0.020
Men
EC rs4686302 | — 2.526 —0.408 0.010 0.049 0.031
PD - - - - - -
PT - - - - - -
Dyadic 154686302 | — 1.867 -0.377 0.016 0.062 0.026
rs1042778 | — 1.092 —0.220 0.038 0.176 0.021
Dyadic congruence | — - - - - -

Table 5. List of most important IVs (with p <0.05) as result of LME modeling separately for women and men
(model 2B). For PT (both genders) as well as for PD and Dyadic congruence for men no IV with statistical
significance is found. Coeflicient is the slope of the regression straight line, higher absolute value implies
higher importance. Sign of the coefficient is the trend, according to the scheme from Table 2. Standardized
coefficients, p values adjusted for multiple testing (using the Holm-Sidak method), and Cohens 2 effect size
are also presented.

Whole

group Women Men
Variable RMSE |R? |RMSE | R? |RMSE | R?
EC 2.55 0.84 | 2.24 0.85 | 2.51 0.83
PD 2.33 0.83 | 2.06 0.85 | 1.99 0.83
PT 2.03 0.82 | 1.83 0.83 | 2.07 0.83
Dyadic 1.97 0.83 | 1.87 0.84 | 2.03 0.83
Dyadic congruence 2.90 0.81 | 2.81 0.82 | 2.81 0.83

Table 6. Root-mean-square error (RMSE) and R? for the trained RF models.

and men). The rs1042778 T allele seemed to be a risk factor for dyadic empathy, particularly for men, which
partially confirmed H2, as no effects on dispositional empathy were shown. Several other predictive effects for
emotional and dyadic empathy also occurred.

Random forests
The basic metrics obtained during the training of the RF models are listed in Table 6. The results for all of the
models are similar and are at an acceptable level.

A summary of the importance of each IV calculated from the nonlinear RF models, is presented in Table 7.
For the calculation, the dalex Python package was used®’, which implements the idea described in”". Basically,
how much a model’s performance changes is measured if the effect of a selected predictor is removed (the so-
called drop-out loss). Since there is no natural cutoff that can be used to discriminate between important and
nonimportant variables when using variable importance measures’?, we created a criterion based on the drop-
out loss value. The most important IVs were chosen as those for which the drop-out loss was above the threshold
chosen as the mean+ 0.2*range of the drop-out losses for all IVs. This choice of cutoff allows for marking 2-4
variables as significant.

RF was also used to demonstrate how the expected value of model prediction behaves as a function of a
particular IV. This was achieved with the ceteris paribus analysis— “other things held constant” or “all else
unchanged”®’. The results for the 3 most important IVs for all analyzed measures are presented in Figs. 1, 2 and
3 (for the whole group, females and males, respectively). The results for all IVs are included in Supplementary
Figs. $4-S8.

Next, the RF model was used to examine the interaction effects between the rs53576 SNP and the participant’
gender (indicated by the additional independent variable SEX). This particular SNP was selected because it is
expected to interact with the participants’ gender in predicting dimensions of empathy*®. This has been done by
creating and training additional RF models, with rs53576 and SEX variables treated as (i) independent and (ii)
interacting variables. The increase in the R? measure in these two models is due to the inclusion of interactions.
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Genetic variations
Variable ‘Whole group | Women Men
rs1884051 rs1884051
RSI rs1884051 1 4686302
EC rs1042778
156311 53576 rs6311
rs1042778 s RSI
RS1
PD 55561311 Rer rs6311
rs1042778
rs6311 isi3é84051 RS1
PT rs1884051 1$53576 15237887
15237887 RS1 rs1884051
rs6311 rs6311 fs811384051
DYADIC rs1884051 rs13316193 1s1042778
RS3 1s53576 RS3
rs1884051 rs6311
Dvadic congruence rs6311 17632287 | rs1884051
¥ 8 RS1 RSI 154686302
1553576 rs53576

Table 7. List of most important IVs as result of RF nonlinear modeling.

The highest R? increase (and thus stronger interactions) was observed for the DYADIC variable (130%) and EC
(13%). Much lower increases (and thus weak interactions) were found for PD and PT (1% and 3%, respectively).
Moreover, in Fig. 4, interaction plots for these variables are presented. These findings clearly confirm the above
result.

