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ABSTRACT 

Background: Human social behavior is highly heritable and plays a critical 

role in mental health, social functioning, and well-being. However, its 

genetic architecture varies across social contexts, developmental stages, 

and reporting sources. 

Objective: To synthesize recent evidence (2021-2026) on the contextual 

genetic architecture of human sociability and evaluate the predictive 

utility of polygenic scores across social domains and populations. 

Methods: Findings from multi-cohort genomic meta-regressions, 

longitudinal twin studies, and behavioral genetic analyses were 

reviewed. Data included nearly 500,000 repeated assessments from 

individuals aged 2-29 years across diverse ancestries.  

Results: A four-factor genomic model of sociability was identified, while 

polygenic scores demonstrated varying predictive accuracy across 

populations and settings. Context-specific polygenic models improved 

understanding of pathways linking early social difficulties to 

neurodevelopmental disorders. 

Conclusion: Human sociability is influenced by a complex, context-

dependent genetic architecture. Incorporating developmental and 

contextual factors into genetic models enhances the understanding of 

social behavior and neurodevelopmental risk. 
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1. INTRODUCTION 

Human social behavior encompasses a broad and multifaceted range of interpersonal actions that 

shape an individual’s capacity to establish, maintain, and navigate social relationships throughout the 

lifespan [1]. These behaviors range from prosocial tendencies, such as helping, sharing, cooperation, 

empathy, and emotional support, to social difficulties characterized by peer rejection, social 

withdrawal, interpersonal conflict, bullying victimization, and broader peer and social problems (PSP) 

[2]. The development of social competence during childhood and adolescence represents a critical 

component of human adaptation, influencing not only interpersonal functioning but also educational 

achievement, occupational success, economic productivity, physical health, and psychological well-

being. Individuals who successfully acquire social skills early in life are more likely to establish supportive 

relationships, participate effectively in community and institutional environments, and demonstrate 

greater resilience when confronted with social or environmental stressors. In contrast, persistent social 

difficulties during childhood have been consistently associated with an increased risk of adverse 

outcomes, including major depressive disorder (MDD), anxiety disorders, attention-

deficit/hyperactivity disorder (ADHD), substance use disorders, academic underachievement, social 

alienation, and reduced quality of life across adulthood [3]. One important explanation for this 

inconsistency is the extensive contextual heterogeneity inherent in human social behavior. Unlike many 

biological traits, social functioning is highly dynamic and sensitive to environmental conditions, 

developmental processes, and measurement frameworks [1,4]. As a result, genetic influences may vary 

considerably across social contexts, ages, and observational perspectives. First, distinct social domains 

may reflect partially independent genetic architectures. Prosocial behaviors, including helping, 

comforting, sharing, and cooperative engagement, represent conceptually different constructs from 

peer and social problems such as rejection, aggression, exclusion, interpersonal friction, and social 

maladjustment. These domains should not be conceptualized simply as opposite ends of a single 

behavioral continuum but rather as related yet distinct dimensions of social functioning, each 

potentially influenced by unique biological and environmental mechanisms [5]. Second, substantial 

variability arises from informant discrepancies. Social behavior is typically measured through multiple 

reporters, including parents, teachers, peers, and self-reports, each of whom observes behavior within 

different social environments and through different interpretive lenses [2,6]. Parents primarily evaluate 

behaviors expressed within family settings and informal social interactions, teachers assess functioning 

within structured educational and peer-group contexts, and self-reports capture subjective emotional 

experiences, social perceptions, and internal psychological processes that may not be observable to 

others. Consequently, the same individual may receive markedly different social-behavioral evaluations 

depending on the reporting source, introducing measurement heterogeneity that can obscure the 

detection of genetic effects [7]. Third, developmental stage plays a critical role in shaping the genetic 

architecture of social behavior. Genetic influences on social functioning are not static throughout life 

but instead change across developmental periods as biological maturation, environmental exposures, 

social demands, and cognitive capacities evolve [2,8]. Early childhood, middle childhood, adolescence, 

and early adulthood each represent distinct developmental windows characterized by unique social 

challenges and opportunities. Emerging evidence suggests that specific genetic factors may exert 

stronger effects during particular developmental stages, while others become more or less influential 

over time through gene-environment interactions and developmental gene expression processes [2,9]. 

