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Abstract

Except for drinking water, most beverages taste bitter or sweet. Taste perception and preferences are heritable and
determinants of beverage choice and consumption. Consumption of several bitter- and sweet-tasting beverages has been
implicated in development of major chronic diseases. We performed a genome-wide association study (GWAS) of
self-reported bitter and sweet beverage consumption among ∼370 000 participants of European ancestry, using a two-staged
analysis design. Bitter beverages included coffee, tea, grapefruit juice, red wine, liquor and beer. Sweet beverages included
artificially and sugar sweetened beverages (SSBs) and non-grapefruit juices. Five loci associated with total bitter beverage
consumption were replicated (in/near GCKR, ABCG2, AHR, POR and CYP1A1/2). No locus was replicated for total sweet
beverage consumption. Sub-phenotype analyses targeting the alcohol, caffeine and sweetener components of beverages
yielded additional loci: (i) four loci for bitter alcoholic beverages (GCKR, KLB, ADH1B and AGBL2); (ii) five loci for bitter
non-alcoholic beverages (ANXA9, AHR, POR, CYP1A1/2 and CSDC2); (iii) 10 loci for coffee; six novel loci (SEC16B, TMEM18,
OR8U8, AKAP6, MC4R and SPECC1L-ADORA2A); (iv) FTO for SSBs. Of these 17 replicated loci, 12 have been associated with
total alcohol consumption, coffee consumption, plasma caffeine metabolites or BMI in previous GWAS; none was involved
in known sweet and bitter taste transduction pathways. Our study suggests that genetic variants related to alcohol
consumption, coffee consumption and obesity were primary genetic determinants of bitter and sweet beverage
consumption. Whether genetic variants related to taste perception are associated with beverage consumption remains to be
determined.
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Introduction
Beverages such as coffee, tea, soft drinks, beer and wine are
widely consumed and important sources of energy, nutrients
and phytochemicals (1–4). Beverage consumption has been
implicated in numerous diseases. Coffee or tea consumption
has been inversely associated with cardiovascular disease and
mortality, type 2 diabetes, cognitive decline and specific cancers,
but positively associated with adverse pregnancy outcomes
(1,2,5). Alcohol consumption is related to more than 200 diseases
and accounts for ∼6% of death globally (3). Sugar sweetened
beverages (SSBs) are a major source of added sugar and a well-
known risk factor for cardiometabolic disease (6,7).

Given the widespread consumption of beverages and their
substantial health implications, understanding environmental
and genetic factors contributing to beverage choice and con-
sumption level has important nutritional and broader public
health implications. Knowledge of genetic determinants may
inform the causal role beverages have in health and the potential
population subgroups most susceptible to the health conse-
quences of regular consumption. However, our current genetic
understanding of beverage consumption is limited to coffee,
alcohol and milk, for which primary genetic determinants are
related to metabolism of specific constituents (8–10).

Taste perception and preferences are heritable and determi-
nants of food and beverage choices and consumption (11,12).
A recent Mendelian randomization analysis reported that bitter
perception was causally associated with coffee, tea and alcohol
consumption (13). Genetic variation in sweet taste receptors
(e.g. TAS1R2) has been related to dietary sugar intake (14,15).
Except for drinking water, most common beverages taste pre-
dominantly bitter (e.g. coffee, tea, beer, red wine, liquor, grape-
fruit juice) or sweet [e.g. SSBs, artificially sweetened beverages
(ASBs)] (16). Targeting one inherent factor (i.e. taste) common
to all beverages may minimize the impact of beverage-specific
non-taste factors (e.g. social influences, fluid texture) and reveal
whether genetically determined sensitivity to bitter and sweet
taste is associated with beverage consumption. Accordingly, we
conducted a genome-wide association study (GWAS) of con-
sumption of bitter- and sweet-tasting beverages by leveraging
genetic and phenotypic data from over 370 000 adults of Euro-
pean ancestry.

