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Abstract

Background: Folate is essential for one-carbon metabolism, yet deficiency remains com-
mon in non-fortified populations. Bitter-taste-receptor genetics may influence vegetable
intake and thus folate status, but the cumulative impact of sensory genetics, diet, and so-
ciodemographic factors is unclear. This study aimed to investigate how taste-related ge-
netic variants, aggregated into a polygenic score (PGS), together with dietary behavior
and sociodemographic factors, modulate serum folate levels in a Hungarian adult popu-
lation, including Roma ethnic minority participants. Methods: In a cross-sectional sample
of 626 adults (312 from the Hungarian general population and 314 from the Roma ethnic
minority), serum folate was quantified by chemiluminescent immunoassay, and eight
taste-related single-nucleotide polymorphisms (SNPs) were genotyped. A four-SNP PGS
(TAS2R19 rs10772420, OR10G4 151527483, TRPV1 rs8065080, and CD36 rs1761667) was
optimized via the stepwise method (AR? criterion, FDR q < 0.05). Multivariable linear re-
gression was used to assess associations with continuous folate, and logistic models were
used to evaluate deficiency risk (<13 pumol/L; area under the curve, AUC). Interaction
terms were tested for effect modification by education and vegetable intake, and media-
tion pathways were examined by structural equation modeling with 1000 bootstrap rep-
lications. Results: TAS2R19 rs10772420 was found to be the strongest predictor of serum
folate level. This effect remained significant even after adjusting for vegetable intake (3 =
1.12 nmol/L; p = 0.003), suggesting a persistent genetic association independent of vegeta-
ble intake. The taste-related PGS exhibited a significant dose-response relationship with
folate levels (p < 0.001) but had only modest discriminatory power for deficiency (AUC =
0.569). Higher educational attainment amplified the associations between the PGS and
folate levels (p for interaction < 0.05), whereas vegetable intake did not mediate genetic
effects. The associations were consistent across Hungarian general and Roma population
subgroups. Conclusions: Bitter-taste-receptor genetics are associated with serum folate
levels in a pattern not substantially mediated by self-reported vegetable intake, and this
influence is further modified by education. These findings support the development of
genome-informed, culturally tailored nutrition strategies for non-fortified populations.
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1. Introduction

Folate (vitamin B9) is a water-soluble micronutrient essential for DNA synthesis,
methylation, and cellular division [1,2]. Adequate folate status is particularly critical dur-
ing pregnancy, as deficiency is strongly associated with neural tube defects (NTDs) and
other developmental disorders [3-5]. In addition to its role in fetal development, folate
contributes to cardiovascular, neurological, and mental health by being involved in ho-
mocysteine metabolism and neurotransmitter synthesis [6-8].

Globally, folate deficiency remains a significant public health concern, particularly in
low- and middle-income countries [9,10]. While mandatory folic acid fortification has re-
duced deficiency rates in countries like the US and Canada [11,12], most European nations
[13], including Hungary, rely on voluntary supplementation [14]. Consequently, folate
intake and status across Europe exhibit significant heterogeneity, with suboptimal levels
reported in specific populations, notably among women of reproductive age [15,16]. In
Hungary, where folic acid fortification is not mandatory [17], there is a unique oppor-
tunity to explore folate status from multiple aspects, such as dietary behavior and genetic
conditions.

The status of folate in the human body is influenced by a complex interplay of envi-
ronmental, lifestyle, and genetic factors [18]. Dietary intake is clearly the primary deter-
minant, with leafy greens, legumes, and fortified grains serving as key sources [19]. How-
ever, it is important to note that the absorption and metabolism of folate are modulated
by genetic polymorphisms in enzymes such as methylenetetrahydrofolate reductase
(MTHER) [20], folate hydrolase 1 (FOLHI), and dihydrofolate reductase (DHFR) [21].
These genes can affect bioavailability, transport, and intracellular retention of folate,
thereby contributing to interindividual variability in serum and red blood cell folate con-
centrations.

As demonstrated in a previous study [22], synthetic folic acid is a stronger determi-
nant of circulating folate levels than naturally occurring food folate, particularly in popu-
lations with mandatory fortification. Conversely, in countries such as Hungary, where
fortification is limited, dietary preferences—potentially influenced by genetic taste sensi-
tivity [23]—may exert a more substantial influence on folate status. Furthermore, gene-
diet interactions, such as those involving FOLH1 [24], underscore the necessity of consid-
ering both genetic and behavioral factors when analyzing folate metabolism. The present
findings extend this paradigm by demonstrating that a genetic risk score related to taste
is associated with serum folate levels [25]. This suggests that sensory perception may in-
fluence micronutrient status through dietary behavior.

Recent research has also explored the behavioral dimension of folate intake [26], par-
ticularly the role of taste perception in shaping dietary preferences. Single-nucleotide pol-
ymorphisms (SNPs) in taste receptor genes [25], including taste receptor type 2 member
38 (TAS2R19), taste receptor type 2 member 16 (TAS2R16), and transient receptor potential
vanilloid 1 (TRPV1), have been associated with sensitivity to bitter and pungent com-
pounds. For example, TAS2R19 variants linked to heightened bitter sensitivity may lead
individuals to avoid folate-rich vegetables such as broccoli and spinach. Lucock et al. (26)
emphasized the role of bitter-taste sensitivity in the dietary avoidance of folate-rich vege-
tables, and Cummings et al. [22] examined metabolic gene scores in populations consum-
ing fortified foods.
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Despite the growing interest in nutrigenetics, the relationship between genetic vari-
ants related to taste and folate status remains underexplored. Polygenic scores (PGSs) for
folate levels, which aggregate the effects of multiple single SNPs, offer a promising ap-
proach to quantifying the cumulative genetic influence on nutrient status.

The present study investigates the individual and combined effects of taste-related
SNPs on serum folate concentrations in a general adult Hungarian population. The aggre-
gated genetic influence is assessed using a PGS derived from the relevant SNPs.

