
Novel locus including FGF21 is associated with
dietary macronutrient intake

Audrey Y. Chu1, Tsegaselassie Workalemahu2,6, Nina P. Paynter1, Lynda M. Rose1, Franco

Giulianini1, Toshiko Tanaka7 and Julius S. Ngwa8 on behalf of the CHARGE Nutrition Working

Group, Qibin Qi2,6, Gary C. Curhan2, Eric B. Rimm2,6, David J. Hunter2,6, Louis R. Pasquale3,9,

Paul M. Ridker1,4, Frank B. Hu2,6, Daniel I. Chasman1,5,{ and Lu Qi2,6,∗,{ on behalf of the DietGen

Consortium

1Division of Preventive Medicine, Brigham and Women’s Hospital, Boston, MA, USA 2The Channing Laboratory and

the Department of Medicine, 3Department of Ophthalmology, 4Division of Cardiology, and 5Division of Genetics,

Brigham and Women’s Hospital and Harvard Medical School, Boston, MA, USA 6The Departments of Nutrition and

Epidemiology, Harvard School of Public Health, Boston, MA, USA 7Clinical Research Branch, National Institute on

Aging, Baltimore, MD, USA 8Department of Biostatistics, Boston University School of Public Health, Boston, MA, USA

and 9The Mass Eye and Ear Infirmary, Harvard Medical School, Boston, MA, USA

Received October 2, 2012; Revised January 16, 2013; Accepted January 28, 2013

Dietary intake of macronutrients (carbohydrate, protein, and fat) has been associated with risk of chronic
conditions such as obesity and diabetes. Family studies have reported a moderate contribution of genetics
to variation in macronutrient intake. In a genome-wide meta-analysis of a population-based discovery cohort
(n 5 33 533), rs838133 in FGF21 (19q13.33), rs197273 near TRAF family member-associated NF-kappa-B acti-
vator (TANK) (2p24.2), and rs10163409 in FTO (16q12.2) were among the top associations (P < 1025) for per-
centage of total caloric intake from protein and carbohydrate. rs838133 was replicated in silico in an
independent sample from the Cohorts for Heart and Aging Research in Genomic Epidemiology
Consortium (CHARGE) Nutrition Working Group (n 5 38 360) and attained genome-wide significance in com-
bined analysis (Pjoint 5 7.9 3 1029). A cytokine involved in cellular metabolism, FGF21 is a potential suscep-
tibility gene for obesity and type 2 diabetes. Our results highlight the potential of genetic variation for
determining dietary macronutrient intake.

INTRODUCTION

Dietary intake is tightly related to human health and excess
intake of energy has been associated with obesity, diabetes
and cardiovascular disease, as well as many other chronic dis-
eases in epidemiology studies (1). Total energy intake can be
split into energy derived from three primary macronutrients:
fat, protein, and carbohydrate. In spite of wide variety in
food ingredients and preparation according to culture and
geography, mean proportions of dietary macronutrient intake
are relatively constant across many populations from indus-
trialized nations providing �40–50, 10–20 and 25–40% of

total caloric intake from carbohydrate, protein and fat, respect-
ively (1). Inter-individual variation in macronutrient intake
remains substantial however, and is heritable as judged by
family and twin studies, although the range of heritability esti-
mates is broad at 11–65% (2). Prior approaches to discovering
genetic influences on macronutrient intake have focused on
candidate hypotheses related to metabolic function (3) and
taste (4), and have suggested some genetic links between
dietary habits, obesity and diabetes. However, there have
been no genome-wide association studies (GWASs) investi-
gating macronutrient intake to date. To gain additional insights
into genetic control of macronutrient intake, we conducted a
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GWAS by performing a genome-wide meta-analysis among
population-based cohorts of European ancestry.

RESULTS

We performed a genome-wide meta-analysis of 33 355 male
and female participants of European ancestry in DietGen, a
consortium consisting of three large population-based studies
investigating the genetics of dietary intake and nutrition (the
Women’s Genome Health Study: WGHS, n ¼ 22 691; the
Health Professionals Follow-up Study: HPFS, n ¼ 4077
among three nested case–control studies and the Nurses’
Health Study: NHS, n ¼ 6765 among four nested case–
control studies; Supplementary Material, Table S1). The pro-
portion of total energy derived from each of the three macro-
nutrients as a percentage was estimated from similarly
designed, self-administered, semi-quantitative and highly vali-
dated food frequency questionnaires (FFQs) (5) in all the three
cohorts. Discovery-stage genome-wide association scans and
meta-analyses across the three cohorts were performed for
all three macronutrient phenotypes adjusted for age, location,
sub-population stratification, with and without adjustment for
body mass index (BMI). BMI adjustments were performed
to decrease variance of the macronutrient phenotypes and to
account for genetic effects mediated through body compos-
ition.