Once again, H1 and H1la were partially confirmed. RF indicated that women with the AA rs53576 genotype
scored lower in EC and dyadic empathy as well as in PT. Regarding H2, rs1042778 TT seemed to be linked to
lower dyadic empathy, as expected (similarly to heterozygotes) but also to PD (as opposed to individuals with
the AG and GG genotypes), but only in men. Other nonlinear effects occurred, especially for the AVPRIa, ESRI
and HTRA2 polymorphisms.

Discussion

Our findings confirmed the significance of certain genetic variations linked to oxytocin, vasopressin, serotonin
and estrogen for dispositional and dyadic empathy in couples. Thus, the obtained results went beyond the
frequently analyzed effects of OXTR polymorphisms, especially OXTR rs53576, on empathic tendencies. The
results expanded upon earlier findings on genetic predictors of dimensions of empathy by adding its dyadic
context, which was also predicted by several SNPs. It should be emphasized that while women scored higher
in each dimension of dispositional empathy, there were no gender differences in dyadic empathy, which might
reflect the quality of the relationship more than gender roles. The use of multiple statistical analyses, together
with machine learning, allowed for a more accurate description of linear and nonlinear relationships between
analyzed variables. There were many effects of the analyzed genetic variations on emotional and dyadic empathy
shown in the regression predictive models (LME and RF), so conclusions on the linearity of the relationships
between variables could be drawn. Overall, the weakest effects of genetic factors were obtained for perspective
taking, which is in line with research emphasizing social influences on the development of cognitive empathy”>.

The obtained results shed new light on the effects of OXTR rs53576 on dimensions of empathy. When gender
was added to the analysis, RF showed that women with AA genotypes reported lower EC and dyadic empathy (as
confirmed with LME). The results confirmed and expanded the conclusions of Uzefovsky et al.!* by pointing to
EC, which is other-oriented as the dimension most strongly and nonlinearly associated with rs53576, similar to
Huetter et al.*®, and the effects were much weaker for the PT dimension. We showed that not only empathizing
emotionally but also caring for others, including intimate partners, by focusing on their situation might be more
challenging for women with AA genotypes than for those with other genotypes. In this respect, our results
indicate that the rs53576 polymorphism might be predictive of empathy expressed and experienced in a romantic
relationship—empathic concern toward a partner and taking on their perspective—and that both aspects of
empathy are closely linked to support, sensitive responsiveness and good communication in relationships?7476.
However, we did not observe a significant increase in empathy scores in GG homozygotes compared with those
in GA heterozygotes, which might serve as a limitation of the obtained results. Hence, these results go beyond a
particular social domain and encompass both a more general social disposition and intimate relationships*. In
this respect, H1 and H1a were partially confirmed. However, the data for rs53576 were unbalanced (only n=18
women with AA homozygotes), so the conclusions should be drawn with caution. For the same reason, the
effects of rs2254298 were not further discussed.

Two other frequently examined SNPs, rs1042778 and rs4686302, were associated with dyadic and emotional
dispositional empathy. In accordance with earlier studies on the T allele as a risk factor for low empathy and
disturbances in romantic relationships, GG homozygotes in rs1042778 reported more empathy expressed toward
their romantic partners than did participants with at least one T allele. The more T alleles there are, the less that
women and especially men view themselves as empathic in their intimate relationships. The stronger effects for
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Fig. 1. Expected values of the RFs models predictions for all dependent variables (in rows), as function of
three most important genetic variations (IVs). Results for the whole group.

men confirmed the earlier findings of Mattson et al.”’, but in the context of empathy and in a larger sample of
couples. Other effects of this SNP seemed to be weaker. Therefore, H2 was partially confirmed.

Furthermore, the more C alleles there were in OXTR rs4686302, the greater the level of dyadic empathy and the
lower the level of PD, as shown by linear analysis (LME); therefore, such participants displayed tendencies toward
other-oriented empathy in intimate relationships and were more able to regulate their negative emotions when
faced with others’ distress. It seems that individuals with these alleles might function better in close relationships
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Fig. 2. Expected values of the RFs models predictions for all dependent variables (in rows), as function of
three most important IVs. Results for women only.

than individuals with other alleles. As in Mattson et al.”’, we discovered that gender should be considered in the
analysis of rs4686302 effects, but in our study, the effects were stronger for men, who additionally obtained lower
scores in EC when T alleles were present (confirmation with LME and RF). However, in their study, there were
no TT homozygotes, and in our study, there were only 13 participants with TT genotypes. Nevertheless, in our
analyses, we detected the effects of rs4686302 on both LME and RE Thus, these results provide new insights into
the earlier, often contradictory, findings on the effects of rs4686302 on socioemotional functioning.
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Fig. 3. Expected values of the RFs models predictions for all dependent variables (in rows), as function of
three most important IVs. Results for men only.