Historically, many GWAS analyses addressed social behavior using simplified phenotypic definitions that 

pooled together heterogeneous domains, informants, and age groups into single aggregate measures 

[10]. Other studies focused exclusively on adult self-report data, thereby overlooking important 

developmental and contextual sources of variation. Such approaches may have substantially reduced 

statistical power to detect genuine genetic signals and contributed to inconsistent findings across 
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studies. Recognizing these limitations, recent advances in statistical genetics have introduced more 

sophisticated analytical frameworks capable of explicitly modeling contextual heterogeneity rather 

than treating it as methodological noise [11]. Among these innovations, mixed-effects genome-wide 

meta-regression has emerged as a particularly powerful approach for investigating the genetic 

foundations of social behavior [9,12]. By incorporating moderators such as social domain, informant 

source, developmental stage, and study-specific characteristics directly into the analytical framework, 

meta-regression enables the decomposition of variability in SNP effect sizes across contexts. This 

approach facilitates the identification of context-specific genetic associations that may remain 

undetected in conventional GWAS, uncovers developmental changes in genetic influence, and provides 

a more nuanced understanding of how genetic factors contribute to the dynamic processes underlying 

human sociability [13]. Consequently, mixed-effects genome-wide meta-regression offers a promising 

pathway toward resolving aspects of the missing heritability problem while advancing a more 

comprehensive and developmentally informed model of the genetic architecture of social behavior 

[4,12]. 

2. METHODOLOGICAL ARCHITECTURE: MIXED-EFFECTS META-REGRESSION IN GWAS 

Standard GWAS meta-analyses rely on fixed-effect or random-effects models that assume either a 

single true genetic effect across all underlying studies or random variations around a central mean. In 

contrast, meta-regression explicitly models observed heterogeneity as a function of specific study-level 

or measurement-level covariates (moderators). In a genome-wide meta-regression framework, the 

effect size estimate 𝛽̂𝑗𝑘 for single-nucleotide polymorphism (SNP) 𝑗 in study/measurement context 𝑘 is 

modeled as: 

𝛽̂𝑗𝑘 = 𝛾𝑗0 + ∑ 𝛾𝑗𝑚

𝑀

𝑚=1

𝑋𝑚𝑘 + 𝑢𝑗𝑘 + 𝜖𝑗𝑘 

Where: 

• 𝛾𝑗0 is the baseline genetic effect intercept for SNP 𝑗. 

• 𝑋𝑚𝑘 represents the 𝑚-th moderator variable for context 𝑘 (e.g., dummy-coded social domain 

[LPB vs. PSP], informant type [Parent, Teacher, Self], or continuous/linearized participant age). 

• 𝛾𝑗𝑚 is the meta-regression coefficient capturing the effect modification (interaction) of 

moderator 𝑚 on SNP 𝑗's association with the outcome. 

• 𝑢𝑗𝑘 ∼ 𝒩(0, 𝜏𝑗
2) accounts for residual between-context heterogeneity not explained by the 

moderators. 

• 𝜖𝑗𝑘 ∼ 𝒩(0, 𝑣𝑗𝑘) represents the within-study sampling error variance derived from standard 

GWAS summary statistics. 

 

The application of mixed-effects genome-wide meta-regression to social behavior requires the 

integration and harmonization of large-scale longitudinal datasets collected across multiple cohorts, 

developmental stages, and assessment frameworks [13]. Recent landmark collaborative efforts, most 

notably those conducted through international research networks such as the EAGLE Consortium, have 

substantially advanced this objective by combining approximately 500,000 repeated behavioral 

measurements obtained from numerous longitudinal population-based cohorts comprising hundreds 
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of thousands of individuals. Such large-scale harmonization initiatives address one of the central 

challenges in the genetics of social behavior: the substantial heterogeneity arising from differences in 

measurement instruments, informants, developmental periods, and behavioral constructs [7,14]. To 

facilitate cross-cohort comparability, harmonization pipelines standardize behavioral measures derived 

from widely used assessment instruments, including the Strengths and Difficulties Questionnaire (SDQ) 

and the Child Behavior Checklist (CBCL), into normalized z-score metrics [15]. This approach enables 

the integration of heterogeneous datasets while preserving meaningful variation in social functioning. 