A genome-wide significant (P , 5 × 1028) association was
identified for SNPs in an intron of the FTO gene at 16q12.2
with percentage of total caloric intake from carbohydrate in
models with or without BMI adjustment (index SNP
rs10163409, P ¼ 3.4 × 1028 and P ¼ 7.4 × 1029, respective-
ly; Table 1), although this association appeared to be driven by
the WGHS cohort (P ¼ 5.7 × 1029 and P ¼ 1.2 × 1029 with
and without adjustment for BMI; see Supplementary Material,
Figure S1). A total of 22 independent SNPs (see Methods)
were associated with macronutrient intake with or without
BMI adjustment at sub-genome-wide significance (5 ×
1028 , P , 1 × 1025); 13 for percentage carbohydrate
intake, 7 for percentage protein intake, and 2 for percentage
fat intake (Table 1, Supplementary Material, Table S2 and
Figure S2).

The most significantly associated variant at each locus was
further evaluated through in silico replication from a parallel
genome-wide meta-analysis of 38 360 samples among
12 cohorts from the Cohorts for Heart and Aging Research
in Genomic Epidemiology Consortium (CHARGE) Nutrition
Working Group (6). The sub-genome-wide association
between rs838133 in the FGF21 gene at 19q13.33 and percent-
age protein intake adjusted for BMI from DietGen was repli-
cated in a model adjusted for BMI after correcting for
multiple hypothesis testing (Pone-sided ¼ 7.2 × 1024;
aprotein ¼ 7.1 × 1023 ¼ 0.05/7 protein loci), and attained a
genome-wide significant P-value in a joint inverse-variance
weighted meta-analysis combining the discovery cohorts
with the replication cohorts (Pjoint ¼ 7.9 × 1029). In the repli-
cation cohorts, each copy of the minor allele was associated
with a decrease of 0.098% (SE 0.030%, P ¼ 7.3 × 1024)
protein intake (Table 1). The sub-genome-wide association
of percentage carbohydrate intake adjusted for BMI with

rs197273 �100 kb to the 5′ end of the TANK gene on chromo-
some 2q24 was replicated in a model adjusting for BMI after
correction for multiple hypothesis testing (Pone-sided ¼ 2.9 ×
1023; acarbohydrate ¼ 3.8 × 1023 ¼ 0.05/13 carbohydrate
loci), but did not attain genome-wide significance in the
joint analysis (Pjoint ¼ 9.6 × 1028). The genome-wide signifi-
cant association between the FTO variant rs10163409 and per-
centage carbohydrate intake was not replicated by CHARGE
either with or without BMI adjustment (P ¼ 0.34 and PBMI

adjusted ¼ 0.23, respectively) (Table 1). For this SNP, there
was evidence of moderate heterogeneity in CHARGE (I2 ¼
34.8 and 32.3%, unadjusted and adjusted for BMI, respective-
ly, Supplementary Material, Table S2).

Together, the three macronutrients account for the majority
of caloric intake, raising the potential for simultaneous asso-
ciations between the lead SNPs and more than one macronu-
trient. In discovery, the variant rs838133 at the FGF21
locus, which was identified in association with decreased
protein intake, was also associated with increased carbohy-
drate intake (beta[se]: 0.23% [0.07%], P ¼ 5.9 × 1024) and
decreased fat intake (beta[se]: 20.21% [0.05%], P ¼ 7.1 ×
1025) in models adjusted for BMI (Fig. 1). The variant
rs10163409 in FTO, which was discovered in association
with increased percentage carbohydrate intake in models
adjusted for BMI, was associated with decreased fat intake
(beta[se]: 20.22%[0.05%], P ¼ 1.6 × 1024), but not associated
with protein intake (beta[se]: 20.05%[0.03%], P ¼ 0.08;
Fig. 1). Variant rs197273 near the TANK gene, in addition to
a sub-genome-wide association with increased carbohydrate
intake, was significantly associated with decreased fat intake
(beta[se]: 20.17%[0.05%], P ¼ 0.7.8 × 1024) and marginally
associated with decreased protein intake (beta[se]: 20.05%
[0.02%], P ¼ 0.068) in models adjusted for BMI. Associations
at all three loci were similar in the absence of BMI adjustment
(Supplementary Material, Table S3).