Other effects of OXTR rs13316193 and rs237887 emerged. Earlier research regarding the effects of these
two SNPs, as well as rs7632287, was inconclusive?’. LME and RF indicated that women with the rs13316193
TT genotype obtained higher scores for dyadic empathy. LME showed that A alleles in rs237887 were linked to
greater dyadic empathy. The effects of rs237887 on PT levels were relatively weak (the drop-out loss values were
smaller than those for the other measures), again showing that this dimension is not predicted by SNPs to such
an extent as emotional and dyadic empathy.
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Fig. 4. Interaction plots for interactions between gender (SEX) and rs53576, resulting from the RF modeling,
for EC, PD, PT and DYADIC, for the whole group. The crossed lines in the case of DYADIC and EC indicates
the existence of interactions.

Exploration of the role of the RS1 and RS3 microsatellite repeats within the promoter region of AVPRAI
in promoting empathy revealed its effect on empathic emotional contagion, and this effect was confirmed by
all of the statistical analyses. Long repeats of RS1 were linked to higher scores in PD as compared with shorter
variants (a strong effect obtained for both LME and RF). Moreover, individuals with short repeats of RS3
seemed to show more dyadic empathy (the effect was obtained only in RF). These results did not confirm the
conclusion that individuals with shorter RS1-RS3 repeats are less prosocial®®, as they declared less self-oriented
emotional contagion and experienced and expressed more partner-oriented empathy. However, earlier findings
by Uzefovsky et al.'* indicated that longer variants of RS3 were related to lower cognitive empathy, as measured
by the IR, and in our study, women with medium variants scored the lowest in the PT (confirmation with RF).
These results, similar to our findings, might reflect subjective views on oneself and intimate relationships more
than particular prosocial behaviors. In our earlier analyses, shorter variants of RS1 and RS3 were linked to lower
levels of AVP after performing the task of simulated caregiving with an infant simulator’’, which could better
reflect the impact of RS1 and RS3 microsatellite repeats on social behaviors. Thus, more research on AVPRAI
alleles within the domain of intimate relationships with various types of empathy is needed.

Our analyses indicated that the inclusion of the ESRI SNP was particularly justified because it predicted EC
and dyadic empathy scores, and these effects seemed to be nonlinear. AG heterozygotes scored the lowest in
both dimensions. Additionally, AG heterozygotes obtained lower PT scores. These were the exploratory findings.
These associations seem to reflect the role of neuroendocrine/hormonal factors in the effects of certain neural
circuits (both empathy and ESR1 have been linked to, e.g., the amygdala or hypothalamus) on emotional and
social reactions®’®. It might be concluded that some of the earlier findings indicated that AA genotypes were
associated with lower harsh parenting’®, whereas G alleles were linked to selected personality traits, such as
higher neuroticism, harm avoidance or imaginative thinking®, but associations of the rs1884051 SNP with
depressive symptoms are complex®!. The ESR1 gene has been associated with the regulation of arousal®!,
stress-related disorders, and social memory, especially in women®*#3. As mentioned, the emotional regulation
of responses to stressful stimuli and a focus on others’ situations are crucial for the EC and PT?2 One study
revealed that the ESR1 promoter polymorphism rs2504063 was associated with increased social memory via
voice recognition in women®. Another study showed that ESR1 and ESR2 gene polymorphisms modulated
facial sadness recognition in healthy females’8. Although not directly related to EC or dyadic empathy, these
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findings suggest that ESR1 or ESR2 variants may influence certain social abilities. Thus, our results provide novel
insight into the relationship between the ESRI SNP and empathy, which is understood as a personality trait, in
the context of a particular, intimate relationship.

