


Methods
Estimate GxE Heritability for PEGS using GCTA
Using the “--grm” directive of GCTA developed by Yang et. al., from PEGS whole genome sequencing (WGS) data G, we calculated kinship matrix KG; we treated exposome A (external exposure survey), exposome B (internal exposure survey), and exposome H (original health and exposure survey) as pseudo “chromosomes”, from which we calculated 3 additional “kinship” matrices KA, KB, and KH using R scripts, and saved them into GCTA compatible format.
Given a phenotype y and covariates in X, the variation of residuals left by regressing y on X (logistic model if y is case / control) can be further divided between one or more variance components represented by the 4 kinship matrices. We used GCTA’s directive “--reml” to fit generalized linear mixed models (GLMM) of y, with fixed effects from covariates in X, and random effects based on one or more kinships:
· genome KG, or exposome KA, or KB, or KH, alone.
· genome KG and exposome KA, or KB, or KH.
· genome KG and exposome KA, or KB, or KH, and interaction KGKA, or KGKB, or KGKH.
· the trivial, NULL random effect: no kinship considered at all.
where the interaction is simply an additional “kinship” made of Hadamard product between two basic kinship matrices. Therefore, for each phenotype, a total of 4 + 3 + 3 + 1 = 10 GLMM were attempted.
Take the GLMM composed of covariate X, genome component KG, heath & exposure survey component KH, and the GxE interaction component KGKH as an example, the decomposing of phenotype y and residual e is

The overall heritability (considering health and exposure survey as a “chromosome”) is

We asked GCTA to output log likelihood, from which we saw GLMM with exposome and interaction component not necessarily better than a single component, or even worse than the NULL, because the PEGS participants with WGS and exposome A, B, and H survey data varies, reducing the working sample sizes when more kinship matrices are incorporated into the GLMM. As a result, we did not pursuit more complicated GLMM with three or more environmental component (e.g., KG + KA + KB + KGKA + KGKB), most of which were difficult to converge with 2000 to 4000 samples.
Among the residuals of regressing y on X, the percentage of variation explained by the components are heritability in the narrow sense, the rest was attributed to white noise. When two or three components were involved, the heritability is further divided among them. After fitting the 10 GLMM, we choose the one with the largest log likelihood (i.e., the best fit) to report.
The results are listed in Excel Worksheet “hsq_for_paper” under “hsq.xlsx”.
Quality Control for Heritability Estimation
To ensure the numerical stability of kinship matrices, we imposed quality control measures.
· For genotype, we retained genome variants with MAF > 0.01 and missing rate < 0.05.
· For exposome, we retrain survey items with standard error > 0.05 and missing rate < 0.05.
After calculating the “kinship” matrices based on exposome A, B and H, we added a small value (1.5x10-8) to the diagonals of KA, KB, and KH, respectively, to improve the condition of the matrices, so they are guaranteed invertible.