Within these harmonized frameworks, social behavior is typically operationalized across two primary 

dimensions. The first, Low Prosocial Behavior (LPB), captures deficits in voluntary helping, sharing, 

cooperation, empathy, and other forms of socially beneficial behavior. The second, Peer and Social 

Problems (PSP), reflects difficulties in social integration, including peer rejection, social isolation, 

unstable friendships, interpersonal conflict, and broader challenges in navigating social environments. 

By distinguishing these domains, researchers are able to examine whether specific genetic effects 

operate similarly or differently across positive and negative dimensions of social functioning [7,16]. A 

major advantage of meta-regression approaches is their capacity to explicitly model contextual 

heterogeneity rather than treating it as statistical noise. Traditional pooled meta-analytic GWAS 

approaches assume relatively homogeneous effects across studies and phenotypic measurements [17]. 

However, because social behavior is influenced by developmental stage, informant perspective, and 

social context, genuine genetic effects may be diluted when heterogeneous observations are combined 

into a single undifferentiated phenotype. Mixed-effects meta-regression addresses this limitation by 

incorporating moderators directly into the analytical framework, thereby increasing statistical power 

to identify context-specific associations and uncovering genetic signals that may remain obscured in 

conventional analyses [19]. The identification of CADM2 is particularly noteworthy because it has been 

repeatedly implicated in previous genome-wide studies of behavioral and psychological traits. Prior 

research has linked CADM2 variation with risk-taking behavior, impulsivity, executive functioning, 

processing speed, educational attainment, body mass index, and personality characteristics such as 

extraversion and sensation-seeking  [12, 20]. Its emergence as a significant locus in childhood social 

behavior suggests that the gene may contribute to fundamental neurodevelopmental mechanisms that 

underlie social responsiveness, interpersonal sensitivity, emotional regulation, and adaptive social 

communication. These findings further support the hypothesis that social functioning shares 

components of its genetic architecture with broader behavioral, cognitive, and personality-related 

phenotypes [21]. Despite the identification of significant loci, estimates of SNP-based heritability 

derived from methodologies such as Linkage Disequilibrium Score Regression (LDSC) and Genomic-

Relatedness-Matrix Restricted Maximum Likelihood (GREML) remain relatively modest [22]. Across 

moderator combinations, SNP-based heritability generally ranges between approximately 2% and 7%, 

substantially lower than estimates obtained from classical twin studies [8,19]. Nevertheless, these 

values should not be interpreted as evidence for minimal genetic influence. Rather, they highlight the 

highly polygenic and context-dependent nature of social behavior, where numerous genetic variants of 

very small effect contribute collectively to phenotypic variation. Importantly, accounting for contextual 

moderators consistently increases SNP-based heritability estimates relative to naïve pooled analyses, 

demonstrating that a portion of the previously observed “missing heritability” may result from 

unmodeled heterogeneity rather than an absence of measurable genetic effects [23]. 

Table 01: Genetic architecture of social behavior across developmental stages, informants, and social 

domains. 