A key objective is to examine whether vegetable consumption mediates the relation-
ship between taste-related genetic variation and folate status. In addition, the analysis ex-
plores whether sociodemographic factors, such as education level and ethnicity, modify
these associations.

By disentangling individual and polygenic effects and their behavioral correlates,
this research contributes to the growing field of nutrigenetics and supports the develop-
ment of genome-informed dietary strategies.

2. Materials and Methods

2.1. Study Populations

A detailed description of the study design and the data collection was published pre-
viously [27]. Briefly, participants representing the Hungarian general population were se-
lected through the General Practitioners’ Morbidity Sentinel Stations Programme
(GPMSSP), a registry established in 1998 to monitor major noncommunicable diseases
[28]. Individuals aged 20-64 living in households in Borsod-Abauj-Zemplén and
Szabolcs-Szatmar-Bereg counties were randomly chosen from GP records. Although the
initial plan was to recruit 25 individuals from each of 20 GP practices, two practices de-
clined participation, resulting in a final sample of 450 individuals from 18 practices.

Participants from the Roma ethnic minority aged 20-64 years were selected using a
stratified multistage sampling method in the same counties (Hajdu-Bihar and Szabolcs-
Szatmar-Bereg) where Roma communities are densely located in segregated colonies.
Colonies with more than 100 residents were identified during a prior environmental sur-
vey [29]. Ethnicity was self-reported. Twenty colonies were randomly selected from a ver-
ified database, followed by the random selection of 25 households per colony.

To enhance cultural sensitivity and data reliability, the household surveys in Roma
communities were conducted by Roma interviewers undergoing university-level public
health training. The inclusion criteria for both populations were an age range of 20-64
years, residence in the selected counties, and the ability to provide informed consent. Ex-
clusion criteria included pregnancy, recent hospitalization, or an inability to complete the
questionnaire. To address potential confounding from conditions affecting folate metab-
olism, we systematically assessed: (1) C-reactive protein (CRP), a marker of systemic in-
flammation; (2) alcohol consumption frequency; and (3) use of commonly prescribed med-
ications (antihypertensive, antidiabetic, and lipid-lowering). In total, 832 individuals were
enrolled: 417 from the general population and 415 from the Roma ethnic population.

Following rigorous quality control procedures, including the exclusion of partici-
pants with incomplete basic characteristics, genotyping failures, and protocol violations,
a final analytic sample of 626 participants (75.2% of the enrolled cohort) was retained for
statistical analysis. This final sample comprised 312 individuals from the Hungarian gen-
eral population and 314 individuals from the Roma ethnic minority.

2.2. Power Calculation

An a priori power analysis was conducted using G*Power version 3.1 (Heinrich
Heine University Diisseldorf, Diisseldorf, Germany) to determine the required sample
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size for a linear multiple regression model with 17 predictors. Based on an estimated effect
size of f2=0.244, a significance level of 0.05, and a desired power of 0.80, the minimum
required sample size was found to be 96. For a more stringent power of 0.95, the required
sample size increased to 134. Given our actual sample size of 626, the study was well-
powered to detect medium-to-large effects, ensuring reliable identification of significant
predictors.

2.3. Ethical Approval

All participants provided written informed consent prior to enrollment. Ethical ap-
proval was granted by the tenets of the Declaration of Helsinki, and the protocol was ap-
proved by the Ethics Committee of the Hungarian Scientific Council for Health (No.:
61327-3/2017/EKU).

2.4. Data Collection
2.4.1. Questionnaire-Based Data Collection

The study employed a standardized three-pillar methodology, comprising question-
naire-based interviews, physical examinations, and laboratory testing, which has previ-
ously been used to investigate cardiometabolic risk profiles, including the prevalence of
metabolic syndrome [30,31] and insulin resistance in these populations [27].

This three-pillar survey design was developed to support a wide range of epidemio-
logical and genetic association studies, enabling robust comparisons to be made between
the Hungarian general population and the Roma minority. The protocol was based on
internationally harmonized standards, including the European Health Interview Survey
(EHIS) and the European Health Examination Survey (EHES), to ensure methodological
consistency and cross-study comparability. The laboratory panel was selected to capture
key cardiometabolic and inflammatory biomarkers, while the inclusion of DNA extraction
enabled downstream genotyping and polygenic risk modeling.

Questionnaire-based interviews: Participants completed the EHIS Wave 2 question-
naire, supplemented with additional validated question sets on lifestyle, socioeconomic
status, and health determinants. These included items such as the 12-Item General Health
Questionnaire (GHQ-12), which has previously been used in national and international
surveys.

2.4.2. Physical Examination

Standardized physical measurements were performed according to the European
Health Examination Survey (EHES) protocol. Height, weight, and waist circumference
were measured using calibrated instruments, and body mass index (BMI) was calculated
as kg/m?. Blood pressure was measured in a seated position after a minimum 5 min rest
using validated automated sphygmomanometers. All measurements were taken by
trained healthcare personnel following harmonized procedures.

2.4.3. Laboratory Tests

After an overnight fast of at least 10 h, venous blood samples were collected into
plain (serum separator) and EDTA-anticoagulated tubes. Samples were processed within
2 h, centrifuged, aliquoted, and stored at -80 °C until analysis. Serum folate concentrations
were quantified using the ARCHITECT Folate assay (Abbott ARCHITECT i2000SR; rea-
gent kit #01P7427, Abbott Laboratories, Abbott Park, IL, USA), a chemiluminescent micro-
particle immunoassay (CMIA) employing folate-binding protein-coated microparticles
and acridinium-labelled folate analogues.
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Serum folate categories were defined using a data-driven approach based on the dis-
tribution of folate concentrations in the study population. Three categories were created:
<7 umol/L (low), 7-13 pmol/L (normal), and >13 pmol/L (optimal). The <7 umol/L thresh-
old corresponds to the recognized biochemical indicator of folate deficiency [32], while
the remaining cut-points reflect the central and upper segments of the cohort’s folate dis-
tribution. These categories were used for descriptive and trend analyses and do not rep-
resent clinical diagnostic thresholds.

