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            Abstract
Obesity is a worldwide epidemic, with major health and economic costs. Here we estimate heritability for body mass index (BMI) in 172,000 sibling pairs and 150,832 unrelated individuals and explore the contribution of genotype–covariate interaction effects at common SNP loci. We find evidence for genotype–age interaction (likelihood ratio test (LRT) = 73.58, degrees of freedom (df) = 1, P = 4.83 × 10−18), which contributed 8.1% (1.4% s.e.) to BMI variation. Across eight self-reported lifestyle factors, including diet and exercise, we find genotype–environment interaction only for smoking behavior (LRT = 19.70, P = 5.03 × 10−5 and LRT = 30.80, P = 1.42 × 10−8), which contributed 4.0% (0.8% s.e.) to BMI variation. Bayesian association analysis suggests that BMI is highly polygenic, with 75% of the SNP heritability attributable to loci that each explain <0.01% of the phenotypic variance. Our findings imply that substantially larger sample sizes across ages and lifestyles are required to understand the full genetic architecture of BMI.
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                    Figure 1: Systematic inflation of BMI heritability estimates in close relatives that share developmental environments.[image: ]


Figure 2: Genotype–covariate interactions described through estimation of genetic variance and genetic correlations across a gradient.[image: ]


Figure 3: Genotype–age interactions for BMI and height in 43,407 individuals in the composite AHTHEL sample.[image: ]


Figure 4: Genotype–environment interactions for BMI in 97,510 participants of the UK Biobank study across a range of lifestyle factors.[image: ]


Figure 5: A Bayesian mixture model of common HapMap3 SNP markers for BMI and height in 107,488 participants of the UK Biobank study.[image: ]
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Integrated supplementary information

Supplementary Figure 1 Simulation study of genotype–covariate interaction using observed genotype data from 25,000 randomly selected unrelated individuals in the UK Biobank study.
(a) Estimates of the variance tagged by common SNP markers from multivariate REML (MV-GREML) and random regression REML (RR-GREML) models across five different simulation scenarios (see Online Methods). For each simulation scenario, there were five measurement points, representing different points along a continuous gradient. The estimates of the RR-GREML models come from a model fitting the highest order of Legendre polynomial function that gave a significant improvement in model fit based on a log-likelihood ratio test (LRT). Estimates are the mean value obtained over 10 simulation replicates and error bars give the s.d. across replicates. The solid lines give the pattern of variance change predicted from the polynomial function of the RR-GREML models and dotted lines give the approximate s.d. across replicates (see Online Methods). (b) The analysis of a is repeated but the phenotype is standardized with an inverse normal transformation within each measurement point. (c) Simulated and estimated correlation in common SNP marker effects from MV-GREML models (green circles) and RR-GREML models of first order polynomial (blue circles). (d) P-value of a LRT with two degrees of freedom of a first order polynomial RR-GREML model versus a zero order RR-GREML model for simulation scenarios with and without genotype-covariate interaction and with and without-standardization. Points give the mean, and error bars show the full distribution of the LRT statistic P-values across all 10 replicates. (e) P-value of a LRT of increasing orders of polynomial (k = 1, 2, 3, 4) RR-GREML models across different simulation scenarios.


Supplementary Figure 2 Simulation study of genotype–covariate interaction using observed genotype data from 25,000 randomly selected unrelated individuals in the UK Biobank study.
(a) Estimates of SNP coheritability, V(G), and variance attributable to genotype-covariate interaction effects, V(GCI), from genotype-covariate interaction (GCI-GREML) models across five simulation scenarios described in Supplementary Figure 1, for both rank inverse normal transformed phenotypes and unstandardized ones. For each simulation scenario, there were five measurement points, representing different points along a continuous gradient, and the estimates are the mean value obtained over 10 simulation replicates with error bars giving the s.d. across replicates. (b) We repeat the GCI-GREML models but we only use the extreme measurement points. Expectations for V(G) and V(GCI) were derived from our theory (see Supplementary Note). (c) The significance of the likelihood ratio tests comparing the fit to the data of a GCI-GREML model (fitting a genetic variance component and a genetic interaction variance component) and a null GREML model (fitting a single genetic variance component) across the simulation scenarios.


Supplementary Figure 3 Phenotypic variance and variance tagged by common HapMap3 SNP loci for body mass index (BMI) and height in the AHTHEL sample.
(a,b) The phenotypic variance of BMI (a) and height (b) were unstandardized within age groups allowing testing for variance heterogeneity for both traits. The phenotypic variance is shown in grey circles. The variance captured by common HapMap3 SNP loci from both an MV-GREML model is shown in blue circles for BMI, and green circles for height. The estimates from a zero order RR-GREML model are shown by a solid blue line for BMI, and a solid green line for height, with dashed lines giving the approximate s.e. LRT values give the likelihood ratio test statistic values for a RR-GREML model with a first order polynomial as compared to a RR-GREML model of zero order, to test for the presence of changes in variance tagged by SNP markers.


Supplementary Figure 4 No evidence for genotype–age interaction for BMI in 107,488 individuals from the UK Biobank study.
(a,b) The UK Biobank sample contained individuals measured between the ages of 46 and 73 and we divided the age distribution into deciles of approximately equal sample size. The age ranges were: (1) 9,655 individuals aged 40 to 44; (2) 10,379 individuals aged 45 to 48; (3) 9,205 individuals aged 49 to 51; (4) 13,669 individuals aged 52 to 55; (5) 7,689 individuals aged 56 and 57; (6) 8,590 individuals aged 58 and 59; (7) 11,211 individuals aged 60 and 61; (8) 11,019 individuals aged 62 and 63; (9) 14,559 individuals aged 64 to 66; and (10) 11,612 individuals aged 67 and above. We corrected for sex effects and standardized BMI measures within each decile with a rank inverse normal transformation to remove differences in phenotypic mean and variance across age. We used a full MV-GREML model to estimate the proportion of variance attributable to common HapMap3 SNPs for each age groups as shown in blue dots with s.e. bars (a), and the covariance in genome-wide SNP effects across age groups (b), with s.e. of the genetic correlations among age groups given in brackets. We used a RR-GREML model with a first order polynomial and compared the model fit to the data to a RR-GREML model of zero order, to test for the presence of genotype-age interaction effects using a likelihood-ratio test (LRT). We find no evidence for genotype-age interaction effects (LRT = 1.02, P = 0.601) and thus the estimates of the RR-GREML model of zero order are presented in a with dashed lines giving the approximate s.e.


Supplementary Figure 5 Correlations among the self-reported lifestyle factors found to influence BMI of 97,510 individuals of the UK Biobank study.
A description of the variables and the data fields can be found in Supplementary Table 5 and the Supplementary Note.


Supplementary Figure 6 Phenotypic variance and variance tagged by common HapMap3 SNP loci for BMI of 97,510 individuals within the UK Biobank study across self-reported lifestyle factors.
A series of self-report lifestyle factors shown to significantly influence mean BMI within the UK Biobank were used to group individuals. We corrected BMI for sex, age and the effects of all lifestyle factors and then converted BMI values to a z-score across but not within groups. This means that the phenotypic variance of BMI was unstandardized within groups allowing testing for variance heterogeneity and these values are shown in grey circles. Estimates of the variance captured by common HapMap3 SNP loci from a MV-GREML model are shown in blue circles, and those from a first order RR-GREML model are given by a solid blue line, with dashed line giving the approximate s.e. For the RR-GREML model estimates, we present the model of best fit to the data, as assessed by likelihood-ratio test statistics (LRT), which are given in Supplementary Table 6.
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