To find evidence for additional sub-genome-wide associa-
tions, we estimated the proportion of variance in macronutri-
ent intake in the WGHS using GCTA (7) (see Methods).
This procedure found that 6.6% (SE 2.1%, P ¼ 9.1 × 1025),
8.0% (SE 2.2%, P ¼ 2.7 × 1025) and 7.3% (SE 2.2%,
P ¼ 3.8 × 1025) of the variance in total energy from carbohy-
drate, protein and fat, respectively, could be explained by the
common WGHS tag-SNPs. By comparison, SNP rs838133 in
FGF21 explained 0.052, 0.062, and 0.057% of the variance
in carbohydrate, protein, and fat intake, respectively, in the
WGHS. Adjustment for age, location and population substruc-
ture as measured by 10 eigenvectors did not substantially
affect the estimated genetic contribution to the variance, nor
did additional adjustment for BMI (Supplementary Material,
Table S4). Partitioning the contribution to the variance accord-
ing to MAF suggested that the estimates were mostly due to
the SNPs with MAF . 5% compared with less common
SNPs with MAF between 1 and 5% (Supplementary Material,
Table S4).

DISCUSSION

We performed a two-stage genome-wide meta-analysis of per-
centage of total energy intake from carbohydrate, protein and
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fat among 33 533 participants with independent replication in
a sample of equivalent size. The replication yielded a locus at
19q33 (rs838133) associated with protein intake at genome-
wide significance, and provided nominal support for a
second locus at 2q24 (rs197273) associated with carbohydrate
intake. In addition, heritability analyses in a subset of the dis-
covery cohort showed that common SNPs explained a modest
but statistically significant proportion of genetic variance for
carbohydrate, protein and fat intake (6–8%).

Variant rs838133 maps to exon 1 of the FGF21 gene, but
also maps in the vicinity of a gene-dense region on chromo-
some 19 that includes other genes FUT1, FUT2, IZUMO1
and RASIP1—all within 100 kb. While we cannot exclude
the possibility this variant could be influencing other genes
in this region, FGF21 is a strong candidate due to its
biology and location. Additional potential SNP associations
in the region were fully attenuated by conditional
meta-analysis of rs838133, reinforcing choice of FGF21 as
the candidate gene. rs838133 is a synonymous SNP located
in the first exon of the FGF21 gene encoding fibroblast
growth factor 21. Secreted by hepatocytes and adipocytes,
FGF21 promotes glucose uptake in adipocytes and has other
functions in cellular metabolism, such as regulation of carbo-
hydrate and lipid metabolism (8). FGF21 expression can be
induced through fasting or feeding in animal models (9).
Serum levels of FGF21 have been associated with increased
odds of type 2 diabetes (10,11) and obesity(12), and there is
suggestive evidence that human FGF21 infusion into rodents
may regulate food intake(13,14), although the effects were
not consistently observed (15). And FGF21 protein is being
investigated as a potential agent for pharmacologic interven-
tion targeting these conditions (15).

A different variant at the FGF21 locus was identified from
the CHARGE Nutrition Working Group meta-analysis (6) in
association with carbohydrate and fat intake at genome-wide
significance, whereas the FGF21 locus was associated with
protein intake in the DietGen analysis. The FGF21 variants
identified in the DietGen and CHARGE analyses are in mod-
erate linkage disequilibrium (r2 ¼ 0.7, 1000 Genomes) and
likely represent the same signal. Because macronutrient
intake is expressed as a proportion of the total caloric
intake, a SNP association with one macronutrient could
imply association with one or both of the others. The
FGF21 variant identified in DietGen in association with per-
centage protein intake was also associated with carbohydrate
and fat intake at a lower significance level in our analyses.
Which macronutrient is identified with the greatest signifi-
cance in one study or another may reflect differences in instru-
ments used for nutritional assessment, true differences in the
dietary habits of the underlying populations, or genetic influ-
ence on the composition of macronutrient intake rather than
individual macronutrient intake, among other explanations.
All of these possibilities still support the association of the
FGF21 variant with macronutrient intake.