The biochemical panel included the following fasting laboratory parameters meas-
ured from serum or plasma: fasting glucose, HbAlc, insulin, total cholesterol, HDL-cho-
lesterol, LDL-cholesterol, triglycerides, apolipoprotein Al, apolipoprotein B100, creati-
nine, uric acid, C-reactive protein (CRP), and liver enzymes, including alanine ami-
notransferase (ALT), aspartate aminotransferase (AST), gamma-glutamyl transferase
(GGT), and alkaline phosphatase (ALP).

Genomic DNA was extracted from EDTA-treated whole blood using the MagNA
Pure LC DNA Isolation Kit—Large Volume (Roche Diagnostics, Mannheim, Germany;
Cat. No. 03310515001). DNA concentration and purity were assessed by spectrophotom-
etry (A260/A280 ratio).

2.5. Food and Taste Preference Assessment

Fruit and vegetable intake was assessed using the standardized EHIS Wave 2 fre-
quency question [23] (“How often do you usually eat fruits/vegetables?”), which offered
six ordered response categories ranging from “never” and “less than once a week” to “1-
2 days per week”, “3—4 days per week”, “5-6 days per week”, and “every day”. To ensure
consistency and to improve statistical power, these responses were subsequently col-
lapsed into two groups: individuals consuming fruits or vegetables three or more times
per week (corresponding to the original EHIS categories of 3—4 days per week, 5-6 days
per week, and every day) and those consuming them less than three times per week
(never, less than once a week, or 1-2 days per week).

Sugar intake was evaluated using the EHIS item asking participants how many tea-
spoons of sugar they typically added to foods or beverages per day, with response options
ranging from “none” to “1-2 teaspoons”, “3—4 teaspoons”, and “five or more teaspoons”.

Salt use was assessed with the standard EHIS question on whether participants usu-
ally added salt to their food before tasting it, with a binary yes/no response format.

Taste preferences were assessed using a validated five-point Likert scale (response
options: 1—strongly dislike, 2—dislike, 3—neutral, 4—like, 5—strongly like), adapted
from earlier work in sensory perception research [33]. This scale covered sweet, fatty,
salty, and bitter flavors, with specific food examples provided for each category. Bitter
taste perception was explored through consumption of specific foods known to vary by
TAS2R receptor genotype, including bitter chocolate, raw vegetables (e.g., broccoli, cab-
bage, and kohlrabi), and grapefruit. The specific food items and their selection rationale
were previously documented in our earlier study [23], where the same taste preference
assessment was employed with this Hungarian population. In that prior study, the taste
preference items were developed based on a systematic review of genetic taste variant-
phenotype associations [25], and reliability and construct validity of the taste preference
items were demonstrated through assessment in the same cohort, ensuring consistency
and validity in the current study.

For the purposes of the analysis, responses regarding taste preferences were grouped
into two categories: ‘likes’ (combining responses 4-5: “like” and “strongly like”) and “dis-
likes or neutral’ (combining responses 1-3: “strongly dislike”, “dislike”, and “neutral”).
This dichotomization was implemented to improve statistical power in regression models
and to provide a clear and interpretable distinction between the two preference categories.
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Fruit and vegetable consumption was categorized into two groups: individuals who
consumed fruit or vegetables three or more times per week and those who consumed
them less than three times per week.

2.6. Selection of Genetic Variants

The systematic literature review used to identify taste-preference-related SNPs was
conducted and published previously [25]. Based on this study, nine SNPs associated with
salty, sweet, fatty, and bitter tastes, as well as related food preferences, were identified.
One SNP (SCNN1B rs3785368) was excluded due to genotyping quality control failures,
specifically low call rate (<90%) and deviation from Hardy-Weinberg equilibrium. The
final SNP list included the following polymorphisms: TASIR3 (rs307355), CD36
(rs1761667 and 1s1527483), SCNN1B (rs239345), TRPV1 (rs8065080), TAS2R38 (rs713598),
TAS2R19 (rs10772420), and CA6 (rs2274333). For more details, see Table 1.

Table 1. Selected SNPs associated with taste perception and dietary preferences.

SNP ID Gene Chron-ufsome Literature-Based Relevance
Position
Bitter taste perception; associated with veg-
rs10772420  TAS2R19 7q34 etable intake and folate-rich food prefer-
ences [34]
15157483 OR10G4 11q24.2 Smt?ll sen51t1V1'ty; may .mﬂu.ence food
choices and micronutrient intake [35]
Fat taste perception; linked to lipid metabo-
11761667 D36 7q21.11 lism and metabolic syndrome [36,37]
0274333 TASIR1G 7311 Bitter taste receptor; assoc1at'ed with alco-
hol and vegetable consumption [38,39]
Bi _ i .
5239345 TAS2R9 12p132 itter taste receptor; may affect dietary
preferences [40]
Odor sensitivity; potential role in food se-
7 R2 23.2
18307355 OR2J3 6423 lection behavior [40]
Bitter taste perception; associated with veg-
rs713598 TAS2R38 7q34 etable intake and folate-rich food prefer-

ences [41]

Heat/pungency perception; may influence
rs8065080 TRPV1 17p13.2 spicy food intake and dietary folate indi-
rectly [42]

2.7. DNA Extraction and Genotyping

DNA was isolated from EDTA-anticoagulated blood samples using the MagNA Pure
LC DNA Isolation Kit—Large Volume (Cat. No. 03310515001; Roche Diagnostics, Basel,
Switzerland) by following the manufacturer’s protocol.