Social Domain Informant Developmental 

Stage 

Estimated 

hSNP2 (%) 

Key Biological Associations 
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Peer & Social 

Problems (PSP) 

Parent Early Childhood 

(Ages 2–5) 

2.1 − 3.4% Early neurodevelopment, 

executive function 

Peer & Social 

Problems (PSP) 

Teacher Mid-Childhood 

(Ages 6–11) 

4.2 − 6.1% Academic engagement, peer 

interaction regulation 

Peer & Social 

Problems (PSP) 

Self-

Report 

Adolescence (Ages 

12–18) 

5.5 − 7.0% Affective regulation, 

internalizing traits, 

depression 

Low Prosocial 

Behavior (LPB) 

Parent Early Childhood 

(Ages 2–5) 

2.0 − 3.1% Empathy development, 

temperament 

Low Prosocial 

Behavior (LPB) 

Teacher Mid-Childhood 

(Ages 6–11) 

3.8 − 5.2% Group cooperation, rule-

following 

Low Prosocial 

Behavior (LPB) 

Self-

Report 

Young Adulthood 

(Ages 18–29) 

4.1 − 6.5% Altruism, agreeableness, civic 

engagement 

 

While genome-wide meta-regression provides valuable insight into locus-specific associations and 

context-dependent genetic effects, understanding the broader organization of genetic influences on 

social behavior requires an examination of the latent structure underlying genetic covariance across 

behavioral domains, reporters, and developmental stages [24]. To address this challenge, researchers 

employed Genomic Structural Equation Modeling (Genomic SEM), an advanced multivariate framework 

that leverages genome-wide association summary statistics to identify shared and distinct genetic 

factors operating across multiple phenotypes simultaneously. By modeling the genetic covariance 

matrix generated from all combinations of social domains, informants, and developmental periods, 

Genomic SEM enables investigators to move beyond single-trait analyses and characterize the higher-

order architecture that governs social behavior [25]. The first factor, Parent-Reported General Social 

Difficulties, captures a broad dimension of shared genetic liability identified primarily through parental 

assessments across both low prosocial behavior (LPB) and peer and social problem (PSP) domains 

[9,26]. This factor reflects genetic influences associated with generalized social functioning as observed 

within family and home environments. Because parents typically witness a wide range of behaviors 

across diverse situations and developmental transitions, this dimension likely represents a relatively 

stable component of social adjustment encompassing interpersonal responsiveness, social adaptability, 

and broader behavioral regulation [15,27]. The second factor, Teacher-Reported Classroom Interaction, 

represents a genetically distinct dimension associated with social behavior in structured educational 

and peer-intensive environments. School settings place unique demands on children, requiring 

cooperation, adherence to social norms, group participation, conflict management, and navigation of 

complex peer networks [27,29]. The emergence of a separate teacher-derived factor suggests that 

certain genetic influences become particularly salient within these institutional contexts. These findings 

support the notion that social competence is partly environment-specific, with different biological 

predispositions expressed depending on the social demands and expectations of a given setting [30]. 

The third factor, Self-Reported Internal Social Perception, reflects genetic influences underlying 

subjective experiences of social functioning, including feelings of loneliness, perceived social 

acceptance, interpersonal confidence, and prosocial orientation. Unlike parent or teacher ratings, self-

reports provide direct access to internal psychological experiences that may not be fully observable to 

external evaluators [31]. The identification of this factor indicates that the genetics of social behavior 

encompass not only observable actions but also individual interpretations and emotional perceptions 
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of social interactions. This finding aligns with broader evidence demonstrating that cognitive and 

affective appraisals of social relationships possess meaningful genetic components that may differ from 

those governing overt behavior [32]. The fourth factor, Domain-Specific Prosociality, captures genetic 

influences uniquely associated with deficits in prosocial behavior, independent of reporter type. Unlike 

the previous factors, which are largely organized around the context of observation, this dimension 

appears to represent a substantive behavioral construct with its own genetic architecture [33]. The 

presence of a distinct prosocial factor suggests that helping, sharing, empathy, cooperation, and other 

forms of positive social engagement are influenced by biological mechanisms that are not simply the 

inverse of social difficulties or peer problems. This finding reinforces the conceptual distinction 

between prosocial behavior and social dysfunction, indicating that the two domains should be studied 

as related yet genetically separable aspects of human social behavior [14,34]. 