Results
Supplementary Material, Figure S1 summarizes the two-staged
study design beginning with a discovery analysis in the UK
Biobank followed by replication in three independent US
cohorts. Phenotype definitions are shown in Supplementary
Material, Table S1. UK Biobank participants were slightly older
and presented with higher body mass index (BMI), higher
energy consumption, higher total bitter beverage consumption
and lower total sweet beverage consumption, compared to
participants from the replication cohorts (Table 1). Stage 1
manhattan and quantile-quantile (QQ) plots are shown in
Supplementary Material Figures S2–S16. Genomic inflation
factors (λGC) ranged from 1.02 to 1.29 for bitter phenotypes and
from 1.01 to 1.06 for sweet phenotypes. Linkage disequilibrium
(LD) score regression intercepts were between 1.003 and 1.018
for all bitter and sweet beverage phenotypes. Figure 1 and
Table 2 summarize all replicated single nucleotide polymor-
phism (SNP)-phenotype associations that are introduced in
detail below. Corresponding regional plots are presented in
Supplementary Material, Figures S17–S43. Detailed results of

stage 1 and 2 analyses for all the independent SNPs selected for
replication are presented in Supplementary Material, Table S2.
Models without BMI adjustment generated similar results to
those with BMI adjustment (Supplementary Material, Table S3).
BMI adjusted results are presented as primary findings to
reduce variance of phenotypes and to account for genetic effects
mediated through body composition.

SNPs associated with primary bitter and sweet
phenotypes

A total of 2038 SNPs were nominally (P < 5 × 10−6) associated
with total bitter beverage consumption in the UK Biobank
and 37 were independent and followed up for replication. Five
independent SNPs mapping to five loci were replicated in/near
2p23.3 (GCKR), 4q22.1 (ABCG2), 7p21.1 (AHR), 7q11.23 (POR) and
15q24.1 (CYP1A1/2) (Table 2). SNPs in/near 16q12.2 (FTO) and
AHR reached genome-wide significance for total sweet beverage
consumption in the UK Biobank, but failed to replicate in stage 2
(Supplementary Material, Table S2).

SNPs associated with bitter sub-phenotypes

Seven independent SNPs mapping to five loci were replicated
for bitter non-alcoholic beverage consumption. Two loci were
distinct from our primary bitter phenotype, 1q21.3 (ANXA9) and
22q13.2 (CSDC2). We replicated four loci for bitter alcoholic bev-
erage consumption including 2p23.3 (GCKR), 4p14 (KLB), 4q23
(ADH1B) and 11p11.2 (AGBL2). Fifteen independent SNPs span-
ning 10 loci were replicated for coffee consumption. Six loci were
novel, 1q25.2 (SEC16B), 2p25.3 (TMEM18), 11q12.1 (OR8U8), 14q12
(AKAP6), 18q21.32 (MC4R) and 22q11.23 (SPECC1L-ADORA2A). To
further determine whether these six novel loci can be replicated
in a published GWAS of coffee consumption based on HapMap
R22 (8), we re-ran the stage 1 meta-analysis in this published
study after excluding NHS, HPFS and WGHS cohorts to avoid
overlap with the current study (N = ∼ 61 000). Only TMEM18 and
MC4R reached a P < 0.01. No SNP was replicated for grapefruit
juice and tea consumption.

Coffee, tea and bitter alcoholic beverage consumption were
available from both assessment center visit and 24 h recalls. The
direction of effect was consistent between two data sources
for 334 (∼98.5%) of all the 339 SNP-phenotype associations
(Supplementary Material, Table S4). Post hoc analysis found that
loci (e.g. GCKR, ADH1B and KLB) associated with bitter alcoholic
beverage consumption were also associated with non-bitter
alcoholic beverage consumption that included white wine, rose
wine and fortified wine.

SNPs associated with sweet sub-phenotypes

Fifty-one SNPs mapping to 47 loci were nominally (P < 5 × 10−6)
associated with one or more sweet sub-phenotypes in stage 1.
Only the association between the SNP rs55872725 in FTO and SSB
consumption fulfilled our replication criteria. All other 96 BMI
loci had a P value of 0.002 or larger based on joint meta-analysis
(Supplementary Material, Table S5).