Genetic analysis was conducted at the Mutation Analysis Core Facility of Karolinska
University Hospital (Stockholm, Sweden) using the MassARRAY platform with iPLEX
Gold Chemistry. Quality control procedures included: (1) genotyping success rate assess-
ment (call rate; threshold >90%), (2) Hardy—Weinberg equilibrium (HWE) testing (p > 0.05)
for each SNP, (3) allele frequency validation, and (4) signal-to-noise ratio evaluation for
probe amplification quality. Overall genotyping success rate exceeded 98%, with valida-
tion and concordance checks performed according to standard protocols. One SNP
(SCNNI1B rs3785368) failed quality control criteria (call rate < 95% and HWE deviation)
and was excluded from further analysis.

https://doi.org/10.3390/nu18040562
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2.8. Polygenic Score Calculation

The construction of the polygenic score followed standard additive, allele-count-
based PGS methodology as described in previous methodological work [43,44]. The indi-
vidual effects of SNPs were examined using adjusted linear regression analysis that in-
cluded all SNPs within a single model. This approach was employed to avoid the potential
inflation of type I error that may result from analyzing the SNPs separately. Significant
associations with folate concentration, treated as a continuous outcome variable, were
identified.

The PGS was built from four SNPs selected according to:

e  Strength of individual association (standardized regression coefficient);
e Incremental explained variance (AR?);
e Balanced allele weighting to maintain score stability.

Each SNP was coded under an additive genetic model (0 = homozygous non-risk, 1
= heterozygous, 2 = homozygous risk). The PGS is equal to the sum of these coded allele
counts.

All SNPs included in the polygenic score were tested for Hardy—Weinberg equilib-
rium (HWE) using chi-square tests. No significant deviations were observed (p > 0.05),
supporting the validity of genotype distributions in the study population.

Stepwise regression was then used to optimize the polygenic score by evaluating in-
dividual SNP effect sizes (standardized [3 coefficients), incremental improvements in
model fit (AR?), and allele balance. The final model included four SNPs based on their
consistent association with serum folate concentration. Linkage disequilibrium (LD) be-
tween the four SNPs included in the PGS was evaluated using 1000 Genomes European
reference data rather than the study sample itself, as the modest sample size of the present
cohort would have limited the precision and stability of LD estimates.

To reduce the risk of selection bias during polygenic score optimization, the false
discovery rate (FDR) correction was applied to the p-values of each SNP using the Benja-
mini-Hochberg procedure. All four of the SNPs that were included in the final score
(rs10772420, rs1527483, rs8065080, and rs1761667) remained statistically significant after
correction (q < 0.05).

Given the modest sample size, we refrained from using internally estimated beta co-
efficients, as effect-size estimates derived from small samples are prone to sampling error
and overfitting and may not generalize well to independent datasets. To avoid propagat-
ing potentially unstable weights, the PGS was constructed as an unweighted score, ob-
tained by summing the number of risk alleles (0-2 per selected SNP), which is generally
more robust in smaller cohorts.

For categorical analyses and trend testing, the total risk-allele count (PGS) was col-
lapsed into five polygenic score groups: 1-3, 4, 5, 6, and 7-8 alleles.

2.9. Statistical Analysis and Covariate Selection

Statistical analyses were performed using the IBM Statistical Package for the Social
Sciences (SPSS) version 26 (IBM Corp., Armonk, NY, USA) and Stata 17 (StataCorp LLC,
College Station, TX, USA). Normality of continuous variables was assessed by the Kolmo-
gorov—Smirnov test in SPSS; non-normal distributions were normalized by Templeton’s
two-step transformation [45]. Categorical comparisons were conducted by x? tests, and
continuous comparisons by Mann-Whitney U tests. Trends across polygenic score and
folate categories were examined by the Jonckheere-Terpstra test [46]. The discriminative
performance of the PGS for folate categories (<7, 7-13, and >13 umol/L) was evaluated by
receiver operating characteristic (ROC) curve analysis, with area under the curve
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reported. To account for multiple testing, false discovery rate (FDR) correction was ap-
plied to SNP-level p-values using the Benjamini-Hochberg procedure.

Preliminary analyses tested C-reactive protein (CRP) as a potential covariate to ac-
count for systemic inflammation and gastrointestinal pathology affecting folate absorp-
tion. However, CRP was not significantly associated with serum folate levels (p > 0.05),
and its inclusion did not meaningfully improve model fit (AR? <0.01). Therefore, CRP was
not included in the primary multivariable models. Alcohol consumption frequency was
retained in all models based on known biological effects on folate metabolism. Commonly
used medications were also included to control for potential medication effects.

Multivariable linear and logistic regression models were fitted in SPSS. Model I in-
cluded age, sex, BMI, cardiometabolic parameters (systolic blood pressure, fasting glucose
level, triglyceride level, and HbA1C), lifestyle (current smoking status and frequency of
alcohol consumption), mental health (GHQ12 Likert) covariates, and genetic predictors
(individual SNPs or polygenic score). Model Il was Model I with an additional adjustment
for the frequency of vegetable consumption. Robust (Huber—White) standard errors were
obtained in Stata. Model fit was judged by adjusted R? for linear models and Hosmer-
Lemeshow tests for logistic models.

Interaction terms (PGS x vegetable intake and PGS x education) were introduced into
fully adjusted models to test moderation effects. Mediation and moderated-mediation
pathways were evaluated in Stata by generalized structural equation modeling (GSEM)
with 1 000 bootstrap replications to derive 95% confidence intervals.

Type I error was controlled using the Benjamini-Hochberg false discovery rate (FDR)
procedure applied to all SNP-level and SNP x taste preference interaction p-values (q <
0.05). Bonferroni correction was additionally performed as a sensitivity check but was not
used to determine SNP inclusion in subsequent models. For the multivariable analyses, a
stepwise linear regression was applied with SNPs entering the model at p < 0.05 and re-
tained at p <0.10. This procedure resulted in the selection of four SNPs for inclusion in the
polygenic score.

Multicollinearity was assessed by variance inflation factors (<5). Missing data (<5%
per variable) were handled via listwise deletion; sensitivity to missingness was verified
by multiple imputation in SPSS.

3. Results
3.1. Basic Characteristics of Study Population

Participants were stratified into three groups based on their serum folate levels: <7
pmol/L, 7-13 pmol/L, and >13 pumol/L.