However, there are some published findings that may be in-
consistent with the identification of FGF21 as the causal gene.
For example, rs838133 was mapped as an eQTL for FUT2,
RASIP1 and NTN5 (P , 3.8 × 1025) in skin tissue, but not
adipose tissue or lymphoblasts (16, 17). RASIP1 and NTN5
have not been associated with dietary intake, anthropometricT
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measures or metabolic disorders, but variants in FUT2 have
been associated with plasma vitamin B-12 levels (18), and
the FUT2 polymorphism rs601338 (r2 ¼ 0.39 with

rs838133) is known to determine glycoprotein and glycolipid
secretor phenotype (19). Taken together the evidence suggests
that there remains some ambiguity to the causality of FGF21,

Figure 1. Regional association plots showing 2log10 P-values for percentage of total energy intake from macronutrients. Closest genes and -log10 P-values for
SNPs at (A) chromosome 2q24, (B) chromosome16q12 and (C) chromosome 19q13 in association with percentage of total energy intake from carbohydrate
(circles), protein (triangles) and fat (crosses) adjusted for BMI in the discovery cohort. The P-values from joint meta-analysis of DietGen and CHARGE Nutrition
are indicated for association between (A) rs197273 and carbohydrate intake by the bolded circle and (C) rs838133 and protein intake by the bolded triangle. The
threshold for genome-wide significance (P , 5 × 1028) is indicated by the horizontal dotted line.

1898 Human Molecular Genetics, 2013, Vol. 22, No. 9



and indicates that while FGF21 is a top candidate for macro-
nutrient intake at this locus, other genes in the region cannot
be entirely excluded.

It is unlikely that the association between the FGF21 locus
and protein intake in our meta-analysis could be mediated or
confounded by BMI, or other related characteristics. We did
not observe any association between rs838133 and BMI
within the individual DietGen cohorts, and the variant is
only nominally associated with BMI in the publically avail-
able summary statistics from the most recent GIANT
meta-analysis (P ¼ 0.027, n ¼ 123 702) (20). Currently avail-
able GIANT results do not allow investigation of whether this
weak effect is mediated by dietary intake. In addition, no
FGF21 candidate variants reached genome-wide significance
in the recent DIAGRAM+ meta-analysis of 34 840 type 2 dia-
betes cases and 114 981 controls (21). Furthermore, the
DietGen meta-analysis results for FGF21 were stronger with
the inclusion of BMI than without (beta[se]: 20.124[0.026],
P ¼ 2.3 × 1026; beta[se]: 20.115[0.026], P ¼ 1.1 × 1025,
respectively). Sensitivity analyses from the WGHS demon-
strated that this association was robust to adjustment for
BMI, baseline diabetes status, physical activity, current
smoking and daily alcohol intake (data not shown). Residual
confounding, if any, is unlikely expected to be mediated
through clinical characteristics typically thought to influence
the diet.

TANK, the nearest gene to rs197273 on chromosome
2 encodes a signaling protein that inhibits tumor necrosis
factor receptor-associated factor (TRAF) function. The
TRAF family of proteins plays a role in inflammation and
immune response, and has not been previously linked to regu-
lation of dietary macronutrient intake.

Although the FTO locus at 16q12 is strongly and consistent-
ly associated with BMI and adiposity, and there is evidence
that it influences dietary intake and energy balance, the
genome-wide significant association of rs10163409 with per-
centage carbohydrate was not replicated by the independent
meta-analysis from the CHARGE Nutrition Working Group.
Heterogeneity for rs10163409 was estimated to be qualitative-
ly larger among the CHARGE cohorts (I2 ¼ 34.8% and I2

BMI

adjusted ¼ 32.3%) compared with the DietGen cohorts (I2 ¼
8.7%, and I2

BMI adjusted ¼ 19.9%). It is possible that this
heterogeneity may have partially influenced the lack of repli-
cation at this locus. Furthermore, rs10163409 is not in LD
with SNPs at FTO that are strongly associated with BMI
(rs1558902, r2 ¼ 0.07; 1000 Genomes), including in the
DietGen cohorts (20), nor is it associated with BMI in the
individual DietGen cohorts (data not shown). These results
suggest that there may be additional effects of FTO on
dietary composition and intake unrelated to its effect on the
body size and composition.