Pleiotropic associations of beverage-based loci with
different total and sub-types of beverages

A heat map was created using the most significant independent
SNP from each locus that was replicated for at least one
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Table 1. Demographic and dietary characteristics of the study participants

Stage 1: Discovery Stage 2: Replication

UK Biobank 24 h
recall data
(n = 85 852)

UK Biobank
assessment center
data (n = 336 448)

Nurses’ Health
Study (n = 10 675)

Health Professionals
Follow-Up Study
(n = 6618)

Women’s Genome
Health Study
(n = 22 691)

Age, years 56.5 (7.7) 56.9 (8.0) 52.5 (6.7) 55.2 (8.7) 54.7 (7.1)
Women 47 786 (55.7%) 181 271 (53.7%) 10 675 (100%) 0 (0%) 22 691 (100%)
BMI, kg/m2 26.7 (4.6) 27.4 (4.7) 25.5 (4.9) 25.8 (3.2) 25.3 (6.7)
Total energy, kcal 2044.0 (432.8) .. 1773.7 (489.3) 1931.4 (551.5) 1732.4 (524.9)
Bitter beverages, servings/day
Total 5.33 (4.00–6.60) .. 3.29 (2.11–4.71) 3.00 (1.43–4.71) 1.45 (1.12–1.80)
Bitter alcoholic beverages 0.38 (0–1.47) 0.43 (0–1.29) 0.07 (0–0.39) 0.21 (0–0.93) 0.07 (0–0.19)
Bitter non-alcoholic beverages 4.50 (3.50–5.50) .. 2.90 (1.86–4.29) 2.50 (1.00–3.50) 1.37 (1.02–1.73)
Coffee 1.50 (0.50–2.67) 1.10 (0.41–1.39) 2.50 (1.00–3.50) 2.00 (0.43–2.64) 1.25 (0.69–1.50)
Tea 2.67 (1.25–4.00) 1.39 (0.69–1.79) 0.22 (0.04–0.90) 0.07 (0–0.43) 0.13 (0–0.69)
Grapefruit juice 0 (0–0) .. 0 (0–0.07) 0 (0–0.07) 0 (0–0.07)
Sweet beverages, servings/day
Total 0.83 (0.33–1.50) .. 1.22 (0.71–1.93) 1.21 (0.64–1.93) 0.86 (0.54–1.29)
SSBs 0 (0–0.50) .. 0.07 (0–0.25) 0.07 (0–0.35) 0.07 (0–0.24)
ASBs 0 (0–0) .. 0.21 (0–0.79) 0.14 (0–0.71) 0.36 (0–0.73)
Pure non-grapefruit juices 0.25 (0–0.67) .. 0.54 (0.14–1.00) 0.50 (0.14–1.00) 0.36 (0.07–0.69)

ASBs, artificially sweetened beverages; BMI, body mass index; SSBs, sugar sweetened beverages. Values are n (%) or mean (SD) or median (25th percentile to 75th
percentile). One serving of a beverage can be 1 cup (e.g. coffee, tea), 1 medium glass (e.g. fruit juice, wine), 1 shot/measure (e.g. liquor/spirit) or 1 pint/bottle/can
(e.g. beer, carbonated beverages).

primary phenotype or sub-phenotype to compare SNP-phenotype
associations across all phenotypes. Strengths and directions
of SNP-phenotype associations were similar across total bitter
beverages, bitter non-alcoholic beverages and coffee, based on
joint meta-analysis (Fig. 1). SNPs in three loci were associated
with bitter and sweet phenotypes at genome-wide significance
level but in opposition directions: (i) AHR at 7p21.1 (rs4410790)
and CYP1A1/2 at 15p24.1 (rs2472297) for total bitter and total
sweet beverages; (ii) FTO at 16q12.2 (rs55872725) for coffee and
SSBs. Post hoc analysis of UK Biobank data was conducted to
assess a potential substitution effect. We observed a moderate
inverse correlation between consumption of total bitter and total
sweet beverages (energy-adjusted Pearson r = −0.24, P < 0.0001;
Supplementary Material, Table S6). Further adjusting for total
sweet beverage consumption did not materially alter the
replicated associations of AHR and CYP1A1/2 with total bitter
beverage consumption (Supplementary Material, Table S7).
Coffee and SSB consumption were weakly correlated with
an energy-adjusted Pearson correlation coefficient of −0.04
(P < 0.0001). Adjusting for coffee consumption minimally
changed the replicated FTO-SSB consumption association.