Individuals with higher serum folate levels tended to be older (mean age: 44.08 years,
95% CI: 42.82-45.34; p = 0.008) and to have higher BMI values (mean: 27.81 kg/m?, 95% CI:
27.21-28.40; p < 0.001). Fasting glucose levels also increased with folate concentration
(mean: 5.21 mmol/L, 95% CI: 5.06-5.36; p = 0.002), while there was no significant trend in
systolic blood pressure (p = 0.211). Psychological well-being, as assessed via the GHQ Lik-
ert scale, improved with increasing folate levels (mean score: 10.42, 95% CI: 9.96-10.89; p
=0.033). For more details, see Table 2.

Sociodemographic trends revealed a decreasing proportion of participants of Roma
ethnicity (from 63.33% to 45.32%; p = 0.001) and of individuals with only primary educa-
tion (from 63.33% to 47.85%; p < 0.001) as folate levels increased. Conversely, the propor-
tion of participants with a college or university education rose significantly (from 3.33%
to 12.15%). Smoking prevalence decreased with higher folate levels (from 60.20% to
42.03%; p < 0.001), while there was no significant trend in alcohol consumption frequency
(p = 0.201). Use of antihypertensive medication increased significantly across folate cate-
gories (p = 0.021), whereas use of lipid-lowering medication did not differ significantly (p
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= 0.278). Use of antidiabetic medication showed a modest but significant increase (p =
0.045). For more details, see Table 2.

No significant trends were observed in the prevalence of indifference or dislike to-
wards sweet, fatty, or salty foods; bitter chocolate; coffee without sugar; or various raw
vegetables (e.g., kohlrabi, cabbage, cauliflower), with p-values ranging from 0.079 to 0.941.
Preference for grapefruit also showed no significant association with folate levels (p =
0.261). In contrast, the frequency of vegetable consumption demonstrated a statistically
significant trend (p = 0.035). Fruit consumption showed a borderline trend (p = 0.080). For
more details, see Supplementary Table S1.
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Table 2. Sociodemographic, clinical, and lifestyle characteristics across serum folate level categories. *: p < 0.05, statistically significant.

Groups Based on Serum Folate Levels

<7 pmol/L 7-13 umol/L >13 umol/L for Trend
(Low; n=30) (Normal; n =201) (Optimal; n = 395) ptor tren
Average (95% CI)
Age (years) 40.73 (36.50-44.97) 41.63 (40.03-43.24) 44.08 (42.82-45.34) 0.008 *
BMI (kg/m?) 25.36 (22.91-27.82) 26.32 (25.55-27.10) 27.81 (27.21-28.40) <0.001 *
Systolic blood pressure (mmHg) 119.80 (114.26-125.34) 125.19 (123.01-127.37) 125.83 (124.21-127.45) 0.211
Fasting glucose level (mmol/L) 4.78 (4.30-5.26) 4.98 (4.75-5.21) 5.21 (5.06-5.36) 0.002 *
Triglyceride level (mmol/L) 1.44 (1.17-1.72) 1.63 (1.46-1.79) 1.50 (1.41-1.59) 0.686
HbA1C level (%) 5.45 (5.27-5.63) 5.48 (5.39-5.57) 5.53 (5.46-5.60) 0.805
GHQ Likert scale 11.50 (9.32-13.68) 11.23 (10.52-11.93) 10.42 (9.96-10.89) 0.033
Average in % (95% CI) p for trend
Women 70.00 (52.35-84.00) 68.16 (61.49-74.30) 64.30 (59.49-68.91) 0.289
Roma ethnicity 63.33 (45.51-78.72) 57.71 (50.81-64.39) 45.32 (40.46-50.24) 0.001 *
Primary 63.33 (45.51-78.72) 62.69 (55.86-69.15) 47.85 (42.95-52.7)
Education Vocational/High School 33.33 (18.60-51.11) 32.34 (26.16-39.02) 40.00 (35.26-44.89) <0.001 *
College/University 3.33 (0.36-14.54) 4.98 (2.59-8.65) 12.15 (9.21-15.65)
Current smoker 53.33 (35.87-70.19) 60.20 (53.33-66.78) 42.03 (37.23-46.94) <0.001 *
Alcohol consump- Less than 1 time a month 56.67 (39.01-73.11) 51.74 (44.85-58.58) 49.11 (44.21-54.04)
tion 1 time a month 36.67 (21.28-54.49) 33.83 (27.56-40.57) 32.66 (28.17-37.40) 0.201
More than 1 time a month 6.67 (1.41-19.71) 14.43 (10.09-19.78) 18.23 (14.66-22.26)
Use of antihypertensive medication 20.00 (8.81-36.66) 25.37 (19.74-31.71) 33.16 (28.66-37.92) 0.021 *
Use of lipid-lowering medication 16.67 (6.66-32.74) 9.95 (6.38-14.66) 8.61 (6.14-11.68) 0.278
Use of antidiabetic medication 3.33 (0.36-14.54) 5.97 (3.30-9.89) 10.13 (7.44-13.39) 0.045 *

Values are presented as mean (95% CI) or n (%). p <0.05 for trend across serum folate categories. BMI: body mass index; CI: confidence interval; GHQ: General

Health Questionnaire; HbAlc: glycated hemoglobin.
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3.2. Associations Between Taste-Related SNPs and Serum Folate Levels

We examined the association between selected SNPs and serum folate concentra-
tions. In Model I, two SNPs (rs10772420— A and rs1527483 — A) showed statistically sig-
nificant positive associations with serum folate levels (p < 0.05). The effect of rs10772420
remained significant in Model II (p = 0.003), while the association of rs1527483 was mar-
ginal (p = 0.092). SNP rs8065080 showed borderline significance in both models (Model I:
p=0.053; Model II: p = 0.066). No significant associations were observed for the remaining
SNPs in either model. For more details, see Table 3.

Table 3. Association between individual SNPs and serum folate concentration (linear regression

analysis).