3. POLYGENIC SCORE (PGS) PREDICTABILITY AND CROSS-ANCESTRY TRANSFERABILITY 

One of the most important translational objectives of contemporary behavioral genetics is the 

development of polygenic scores (PGS) capable of predicting individual differences in social behavior 

[35]. Polygenic scores aggregate the effects of thousands of genetic variants across the genome into a 

single quantitative measure of genetic liability. Although PGS has demonstrated considerable promise 

for understanding the genetic basis of complex traits, predictive performance often remains modest 

for behavioral phenotypes, particularly when discovery datasets fail to account for developmental and 

contextual heterogeneity [21,34]. In the domain of social behavior, this challenge is especially 

pronounced because genetic influences vary across social domains, developmental periods, and 

assessment contexts. Consequently, polygenic scores derived from conventional, unstratified genome-

wide association studies frequently exhibit substantial attenuation in predictive accuracy when applied 

to specific target populations [36]. Recent validation studies conducted in independent longitudinal 

cohorts, including large population-based samples such as the Millennium Cohort Study, provide 

compelling evidence that contextual alignment is a critical determinant of polygenic prediction 

performance. Rather than treating social behavior as a static and homogeneous phenotype, meta-

regression-based approaches generate discovery statistics that are explicitly calibrated according to 

behavioral domain, reporter source, and developmental stage. When polygenic scores are constructed 

using discovery summary statistics that closely match the target phenotype with respect to these 

contextual dimensions, predictive accuracy improves substantially [21]. Empirical analyses indicate that 

context-matched polygenic scores can explain up to three- to four-fold more phenotypic variance than 

scores derived from mismatched or conventionally pooled discovery datasets. These findings 

demonstrate that a substantial proportion of predictive signal is lost when heterogeneous behavioral 

observations are combined indiscriminately, reinforcing the importance of context-sensitive genomic 

modeling [37].  The superior performance of calibrated polygenic scores also carries important 

theoretical implications. Specifically, it suggests that social behavior is characterized not by a single, 

stable genetic liability but by a dynamic constellation of genetic influences whose expression varies 

according to developmental timing, environmental context, and social setting. Meta-regression 

therefore offers a framework for identifying biologically meaningful pathways that become 

differentially expressed across behavioral domains and stages of development, thereby producing more 

precise and interpretable genetic predictions [38]. 

4. DEVELOPMENTAL TRAJECTORIES AND SHARED PLEIOTROPY WITH PSYCHIATRIC CONDITIONS 

Context-specific genetic correlation analyses using bivariate Linkage Disequilibrium Score Regression 

(LDSC) provide important insights into how the genetic foundations of social behavior intersect with 

the developmental trajectories of major psychiatric and neurodevelopmental disorders [11]. Rather 

than revealing a uniform pattern of shared genetic liability, these analyses demonstrate that the 
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relationship between social behavior and psychopathology follows distinct age-dependent trajectories 

that vary substantially across diagnostic categories. Such findings underscore the importance of 

adopting a developmental framework when investigating the biological origins of social functioning and 

its links to mental health outcomes [24]. Genetic correlations between Peer and Social Problems (PSP) 

and both Attention-Deficit/Hyperactivity Disorder (ADHD) and Autism Spectrum Disorder (ASD) emerge 

remarkably early in development, with significant associations detectable as early as two years of age 

[30]. This early onset of shared genetic liability suggests that social difficulties observed during early 

childhood are not simply downstream consequences of clinically manifest neurodevelopmental 

conditions but rather reflect common underlying biological mechanisms. The substantial overlap 

between genetic variants associated with peer difficulties and those associated with ADHD and ASD 

indicates that impairments in social interaction, communication, peer engagement, and behavioral 

regulation originate from partially shared neurodevelopmental pathways. These findings reinforce the 

view that social dysfunction represents a core component of neurodevelopmental vulnerability and 

may serve as one of the earliest observable manifestations of inherited risk for these disorders [39]. A 

third and distinct pattern is observed for Schizophrenia (SCZ). Unlike ADHD and ASD, schizophrenia 

shows relatively limited genetic overlap with social difficulties during early childhood. Instead, shared 

genetic liability becomes increasingly apparent during late adolescence and early adulthood, coinciding 

with the developmental period in which psychotic disorders typically begin to emerge clinically [23]. 