Functional annotation and gene expression

Functional annotation, mapping and gene expression analyses
of the full stage 1 GWAS results were conducted with FUMA (17).
Among the five phenotypes with replicated loci, independent
SNPs and those in LD (r2 ≥ 0.3) within 500 kb were mostly located
in intergenic (36.6%, n = 1943) and intronic areas (45.1%, n = 2395).
Stage 1 GWAS results for bitter alcoholic beverages were sig-
nificantly enriched for gene candidates expressed in the brain
and pituitary (Supplementary Material, Figures S44–S48). GWAS
results for coffee were enriched for candidate genes expressed
in the brain and adrenal gland. No gene expression enrichment
was found for other phenotypes. Of the 32 independent SNPs or

their proxies (r2 ≥ 0.8) shown in Table 2, 8 were non-synonymous
(Supplementary Material, Table S8).

Candidate SNP analyses

Using the stage 1 GWAS results, we looked up SNPs mapping
to 68 candidate genes based on the sweet and bitter taste
transduction pathways as defined by Kegg (18). SNPs in
five (TAS2R38, TAS2R31, TAS2R1, TAS2R10, TAS2R42) of the 68
candidate taste genes were at least nominally associated with
consumption of bitter alcoholic beverages, coffee or tea in
stage 1 (3.8 × 10−14 < P < 5 × 10−7). None of these associations
were replicated in stage 2 (Supplementary Material, Table S9),
although a SNP in TAS2R38 (rs713598) had a replication P value
of 0.03 for tea consumption, close to the pre-specified threshold
of 0.01.

An inverse association between BMI increasing T allele of FTO
(rs55872725) and SSB consumption was identified even among
those with BMI < 30 kg/m2 (beta = −0.014 per T allele, P < 0.0001)
and BMI <25 kg/m2 (beta =−0.0121 per T allele, P = 0.002).

SNP-heritability estimates (hg
2) and proportion of

variance explained (r2) for bitter and sweet phenotypes

SNP-heritability (hg
2) of bitter and sweet phenotypes in the

UK Biobank was estimated using BOLT-REML v2.3.2 (19)
and LD score regression (20). Phenotype hg

2 estimates from
individual-level data (BOLT, no covariates, genotyped SNPs)
averaged 1.9-fold higher than corresponding hg

2 estimates
from summary statistics (LD score, covariate adjusted, imputed
SNPs) (Supplementary Material, Table S10). BOLT hg

2 for total
bitter and total sweet beverages were 0.15 (0.01) and 0.07
(0.01), respectively. The highest SNP-heritability was observed
for bitter non-alcoholic beverages (hg

2 = 0.16 [0.01]) and the
lowest was for grapefruit juice (hg

2 = 0.02 [0.01]). LD score

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz061#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz061#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz061#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz061#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz061#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz061#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz061#supplementary-data


2452 Human Molecular Genetics, 2019, Vol. 28, No. 14

Figure 1. Pleiotropic associations of beverage-based loci with different total and sub-types of beverages. Shown are the P values and direction of the associations between

the most significant replicated independent SNP in each locus and each of the primary phenotypes and sub-phenotypes, based on joint meta-analysis of stage 1 and

stage 2 samples. These SNPs were replicated for at least one primary phenotype or sub-phenotype. We chose the minor alleles as the effect alleles. Information on

locus, SNP number and closest gene is presented here and further details can be found in Table 2. The direction and strength of the associations are indicated by color.

Results with P ≥ 0.05 are not colored. Of note, a genome-wide significant SNP-phenotype association may be seen due to the very small P from stage 1 analysis, although

this SNP did not satisfy our replication criteria as specified in methods (e.g. CYP1A1/2 for total sweet beverages).

estimates were similar for summary statistics with or without
BMI adjustment. Proportion of variance explained (r2) for
individual lead SNPs ranged from 0.0001 (rs7935528, rs574367,
rs597045, rs1956218 and rs2330783) to 0.0053 (rs2472297)
(Supplementary Material, Table S11). r2 for all the lead SNPs
individually added to the model for each beverage ranged from
0.0003 for SSB consumption and 0.0114 for bitter non-alcoholic
beverage consumption.

Comparing to the previous GWAS literature

Of the 17 replicated loci in our study (Supplementary Material,
Table S12), five have been associated with coffee consumption
or plasma caffeine metabolites (GCKR, ABCG2, AHR, POR and
CYP1A1/2) (8,21); three have been associated with total alcohol
consumption (GCKR, KLB and ADH1B) (9,22); and five have been
associated with BMI (SEC16B, TMEM18, AKAP6, FTO and MC4R)
(23,24). For AKAP6, we found a different independent SNP com-
pared to the previous GWAS literature, which may be due to the
use of a recent reference panel.