Model I. Model II.
SNPID Effect Allele B (95% CI) p-Value B (95% CI) p-Value

1510772420 A 1.050 (0.280-1.820) 0.008 *  1.118 (0.403-1.958)  0.003 *
rs1527483 A 1.561 (0.079-3.044) 0.039* 1.317 (-0.217-2.852)  0.092
rs8065080 C 0.793 (-0.011-1.597)  0.053  0.760 (-0.051-1.571)  0.066
rs1761667 A 0.431 (-0.348-1.210) 0.278 0.437 (-0.356-1.229) 0.280
rs713598 C 0.238 (-0.496-0.971)  0.525 0.212 (-0.532-0.956) 0.576
rs307355 C 0.296 (-0.996-1.589) 0.653 0.127 (-1.173-1.427) 0.848
15239345 A 0.180 (-0.758-1.118)  0.706  0.033 (—0.919-0.986) 0.945
152274333 A 0.148 (-0.642-0.938) 0.714  0.108 (-0.693-0.909) 0.791

*: p <0.05. Model I: adjusted for age, sex, Roma ethnicity, education level, systolic blood pressure,
fasting glucose, triglycerides, HbA1C, smoking status, alcohol consumption, GHQ12 score, and an-
tihypertensive, antidiabetic, and lipid-lowering treatment. Model II: Model I was further adjusted

for the frequency of vegetable consumption. *: p < 0.05, statistically significant.

3.3. Polygenic Score Association with Folate Levels

PGS was constructed using taste-related SNPs to evaluate their cumulative associa-
tion with serum folate levels. Stepwise inclusion based on individual regression coeffi-
cients and model fit (Ap-value and R?) identified four SNPs (rs10772420— A, rs1527483 —
A, 1s8065080—C, and rs1761667—A) as contributors to the optimized score. Each of the
included SNPs showed a statistically significant positive association with folate levels
(e.g., 1510772420: 3 =1.178, 95% CI: 0.401-1.955, p = 0.003), and incremental improvements
in explained variance were observed (final model R?=0.196). SNPs with weaker or incon-
sistent effects (rs713598, rs307355, rs239345, and rs2274333) were excluded from the final
score. All four of the SNPs included in the final score remained statistically significant
after FDR correction (q < 0.05), confirming their robust association with serum folate lev-
els. See Table 4 for more details.

LD analysis based on 1000 Genomes European reference data confirmed low corre-
lation between rs10772420 and rs1761667 (R? = 0.032) and negligible LD among all other
SNP pairs.

Table 4. Stepwise inclusion of SNPs for polygenic score optimization based on association with

serum folate levels. Ref.: first reference SNP included in the stepwise method.

Polygenic Score

. Included/

SNPID B (95% CI) p-Value Change in p- R? Excluded
Value

rs10772420 1.178 (0.401-1.955) 3.02 x 1073 Ref. 0.187  Included

rs1527483 1.235 (0.552-1.919) 418 x10* -2.60x10° 0.192 Included
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rs8065080 1.039 (0.519-1.559) 9.72x10° -321x10* 0.196 Included
rs1761667 0.838 (0.421-1.255) 9.03x10°5 -6.94x10° 0.196 Included
rs713598 0.684 (0.323-1.046) 223 x10* 1.32x10*  0.194 Excluded
rs307355 0.764 (0.366-1.162) 1.80x10* 9.02x10°>  0.194 Excluded
15239345 0.705 (0.328-1.082) 265x10* 1.74x10*  0.193 Excluded
rs2274333 0.687 (0.310-1.064) 3.70x10#* 279x10*  0.192 Excluded

The PGS constructed was a significant predictor of serum folate status in the logistic
regression model. Individuals with higher PGS values had increased odds of having folate
levels above the >13 umol/L threshold, with an odds ratio of 1.208 (95% CI: 1.049-1.390, p
=0.009).

Participants were stratified into five groups based on their PGS, ranging from low
(1-3) to high (7-8). A clear positive trend was observed between increasing PGS and se-
rum folate concentration. Individuals in the lowest PGS group (1-3) had an average folate
level of 14.17 nmol/L (95% CI: 12.83-15.52), whereas those in the highest group (7-8) ex-
hibited significantly higher levels (19.47 nmol/L, 95% CI: 17.00-21.93). The trend across
groups was statistically significant (p for trend < 0.001), indicating a dose-response rela-
tionship between genetic predisposition and folate status.

Similarly, the prevalence of optimal folate levels increased with higher PGS. In the
lowest group, 54.32% (95% CI: 43.48-64.86) of individuals had optimal folate levels, com-
pared to 71.43% (95% CI: 59.50-81.44) in the highest group. This association was also sta-
tistically significant (p for trend = 0.003), supporting the predictive utility of the polygenic
score in identifying individuals with favorable folate profiles. For more details, see Sup-
plementary Table S2.

To evaluate the discriminative ability of the PGS in identifying individuals with fo-
late deficiency, ROC curve analysis was performed. Although statistically significant, the
AUC of 0.569 (95% CI: 0.524-0.614) indicates limited discriminative ability of the poly-
genic score in identifying folate deficiency.

3.4. Genotype—Phenotype Associations and Behavioral Modulation: Interaction, Mediation, and
Moderated Effects

Regression models revealed a significant interaction between PGS and vegetable con-
sumption ( = 0.36; p = 0.003). Marginal effects analysis indicated that individuals with
frequent vegetable intake exhibited a steeper increase in serum folate levels across rising
PGS values (see Figure 1). A similar interaction was observed between PGS and educa-
tional attainment, with stronger genetic effects among individuals with vocational or
higher education (3 range = 0.33-0.56; p < 0.05). No significant interaction was found be-
tween PGS and metabolic parameters (e.g., glucose, triglycerides, HbA1C; all p > 0.3).