Finally, HTR2A SNPs could also be linked to empathy, as our results indicated that rs6311 TT homozygotes
reported lower dyadic empathy than did the rest of the sample, especially in women, and the effect was nonlinear.
Another effect emerged for PD, with rs6311 TT homozygotes scoring higher, again especially in women.
Additionally, CT heterozygotes scored the highest in PT. These findings were also exploratory.

Interestingly, the polymorphisms described above predicted the congruence in dyadic empathy between
partners. It is worth emphasizing that in the absence of observations of the partners’ behaviors, as in*, we
managed to explore the subjective similarity in empathy experienced and expressed in dyads. Since higher dyadic
empathy was previously linked to greater and relatively stable synchrony of positive reactions in a relationship
and in various challenging situations that elicit the need for support, it might reflect more general tendencies
of individuals (e.g., dispositional empathy, attachment?*). It might also be predicted by genetic factors, as the
presented results suggest. However, referring to the context of intimate couples, it has been concluded that
partners focusing empathically on interactions in a romantic relationship to a greater extent perceive themselves
and their partner as more similar, which might reflect a better emotional atmosphere in a relationship® and
greater relationship satisfaction"®. Thus, such congruence also reflects a high-quality intimate relationship,
which, as we innovatively showed, partly depends on SNPs related to OXTR and AVPRIa polymorphisms and
variation within genes encoding receptors that regulate oxytocin and vasopressin secretion (ESR1 and HTRA2).
In couples, rs1884051 AG heterozygotes (particularly men) were the most incongruent in their experienced and
mutually expressed empathy. The same seemed to be true for partners with short repeats of RS1 and for rs6311
CC homozygotes, who were not, relatively, the least empathic, but in these couples, women might not receive
as much empathy as they provide to the relationship. Thus, in these couples, women and men differed relatively
more in dyadic empathy than in the rest of the sample. This particular result indicates the need for further
exploration of SNPs effects on dyadic empathy.

Strengths and limitations

Since all psychological variables were self-reported and measured simultaneously, it was impossible to draw
conclusions on causal links between dispositional and dyadic empathy. Studies with longitudinal designs
should be conducted to determine the causal relationships between genetic variations and empathy. Although
self-reports might be biased, we should emphasize that we used one of the most popular and highly regarded
measures of individual differences in empathy®¢. Additionally, the concept of dyadic empathy stemmed from
Davis’s model®. In earlier research, EC measured with the Empathic Sensitiveness Scale positively correlated
with observed parental sensitivity®”%¢. Similarly, observations and psychological assessments of empathic dyadic
interactions would allow us to analyze empathy in couples in a more objective way, which is worth including in
future studies.

The study was conducted on a relatively large sample of couples, and we analyzed the same genetic variations
of both partners. However, this study focused on cohabiting, childless couples. This limits the applicability of the
findings to other life stages, such as couples with children or older couples, who might differ in empathy levels
and expression. Nevertheless, the study design included both women and men, assessing their self-reported
empathic responses toward their intimate partners with whom they share a household. As previously mentioned,
dyadic empathy appears independent of relationship duration. However, prior research on couples suggests that
the strength of the association between empathy and specific behaviors might change over time. Thus, another
limitation of this study is that it did not focus on specific interactions between partners. Additionally, we tested
whether the significant life-role transition of expecting a first child affects the relationship between genetic
factors and empathy levels. However, we did not account for various life stressors that couples may face, which
might impact their willingness to express empathy within their relationship. Expanding the research on more
diversified samples, regarding the relationship status, duration or quality, would allow for more complex models
with covariates.

Due to the implementation of machine learning techniques, we were able to explore not only linear but also
nonlinear links between genetic predictors and empathic dimensions. The machine models used (linear mixed
effects and random forests) are robust to overfitting and allow measurements of the significance of variables,
allowing for insights into the most influential variables in the model. The choice of methods allowed for nonlinear
modeling of the relationships within the data, with relatively little computational effort and high replicability.
However, it is important to bear in mind that almost every machine model is subject to uncertainties, such
as those associated with imperfect data, e.g., unbalanced data. In addition, the rigorous approach we used
to account for compensation for multiple comparisons meant that, in some cases, the adjusted p-value rose
(slightly) above the threshold for statistical significance, but with sufficient effect size. Therefore, the obtained
results require independent confirmation. Additionally, there is no natural cutoff that can be used to discriminate
between important and nonimportant variables when using variable importance measures in RF modeling, so
the selection of the most important IVs, even based on the dropout loss metric, might be considered somewhat
subjective.