Discussion
Beverages are a frequently consumed part of the human diet and
their health benefits and risks have been extensively studied.
Taste perception and preferences are heritable and determi-

nants of food/beverage choice and consumption (11,12). The
current study, however, suggests that genetic variants related
to coffee consumption, alcohol consumption and obesity were
predominant determinants of bitter and sweet beverage con-
sumption, as defined by our groupings.

A few taste loci (e.g. TAS2R31, TAS2R38) were associated with
bitter beverage consumption in the UK Biobank (P < 5 × 10−6)
including bitter alcoholic beverages, coffee and tea. However,
none was replicated, although TAS2R38 had a replication P value
of 0.03 for tea consumption, close to the pre-specified thresh-
old of 0.01. These findings are consistent with a recent GWAS
(n = 4611), which reported that none of the 15 loci associated
with 12 specific food liking (including coffee) were related to
any known taste gene (25). The available genome-wide discov-
ery efforts targeting taste perception commonly use chemical
compounds that are not found in real-world beverages to assess
perceived taste intensity (e.g. propylthiouracil) (26). The extent to
which these findings translate to actual consumption is unclear.
Leveraging data on beverage consumption, as opposed to per-
ception or liking, has more direct public health implications. Our
study is the largest and most comprehensive GWAS to identify
genetic variants related to consumption of real-world bitter and
sweet beverages in a general population.

When all bitter beverages were considered together, the asso-
ciated loci mapped to genes implicated in caffeine pharma-
cology (8,21). Indeed, when our primary bitter phenotype was
parsed into sub-phenotypes, some of these loci (e.g. AHR, POR,
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CYP1A1/A2) emerged for coffee (a major and concentrated source
of caffeine), which is consistent with GWAS of coffee/caffeine-
related traits (8,21). However, six novel loci for coffee consump-
tion were additionally identified. ADORA2A and OR8U8 are bio-
logically plausible candidates. ADORA2A encodes the adenosine
2A receptor, a key target for caffeine (27). OR8U8 encodes a
member of the olfactory receptor family and thus functions in
smell perception (28). Smell and taste are correlated sensory
characteristics that impact food intake (29). SEC16B, TMEM18 and
MC4R are confirmed BMI-loci (23). The BMI-increasing variants
were associated with higher coffee consumption in our study. A
recent Mendelian randomization study also reported that a BMI-
increasing allele score comprising of FTO, MC4R and TMEM18
variants was associated with higher coffee consumption (30).
FTO, TMEM18 and MC4R are highly expressed in hypothalamus,
a brain region regulating reward and motivation aspects of eat-
ing behavior (31). AKAP6 has been associated with a number
of traits such as BMI in a trans-ancestral meta-analysis and
cognitive function (24,32). Our study, which focused on beverage
consumption, also contributes to the growing evidence that a
subset of BMI loci contribute to behavioral aspects of obesity
by altering food intake and preference (33,34). Our study did not
replicate previously reported coffee loci at 11p13 (BDNF), 12q24.1
(HECTD4) and 17q11.2 (EFCAB5) (8,35). This may be attributable
to the study differences in coffee phenotype definition, sample
characteristics and modeling approach.

Tea is generally a caffeine-containing beverage, although
the caffeine content is much lower than coffee (36). SNPs near
caffeine-related loci such as AHR and CYP1A1/2 were associated
with tea consumption (P < 5 × 10−8) in the UK Biobank, but they
were not replicated in the US cohorts. Tea is a major contributor
to caffeine in UK, but not US, populations. Replication may have
been impeded by the strong cultural differences for tea drinking
behaviors between the two countries.