Structural equation modeling examined associations between education, PGS, and
serum folate levels, revealing patterns consistent with potential mediation through vege-
table consumption. Education exerted an association on folate (3 = 0.84, p = 0.310) and a
significant indirect association via vegetable consumption (3 =0.13, p <0.001), which itself
strongly predicted folate levels (3 = 1.93, p = 0.002). This indirect pathway accounted for
approximately 30.8% of education’s total effect. PGS showed a robust direct association
with folate (3 =0.84, p <0.001), while its indirect path through vegetable intake was weaker
and not statistically significant (3 =0.02, p = 0.282). These findings highlight the behavioral
mediation of educational attainment and the primarily direct influence of genetic predis-
position on folate status. See Figure 2 for more details.
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Figure 1. Predicted serum folate concentrations by polygenic score and vegetable intake frequency.
This plot shows the adjusted regression lines for serum folate across PGS values, stratified by vege-

table consumption: solid line: > 3 servings/week; dashed line: <3 servings/week.
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\
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Figure 2. Path diagram of direct and indirect associations of polygenic score, education and fre-
quency of vegetable intake on serum folate levels. Significant paths are indicated by solid arrows

(standardized (3 and p-values), while non-significant paths are indicated by dashed arrows.

Moderated mediation analyses showed that the indirect association of PGS via veg-
etable intake did not significantly differ by sex or ethnicity. Specifically, the subgroup-
specific indirect associations were negligible and statistically non-significant (e.g., fe-
males: 3 =-0.00052, p = 0.846; Roma ethnicity: 3 = 0.011, p = 0.856; Hungarian: $ = —0.057,
p = 0.578), indicating no meaningful moderation.

Ethnicity-stratified models revealed that vegetable intake significantly predicted se-
rum folate levels among Hungarian general individuals ( = 2.32, p = 0.010), whereas the
association was weaker and non-significant in the Roma ethnic subgroup (3 =1.17, p =
0.149), suggesting potential cultural or behavioral differences in dietary mediation.
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4. Discussion

The aim of this study was to investigate how taste-related genetic variants, aggre-
gated into a polygenic score, together with dietary behavior and sociodemographic fac-
tors, modulate serum folate levels and contribute to interindividual variability in Hungar-
ian general and Roma ethnic adult populations. Our findings highlight a previously un-
derexplored pathway linking bitter-taste sensitivity to folate status, which is independent
of vegetable intake.

The TAS2R19 rs10772420 variant was found to be the strongest and most consistent
predictor of serum folate levels in our cohort. Notably, this association remained statisti-
cally significant even after adjusting for vegetable intake (3 = 6.24 nmol/L, p = 0.016), indi-
cating a robust association rather than behavioral mediation. Although TAS2R19 is a bitter
taste receptor and allelic variation has been linked to avoidance of bitter-tasting foods in
several populations, the persistence of the association after dietary adjustment suggests
that the mechanism in our cohort is unlikely to be fully explained by food selection be-
havior. Nevertheless, heightened bitter sensitivity may influence long-term dietary pat-
terns in subtle ways, such as reduced preference for bitter vegetables, coffee, or certain
fruits, which could contribute to micronutrient status over time. The cross-sectional de-
sign, however, does not allow us to disentangle behavioral from physiological pathways.

Our results are consistent with those of previous studies by Lucock et al. [26] and
Calancie et al. [47], who reported similar genotype—phenotype associations in Australian
and US populations, respectively. Importantly, the present study builds upon earlier re-
search conducted in the same Hungarian cohort (Didszegi et al. [38]), where TAS2R19
genotypes were shown to shape vegetable consumption patterns in both Hungarian and
Roma minority subgroups. By linking taste receptor variation not only to dietary behavior
but also to biochemical folate status, our findings extend the behavioral-genetic paradigm
and underscore the relevance of sensory genetics in micronutrient epidemiology.

The PGS, which was constructed using four taste-related SNPs (TAS2R19 rs10772420,
OR10G4 rs1527483, TRPV1 rs8065080, and CD36 rs1761667), showed a robust and statisti-
cally significant association with serum folate levels. Each included variant contributed
positively to folate status, and the cumulative score exhibited a clear dose-response trend,
with individuals in the highest PGS group (7-8) showing markedly higher folate concen-
trations than those in the lowest group (1-3).

Importantly, the association between PGS and folate remained significant even after
adjusting for vegetable intake, consistent with a genetic association not substantially me-
diated by self-reported vegetable consumption. This is consistent with emerging evidence
on extra-oral expression of taste receptors, including TAS2R19 and TRPV1, in gastrointes-
tinal and hepatic tissues, which may influence nutrient absorption and metabolic regula-
tion independently of dietary behavior [48,49].

Regression models revealed a significant interaction between PGS and vegetable in-
take (B = 0.36; p = 0.003). Individuals with frequent vegetable consumption exhibited a
steeper increase in folate levels as PGS values rose, indicating a synergistic effect between
genetic predisposition and dietary behavior. Although vegetable intake did not mediate
the association between bitter taste-related genetic variants and folate levels, it signifi-
cantly moderated the effect of the polygenic score. This interaction suggests that genetic
predisposition may be amplified or attenuated depending on habitual vegetable con-
sumption.

Stronger genetic effects were observed among individuals with vocational or higher
education, consistent with a significant interaction between PGS and education. This sug-
gests that educational attainment may enhance the phenotypic expression of genetic pre-
disposition, potentially via improved dietary literacy or access.

https://doi.org/10.3390/nu18040562



Nutrients 2026, 18, 562

15 of 21

Structural equation modeling further clarified these pathways: while education in-
fluenced folate status both directly and indirectly via vegetable intake, the PGS primarily
exerted an association, with its indirect path through vegetable consumption remaining
non-significant. These findings support a dual-pathway model in which behavioral and
genetic factors independently contribute to micronutrient status, in line with the nutri-
genomic framework described by Wagner-Reguero et al. [50].

Sociodemographic factors, particularly educational attainment, emerged as powerful
modifiers. Higher educational attainment was associated with increased folate levels and
amplified genetic effects, suggesting that health literacy or epigenetic mechanisms may
enhance the expression of genetic predisposition. Vegetable intake mediated a portion of
the education-folate relationship, reinforcing the role of dietary behavior as a bridge be-
tween social determinants and biological outcomes. The observed mediation underscores
not only individual behavior but also the role of environmental context. Importantly, food
environments are modifiable through policy or community-level interventions, such as
introducing subsidized vegetable markets, establishing urban gardens, or expanding cul-
turally adapted produce programs, which may reinforce positive dietary behaviors in so-
cially disadvantaged groups. These findings are consistent with those of Krishnaswamy
and Nair [51], who emphasized the role of socioeconomic status and education in shaping
folate intake and status, particularly in non-fortified populations.