Gender was the main factor impacting the results, which further expands the knowledge on biological (i.e.,
genetic) and sociocultural (i.e., gender roles) predictors of empathy that might interact. Furthermore, selected
but multiple SNPs were analyzed, and certain effects were confirmed in more than one analysis, going beyond
OXTR polymorphisms. Such findings might be important for developmental and relationship researchers and
practitioners.

Taken together, our results expand the knowledge on the underpinnings of individual differences in empathy
and indicate that not only dispositional but also dyadic empathy might be predicted by genetic variations linked
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to oxytocin, vasopressin, serotonin and estrogen. The findings confirm the different effects of the analyzed SNPs
on emotional and cognitive empathy and might be useful for understanding the mechanisms of psychopathology
related to a lack of empathy. This study uniquely shows that inviting couples to participate in research on genetic
predictors of empathy might open new venues for understanding the sources of partners’ dyadic interactions.

Methods

Participants

The sample consisted of 442 adults from Northern Poland. They were partners in heterosexual relationships
(N'=221). The intimate relationships had lasted on average about 6 years (M=5.77, SD=3.03), and all couples
were cohabiting and childless. The majority of couples were in formal relationships (n=122 married). 111
couples expected their first child. Female partners were 27 yrs. old on average: M =26.66, SD=3.24, as were
their male partners: M=27.71, SD=3.53. Most participants worked in various occupations—78% of women
and 92% of men, and were highly educated—84% and 73%, respectively.

DNA extraction

Cheek cells were collected from all participants by scraping the inside of the cheek with a cotton swab and stored
at — 80 °C. Genomic DNA was isolated using the QITAamp DNA Mini Kit (Qiagen, Germany) according to the
manufacturer’s protocol. NanoDrop® ND-1000 (Thermo Fisher Scientific, USA) was used to verify the quantity
and quality of purified DNA. DNA was stored at — 20 °C.

Genotyping

Based on the literature review, we selected 9 single nucleotide polymorphisms (SNPs) within OXTR, (rs1042778,
rs13316193, rs2228485, rs2254298, rs2268494, rs4686302, rs53576, rs237887, rs7632287), two in HTRA2
(rs6311, rs6314) one in ESR1 (rs1884051), and two AVPRA1 microsatellites (RS1 and RS3). The MassARRAY
° 4 instrument, which combines mass spectrometry with endpoint PCR, was used to genotype all 12 SNPs.
Microsatellite fragment analysis was performed by denaturing polyacrylamide gel electrophoresis. Both methods
have been described in detail previously”’.

All 14 genetic variations analyzed were variable in the study group, but for 4 OXTR SNPs the genotype
distribution was not in Hardy-Weinberg equilibrium (HWE): rs1042778, rs13316193, rs2268490, rs53576 (p ©
0.05). Among the SNPs we investigated, OXTR rs237887 had the highest minor allele frequency (MAF) in our
study population (42%), and OXTR rs2268494 and HTRA2 rs6314 had the lowest MAF (6% each). Analysis of
the LD between the variants using the Ensembl calculator showed that all SNPs were independent (r2 < 0.4). The
RSI microsatellite repeat within the promoter region of AVPRAI did not deviate from the HWE (p=0.66), in
contrast to the RS3 repeat (p=0.0001). Based on the number of base pairs identified, the RS1 and RS3 repeats
were grouped into ‘long’ (L) and ‘short’ (S) groups. For RS3, ‘long’ refers to repeats that are longer than 310 bp,
and ‘short’ refers to all repeats that are shorter than 305 bp. For RS1, ‘short includes a fragment of 274 bp and all
the shorter repeats, while ‘long’ includes all the repeats that are longer than 280 bp.

Measures

Dispositional empathic concern, personal distress and perspective taking

The Empathic Sensitiveness Scale: the widely used Polish version of the Interpersonal Reactivity Index by
Davis!® was used®. It consists of 28 items with a 5-point Likert response scale (1—does not describe me well,
5—1I completely agree) and measures three empathic dimensions: emotional and other-oriented EC, emotional
and self-oriented PD, and cognitive and other-oriented PT. The Cronbach’s a for each of the subscales exceeded
0.7 in this study. Sample items: T often have tender, concerned feelings for people less fortunate than me’ (EC);
‘When I see someone who badly needs help in an emergency, I go to pieces’ (PD); I try to look at everybody’s side of
a disagreement before I make a decision’ (PT).