We found that variants in FTO previously linked to higher
BMI were associated with lower SSB consumption regardless of
BMI adjustment. This inverse association remained even among
those with BMI < 25 kg/m2. FTO is the only locus that was repli-
cated among 97 BMI loci (23). The inverse association between
BMI increasing allele of FTO and SSB consumption is consistent
with a previous candidate gene study (37). This ‘counterintu-
itive’ inverse association requires further verification in future
studies. An interaction between SSB consumption and a genetic
score comprising of 32 BMI-related SNPs including FTO in rela-
tion to obesity was previously identified, but the direct FTO-SSB
consumption association was not explored (38). Accumulating
evidence has suggested that the effect of FTO on beverage choice
might depend on the form (liquid versus solid) and energy den-
sity (high-caloric versus low-caloric), independent from FTO’s
effect on BMI (37,39,40). Nonetheless, our findings reiterate the
complexity surrounding the FTO-BMI association.

Heritability of bitter and sweet taste perception or pref-
erences ranges from ∼0.3 to ∼0.7 and varies by compound,
food/beverage and study sample based on twin studies
(n < 10 000) (41–43). SNP-heritability estimates presented in the
current study cannot directly compare to heritability estimates
reported in twin studies (44), but we can discuss relative to other
traits wherein similar heritability estimates are available. SNP-
heritability estimates for bitter and sweet beverage consumption
were ≤0.16, lower than other common traits in UK Biobank
participants such as height (0.58), BMI (0.31) and blood pressure
(0.27) but similar to type 2 diabetes (0.07) and cardiovascular
disease (0.16) (19). The explained phenotypic variation by
replicated loci in our study was ∼1% or less, which is comparable

to complex behavioral traits such as smoking and alcohol-
related behaviors (45,46). Our low estimates may be related
to categorization of beverage taste based on self-recalled taste
intensity in a different study (16), variation in taste intensity
within each type of beverages, and other limitations discussed
below. Also, strong environment effects (e.g. demographic, social,
occupational, cultural and others) may have masked genetic
effects (47).

We performed a comprehensive assessment of genetic archi-
tecture of common sweet and bitter beverage consumption.
Replication of results from a UK population in a US popula-
tion enhances generalizability and reduces false positive results.
However, limitations in the replication sample including smaller
sample size, different dietary assessment tools than those used
in the UK Biobank as well as cultural differences in beverage
consumption behaviors (e.g. tea) between these two countries
may have reduced our ability to replicate more loci. Further,
measurement error of self-reported dietary intake is inevitable,
although the dietary assessment tools implemented in partic-
ipating cohorts have been validated (48,49). Nonetheless, evi-
dence has shown that beverages including coffee, tea, alco-
hol and carbonated beverages were among the most accurately
recalled and most reproducible aspects of the diet; the corrected
correlation coefficients were between 0.34–0.94 in the NHS com-
paring dietary records and food frequency questionnaire (FFQ)
(50). Sex-specific analysis was not performed due to the smaller
stage 2 sample. Lastly, one should be cautious in generalizing our
results to other populations of non-European ancestry.

In conclusion, genetic variants related to coffee consumption,
alcohol consumption and obesity were critical genetic deter-
minants of bitter and sweet beverage consumption. Whether
genetic variants related to taste perception are associated with
beverage consumption remains to be determined.

Materials and Methods
Stage 1: discovery

Study population. The UK Biobank is a prospective cohort study
that recruited over 500 000 participants aged 37–73 years from
22 centers across England, Wales and Scotland in 2006–2010.
All study participants provided informed consent and the study
was approved by the North West Multi-center Research Ethics
Committee, the Community Health Index Advisory Group, the
Patient Information Advisory Group and the National Health
Service National Research Ethics Service.

Diet data collection and phenotype definitions.. Dietary intake
was collected using a 24 h recall questionnaire (Oxford
WebQ) in a subset of UK Biobank participants (48). We used
the mean intake from participants who completed at least
two dietary recalls. We defined two phenotypes for primary
analysis. The first, total bitter beverages, included coffee, tea,
grapefruit juice and bitter tasting alcoholic beverages (beer/cider,
red wine and liquor) (Supplementary Material, Table S1). The
second, total sweet beverages, included SSBs, ASBs, pure
non-grapefruit juices, flavored milk and hot chocolate. The
grouping rationale was based on a previous study finding
that recalled taste intensity was associated with self-reported
liking and habitual consumption (16). To further inform the
origination and interpretation of primary results, we subse-
quently conducted GWAS of ‘beverage-sets’ (sub-phenotypes;
Supplementary Material, Table S1). These sub-phenotypes
targeted other components including caffeine, sugar, artificial

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz061#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz061#supplementary-data
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sweeteners and alcohol; these are components with well-known
genetic determinants or distinct tastes (8,9,47).