This delayed trajectory aligns closely with observations from psychiatric practice, where social 

withdrawal, interpersonal disengagement, reduced social motivation, and deterioration in peer 

relationships frequently precede the onset of psychotic symptoms. The genomic evidence suggests that 

schizophrenia-related genetic influences may gradually manifest through disruptions in social 

functioning long before clinical diagnosis, becoming increasingly pronounced as neurobiological and 

psychosocial changes associated with adolescence unfold. The late emergence of these associations 

further supports neurodevelopmental models of schizophrenia in which genetic vulnerability interacts 

with developmental processes to produce progressively observable social and cognitive impairments 

[18]. 

5. CONCLUSION 

Genome-wide meta-regression represents a major methodological and conceptual advance in the 

study of human social behavior genetics. Traditional genome-wide association approaches have 

generally treated social behavior as a static and homogeneous phenotype, often overlooking the 

substantial heterogeneity introduced by differences in behavioral domains, informant perspectives, 

and developmental stages. In contrast, genome-wide meta-regression adopts a dynamic and context-

sensitive framework that explicitly models these sources of variation, allowing researchers to uncover 

genetic effects that may remain hidden within conventional pooled analyses. By accounting for 

contextual heterogeneity rather than treating it as statistical noise, this approach provides a more 

accurate representation of how genetic influences shape social functioning across the lifespan. The 

application of meta-regression to large-scale longitudinal datasets has yielded several important 

discoveries. Most notably, it has facilitated the identification of genome-wide significant loci, including 

variants within the CADM2 gene, a biologically plausible candidate implicated in neuronal connectivity, 

synaptic plasticity, cognitive functioning, personality traits, and social behavior. Furthermore, 

multivariate genomic analyses have revealed that the genetic architecture of social behavior is best 

characterized by four-factor structure encompassing parent-reported social difficulties, teacher-

reported classroom interactions, self-reported social perceptions, and domain-specific prosociality. 

These findings demonstrate that social behavior is influenced by multiple partially overlapping genetic 

dimensions whose expression varies according to environmental context and developmental timing. 
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Beyond gene discovery, genome-wide meta-regression substantially improves the predictive utility of 

polygenic scores by aligning discovery statistics with the specific developmental stage, social domain, 

and observational context of target populations. Such context-calibrated models explain considerably 

more variance than traditional unstratified approaches and show promising evidence of partial 

transferability across ancestral populations. These findings highlight the importance of incorporating 

contextual information into genomic prediction frameworks and suggest that a meaningful portion of 

previously unexplained genetic variation may be attributable to unmodeled heterogeneity rather than 

missing biological mechanisms. Perhaps most importantly, context-specific genetic analyses have 

illuminated the developmental relationships between social behavior and major psychiatric disorders. 

Distinct temporal patterns of genetic overlap reveal that neurodevelopmental conditions such as ADHD 

and ASD share strong genetic liability with social difficulties from early childhood, whereas MDD shows 

increasing overlap during adolescence and schizophrenia exhibits a later-emerging association during 

the transition to adulthood. These developmental trajectories provide new insights into the pathways 

through which genetic liability influences social functioning and contributes to the emergence of 

psychiatric disorders across the life course. Collectively, these findings demonstrate that human 

sociability is governed by a complex, developmentally dynamic, and context-dependent genetic 

architecture. Genome-wide meta-regression moves the field beyond simplistic single-phenotype 

models toward a more nuanced understanding of how genetic influences interact with developmental 

processes and social environments. By integrating contextual moderators into genomic discovery, 

prediction, and psychiatric research, this approach offers a powerful framework for resolving 

longstanding questions surrounding the genetic basis of social behavior. Ultimately, the incorporation 

of context-aware genomic methodologies has the potential to transform our understanding of the 

biological mechanisms underlying human social development and to advance more precise, 

developmentally informed models of psychiatric risk, resilience, and social adaptation across the 

lifespan. 
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