Dyadic empathy (DYADIC)

The Interpersonal Reactivity Index for Couples?*. The 10-item measure with a 5-point Likert response scale (1—
do not agree at all/does not describe me well, 5—I completely agree/describes me very well) was used to measure
empathy in the context of the intimate relationship and directed toward a partner (the concept of the scale was
first introduced by Péloquin and Lafontaine?®). The Polish version consists of two subscales: empathic concern
(4 items) and perspective taking (6 items) of partners in the romantic relationship. However, in the Polish
version, a total score of partner-oriented empathy has been recommended?. For the total score, Cronbach’s
a was 0.73 for women and 0.77 for men. Sample items: ‘When I see my partner being taken advantage of, I feel
kind of protective towards him/her’; ‘Before criticizing my partner, I try to imagine how I would feel if I were in his/
her place’. Additionally, the variable resulting from the subtraction of the corresponding DYADIC values (for
women and men) was created. Dyadic empathy congruence (DYADIC CONGRUENCE) assesses the similarity
between partners in partner-oriented empathy. The higher the score, the greater the difference between partners,
with higher scores for women.

Procedure

The presented research aim is a part of a larger project. The project explored the effects of empathy in couples
who were not parents themselves on their responsiveness during simulated parental caregiving. In this paper, we
uniquely examine selected genetic predictors of the main variable in the project, that is empathy (dispositional
and dyadic). Referring to the Introduction, the inclusion of expectant couples allowed us to explore whether
this significant life transition—marked by an increased need for empathy—alters the strength of associations
between genetic factors and levels of EC, PD, PT, and dyadic empathy. Additionally, none of the participants
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were in the early stage of dating, ensuring a focus on more established relationships. Invitations to participate
in the study were distributed through social media and in institutions conducting antenatal classes. Inclusion
criteria included being in emerging and young adulthood and in general good health. All participants had to be
in a stable intimate relationship for at least 2 years, cohabiting, and with no children. The couples should not have
significantly differed from each other on sociodemographic characteristics. Additionally, they were generally
happy with their relationships (M =8.46, SD=1.27, score range, 1-10) and fairly satisfied with their economic
life (M =6.84, SD =1.45, score range, 1-10).

Upon arrival at the laboratory, a salivary sample was collected from each participant to obtain the genetic
material. Then, the participants completed the psychological questionnaires individually. The recruitment process
and procedure have been described in detail by Kazmierczak et al.”. Participants received 100 PLN (ca. 25 Euro)
at the completion of the study. Informed consent was obtained from all participants. This study was performed
in accordance with the conditions set out in the GDPR and the requirements of the Independent Bioethics
Committee for Scientific Research at the Medical University of Gdansk, Poland, and the Ethics Committee at the
Institute of Psychology, University of Gdansk, Poland. This study was approved by the Independent Bioethics
Committee for Scientific Research at the Medical University of Gdansk, Poland (permission # NKBBN/154/2017)
and the Ethics Committee at the Institute of Psychology, University of Gdansk, Poland (permission # 4/2016).

Data availability

The data that support the findings of this study are available in OSF https://osf.io/g9xwy/?view_only=89c654
0489524a98922d775eael12c186 ; https://osf.io/2qxtj/?view_only=743bab4a38ea4cd493574d760e496879. In ad-
dition to random forests, artificial neural networks (ANNs) have been used as alternative nonlinear modeling
methods. Five models were trained for each dependent variable, with a set of hyperparameters found during the
tuning procedure. The final network architecture is presented in Supplementary Fig. S9. To prevent overfitting,
each model was subjected to the k-fold cross-validation procedure (k=10), yielding 10 independent submodels
in each case. Then, the final models were composed of an ensemble (averaged) model made from the above sub-
models. Next, the significance of the individual IVs was calculated for each model using explanatory methods,
as was the case for the RF models. The results are presented in Supplementary Table S6. The vast majority of the
results overlap with those obtained by the RF method. Finally, RF was chosen as the main method presented and
used in the article because of its lower computational cost and (in general) better explainability.
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