Self-reported consumption of alcohol, coffee and tea was also
collected from all participants at baseline using a touchscreen
questionnaire at each assessment center. These data were only
used for sub-phenotype analysis to maximize the power for
finding novel loci. Participants were asked about their alcohol
drinking status (never, former, current, unknown), frequency
(weekly or monthly) and types (e.g. red wine, white wine, beer/-
cider, spirit). Total coffee consumption was based on the ques-
tion ‘How many cups of coffee do you drink each day (include
decaffeinated coffee)?’ A similar question was asked about tea.

Genotyping, imputation and quality control. All participants of
UK Biobank were genotyped using Affymetrix UK BiLEVE Axiom
and Affymetrix UK Biobank Axiom® arrays. Quality control and
imputation to the Haplotype Reference Consortium (HRC) v1.1
and UK10K reference panels were performed centrally by the
Wellcome Trust Centre for Human Genetics and University
of Oxford (51). Sample outliers based on heterozygosity and
missingness were excluded, as were participants with sex
discrepancy between self-reported and inferred sex (using X-
chromosome heterozygosity). Also excluded were participants
with relatedness based on kinship coefficient of >0.0442. Finally,
we restricted our analysis to those who self-reported as ‘British’
and who had very similar ancestral backgrounds based on
results of principal component analysis (n = 337 542). The current
analysis was restricted to the autosomal SNPs from the HRC v1.1
reference panel because UK10K imputation was not valid at time
of analyses. SNPs with minor allele frequency <1% or with low
imputation quality score ≤0.3 were excluded.

Statistical analysis. PLINK 2.0 (52) was used to conduct genome-
wide analyses of our two primary phenotypes and eight sub-
phenotypes using linear regressions assuming an additive
genetic model. All phenotypes were natural log-transformed
after adding one to each value and further winsorized at four
standard deviations. Statistical models for phenotypes based
on 24 h recall data were adjusted for age, sex, BMI, total
energy, proportion of 24 h recalls self-reported as capturing
‘typical intake’ and top 20 principal components to account
for population sub-structure. The same adjustment was
applied to the three sub-phenotypes based on the touchscreen
questionnaire with the exception of total energy and ‘typical
intake’. A sensitivity analysis without BMI adjustment was
performed to rule out the potential collider bias (53).

Chromosome-level conditional analysis was performed to
identify independent SNPs. We re-ran the aforementioned
model by additionally conditioning on the most significant SNP
from each chromosome that had a P < 5 × 10−6. We repeated this
analysis by conditioning all previously identified SNPs from each
run until no SNP had a conditioned P < 5 × 10−6. The resulting
independent SNPs were followed-up in stage 2 for replication.

Stage 2: replication

Replication was carried out in three independent populations
of European ancestry: Nurses’ Health Study (n = 10 675), Health
Professionals Follow-up Study (n = 6618) and Women’s Genome
Health Study (n = 22 691) (Supplementary File). For these three
replication cohorts, dietary data were collected by the same FFQ.

A meta-analysis of these three studies was conducted with a
fixed-effect model and inverse-variance weighting using METAL

(54). No genomic control was applied. A joint meta-analysis of
stage 1 and stage 2 studies was also conducted using METAL as
described above. Genome-wide significance was defined by the
following criteria: (i) stage 2 P < 0.01; (ii) joint stage 1 and stage 2
meta-analysis P < 5 × 10−8; (iii) consistent direction of effect. The
effects were interpreted as percent change in consumption level
per allele: ([eβ-1]∗100%).

We also conducted (i) functional annotation, mapping and
gene expression analyses; (ii) candidate SNP analysis; and (iii)
analysis to estimate SNP-heritability and proportion of variance
explained for beverage phenotypes. The methodological details
are presented in the Supplementary File. Finally, we searched
the NHGRI-EBI Catalog of published GWAS for all genome-wide
significant associations with our replicated independent SNPs
and those in high LD (r2 ≥ 0.8) (55).

Data availability

Full stage 1 GWAS results are available at https://digitalhub.
northwestern.edu/users/mcc340.

Supplementary Material
Supplementary Material is available at HMG online.
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