Unhealthy habitual dietary behaviors especially recent
changes in the proportion of macronutrients consumed under-
lie the current epidemic of obesity and its associated risk of
metabolic diseases, including cardiovascular disease and
type 2 diabetes (22). The present work, together with the
study by Tanaka et al. (6) on behalf of the CHARGE Nutrition
Working Group, represents the first and largest genetic inves-
tigations of macronutrient intake on a genome-wide scale. Our
results demonstrate associations with macronutrient intake

at two loci, one at genome-wide significance, while using
heritability analysis to infer that additional genetic associa-
tions with macronutrient intake remain to be discovered. The
proportion of variance explained in the GCTA analysis
likely underestimates the actual heritability due to residual
imprecision in measuring macronutrient intake from FFQs
and to intrinsic limitations in using tag rather than causal
SNPs to assess the correlation between relatedness and macro-
nutrient intake (23). In sum, our results provide a compelling
impetus for learning more about the biological function of
FGF21 and for performing additional analysis to further delin-
eate the genetic determinants of macronutrient intake.

MATERIALS AND METHODS

Study populations

Discovery cohorts
DietGen consortium. DietGen is composed of three US
population-based cohorts: HPFS, NHS and WGHS investigat-
ing the genetics of dietary intake and nutrition.

Health professionals follow-up study (HPFS). The study popu-
lation was derived from the HPFS, a prospective cohort of 51
529 male health care professionals between the ages of 40–75
years at enrollment in 1986 (24). Since the inception of the
study, data on lifestyle and medical history have been ascer-
tained through a self-administered questionnaire, including a
semi-quantitative FFQ every 4 years. For this analysis, we
included participants who completed the 1986 FFQ. Partici-
pants of validated self-reported European ancestry from
three sets of the GWAS from nested case-control studies
were included in this analysis: type 2 diabetes (25) (HPFS
T2D, n ¼ 2316), coronary heart disease (26) (HPFS CHD,
n ¼ 1212), and kidney stones (27) (HPFS KS, n ¼ 549). The
study was approved by the Institutional Review Board (IRB)
of the Harvard School of Public Health.

Nurses’ health study (NHS). The study population was derived
from the NHS, a prospective cohort of 121 700 female regis-
tered nurses between the ages of 30–55 years at enrollment
in 1976 (28). Since the inception of the NHS, data on lifestyle
and medical history have been ascertained through a self-
administered questionnaire, including a semi-quantitative
FFQ every 2–4 years. For this analysis, we included partici-
pants who responded to the 1986 FFQ. Participants of vali-
dated self-reported European ancestry from four sets of the
GWAS from nested case–control studies were included in
this analysis: type 2 diabetes (25) (NHS T2D, n ¼ 3219), cor-
onary heart disease (26) (NHS CHD, n ¼ 1013), kidney stones
(27) (NHS KS, n ¼ 490) and breast cancer (29) (NHS BC,
n ¼ 2043). The study was approved by the IRB of the
Harvard School of Public Health.

Women’s genome health study (WGHS). The study population
was derived from the WGHS (30), a prospective cohort of
women from the Women’s Health Study aged 45 years or
older with no history of cardiovascular disease, cancer or
major chronic illness, and who provided blood samples at
baseline from which genomic DNA was extracted. Individuals
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of confirmed self-reported European ancestry and had geno-
typing information available were included in this analysis
(n ¼ 23 294). Among these participants, 22 691 provided
FFQ data at baseline. The study was approved by the IRB of
Brigham and Women’s Hospital.

Replication cohorts
Cohorts for Heart and Aging Research in Genomic Epidemi-
ology Consortium (CHARGE) (31). A subset of CHARGE,
the CHARGE Nutrition Working Group, is composed of 12
cohorts from the United States and Europe with a total
sample size of 38 360 (6) and includes the Atherosclerosis
Risk in Communities Study (ARIC), Cardiovascular Health
Study (CHS), The European Prospective Investigation of
Cancer-Norfolk (EPIC-Norfolk), Family Heart Study,
Fenland study, Framingham Heart Study, Genetics of Lipid
Lowering Drugs and Diet Network study (GOLDN), Health
Aging and Body Composition study (Health ABC), the
InCHIANTI study, Multi-Ethnic Study of Atherosclerosis
(MESA), the Rotterdam study and the Young Finns Study.

Assessment of percentage of caloric intake from
macronutrients

In the NHS and HPFS, dietary intake was assessed every
2–4 years using the Willett semi-quantitative food frequency
questionnaire containing 118-food items (32,33). The FFQ
from 1986 was used for this analysis. In the WGHS, dietary
intake was assessed at baseline between 1992 and 1994
using the Willett semi-quantitative FFQ derived from the
NHS containing 131-food items (34). For all cohorts, partici-
pants reported an average frequency of consumption and
portion sizes of all food items listed in the FFQ during the pre-
vious year. Average daily intake per food item was calculated
by multiplying the frequency of consumption by portion size
(1). Absolute macronutrient intake was calculated by multiply-
ing the average daily intake by the nutrient content derived
from food composition tables from the Harvard School of
Public Health.

In the replication cohorts, dietary intake was assessed using
similar but slightly varied FFQs. Average daily intake of
food and nutrients was calculated using the frequency of con-
sumption, portion sizes and study-specific nutrient and food
composition tables.

Genotyping

Genotyping for each of the discovery cohort studies was
performed using either the Illumina HumanHap 300 Duo+
(WGHS), Illumina 550 K (NHS BC), Illumina 610Q
(NHS/HPFS KS cohort), or the Affymetrix 6.0 (NHS/HPFS
T2D and CHD) array; each panel was imputed up to �2.6
million SNPs using MaCH software (reference panel—
HapMap release 22/NCBI build 36)(35,36). Imputed geno-
types were expressed as allelic dosage values between 0 and 2.

Similarly, the replication cohorts were genotyped with
either Affymetrix- or Illumina-based genotyping arrays and
imputed to HapMap release 21 or 22/NCBI build 35 or 36.

Statistical analysis

Three primary outcomes were examined in this study: percent-
age of total energy intake from (i) carbohydrate, (ii) protein, and
(iii) fat. Percentage of total energy intake from each of the three
macronutrients was calculated by multiplying the absolute
macronutrient intake in grams by the caloric content of each
type of macronutrient (4 kcal/g for carbohydrate and protein,
9 kcal/g for fat) (1), and dividing by the total energy intake. Ab-
solute macronutrient intake and total energy intake were com-
puted by multiplying the relative frequency of consumption
by the nutrient content using United States Department of
Agriculture food composition sources.

Study-specific genome-wide association analyses of percent-
age macronutrient intake were performed using linear regression
in ProbABEL (37) for �2.6 million SNPs, adjusted for age, loca-
tion, measures of population stratification, with and without ad-
justment for BMI. Distributions of the residuals from each of
the macronutrient intake analyses are provided in the Supplemen-
tary material, Figure S3. If the genomic inflation factor was .1.0,
the analysis was corrected before the meta-analysis.

We conducted a two-stage genome-wide meta-analysis
for macronutrient intake. In the initial stage, meta-analyses
for each phenotype–model combination were performed in
METAL (38). Fixed-effects meta-analyses using the inverse-
variance weighting scheme were performed for each macronu-
trient and model combination (total of six meta-analyses). The
meta-analysis results were corrected if the genomic inflation
factor was .1.0. Heterogeneity was estimated using the I2 stat-
istic. Meta-analyses were limited to 2.1 million SNPs with
minor allele frequencies (MAF) ≥ 0.05 and imputation quality
scores (R2) ≥ 0.30. The genome-wide significance threshold
was set at P , 5 × 1028, and the sub-genome-wide significance
threshold was set at 1 × 1025 . P . 5 × 1028. Lead SNPs
were deemed independent if they had the most significant asso-
ciation at a locus, and were .500 kb from a lead SNP at an ad-
jacent locus. Conditional meta-analysis in GCTA(7) on the lead
SNP at each locus did not reveal any remaining SNP associa-
tions with P , 1 × 1025 at the candidate loci.

In the second stage, we approached the CHARGE consor-
tium and requested to investigate the association of our
index genome-wide and sub-genome-wide SNPs in their paral-
lel genetic analysis of macronutrient intake (6). The Bonfer-
roni method was used to correct for multiple hypothesis
testing by dividing the a(¼0.05) by the number of loci
brought forward for replication per macronutrient phenotype.
The P-values from one-tailed z-distributions were used to de-
termine the significance in replication. Genome-wide signifi-
cance was declared if the P-value from the joint analysis
was ,5 × 1028.

GCTA estimation of heritability

We randomly selected 15 000 participants (out of 23 294) from
the WGHS to estimate heritability of macronutrient intake
using the GCTA software (7); we were unable to include
all WGHS participants in the heritability estimate due to
computational restraints. We restricted the analysis to 339
596 genotyped SNPs with 98.5% complete genotyping and
MAF . 0.01.
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