Ethnicity-stratified analyses confirmed the association between rs10772420 and folate
in both the Hungarian general and Roma ethnic populations, but vegetable-mediated ef-
fects were significant only in the Hungarian general cohort. This divergence likely reflects
cultural and environmental differences in food availability, taste preferences, and health
behaviors [52,53]. Prior studies have shown that bitter-sensitive individuals in marginal-
ized communities may lack access to palatable vegetable alternatives, reinforcing dietary
avoidance. Addressing these barriers requires culturally sensitive interventions. Our pre-
vious complex health survey [27] revealed a high prevalence of metabolic syndrome and
insulin resistance in both groups, with particularly unfavorable lipid profiles among
Roma minority individuals. These metabolic disparities may interact with micronutrient
status and warrant targeted nutritional interventions. These findings underscore the need
for culturally tailored nutritional strategies that consider genetic sensitivity and environ-
mental constraints in underserved populations.

This study has several limitations that should be acknowledged. Firstly, the cross-
sectional design precludes causal inference. While we describe associations and patterns
consistent with mediation pathways, these reflect correlational evidence rather than true
causal mechanisms. Our results should be interpreted as describing statistical associations
in cross-sectional data rather than as consistent with a potential pathway. Longitudinal or
Mendelian randomization approaches would be necessary to establish causality and di-
rectionality. Secondly, the PGS was constructed solely from taste-related SNPs, excluding
key metabolic variants such as MTHFR and FOLH1, which are known to influence folate
absorption and utilization. This limited genomic scope may partly explain the modest
predictive performance of the PGS. Additionally, the polygenic score was derived using
a simple allele-count model without effect-size weighting, which may limit its compara-
bility with polygenic scores constructed from genome-wide association studies (GWAS).
Future research should consider standardization procedures to improve transferability
and predictive calibration across populations. Thirdly, dietary behavior was assessed via
self-reported questionnaires, which are subject to recall bias and social desirability effects.
Fourthly, serum folate reflects short-term dietary intake (half-life: 2-3 weeks) and may not
represent chronic folate status captured by red blood cell (RBC) folate, reflecting tissue
stores accumulated over 3-4 months [54]. This single-time-point measurement may intro-
duce misclassification bias, particularly in individuals with episodic dietary patterns, and
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may be influenced by acute factors such as inflammation or recent supplementation. Ad-
ditionally, serum folate was measured using chemiluminescent microparticle immunoas-
say (CMIA), which may yield different values compared to microbiological assays, limit-
ing comparability across studies [55]. Concurrent measurement of both serum and RBC
folate using standardized assay methodologies would have improved assessment of long-
term folate status and cross-study comparability [56]. Finally, while the sample was rep-
resentative of the Northeast Hungarian population, generalizability to other regions or
ethnic groups may be constrained.

Despite these limitations, the study has several notable strengths. Notably, it is one
of the first studies to integrate taste receptor genetics and polygenic scoring in the context
of micronutrient status. The use of structural equation modeling and moderated media-
tion analyses provides a nuanced understanding of behavioral and social pathways. The
inclusion of both the Hungarian general and the Roma ethnic populations enhances the
cultural relevance and equity focus of the findings. These methodological innovations
meaningfully contribute to the emerging fields of nutrigenetics and precision public
health.

From a public health perspective, these findings support the development of person-
alized dietary guidance for non-fortified populations. Education emerged as a key lever-
age point, suggesting that improving health literacy could amplify genetic benefits. Com-
pared to fortified populations in North America or Asia, the Hungarian cohort represents
a unique dietary and genetic landscape. The observed associations may differ in settings
with mandatory folic acid fortification, underscoring the importance of tailoring nutri-
genomic strategies to local nutritional environments. Genome-based personalized nutri-
tion technologies offer promising avenues for precision health, especially in populations
with high metabolic risk and limited access to fortified foods. Our results contribute to
this emerging field by highlighting the sensory—genetic dimension of micronutrient status
and its relevance for targeted prevention.

5. Conclusions

This study demonstrates that taste-related genetic variation, particularly bitter-taste
sensitivity mediated by the TAS2R19 gene, is significantly associated with serum folate
concentrations in a non-fortified Hungarian adult population. The effect persists inde-
pendently of vegetable intake and is further shaped by sociodemographic factors such as
educational attainment. The polygenic score, constructed from four taste-related SNPs,
exhibited a clear dose-response relationship with folate levels, although its standalone
predictive capacity for deficiency remains modest.

By extending previous research conducted in the same population, our findings re-
inforce the role of sensory genetics in shaping dietary behavior and micronutrient status.
Ethnicity-stratified analyses revealed cultural and environmental differences in gene—diet
interactions, underscoring the need for tailored nutritional strategies, particularly for vul-
nerable groups such as the Roma ethnic population, who experience disproportionately
high rates of metabolic syndrome and insulin resistance.

Although the cross-sectional design limits causal inference, the study provides a ro-
bust foundation for future longitudinal and Mendelian randomization research. Incorpo-
rating metabolic gene variants and leveraging machine learning approaches may enhance
predictive accuracy and support the development of personalized nutrition models.

In the broader context of nutrigenetics, these findings highlight the importance of
integrating sensory perception, genetic predisposition, and social determinants into die-
tary guidance. In non-fortified settings such as Hungary, genome-informed nutrition
strategies, coupled with targeted education and culturally adapted interventions, may
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offer promising avenues for improving micronutrient intake and reducing health dispar-
ities.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/nu18040562/s1, Table S1: Preferences and consumption fre-
quency by serum folate levels categories (n = 626). Prevalence of indifference/dislike and low intake
(<3 times/week) across folate strata; p-for trend values from Jonckheere-Terpstra test. *: p < 0.05,
statistically significant Table S2: Dose-response association between polygenic score (PGS) groups
and serum folate concentration (umol/L) and prevalence (%) of optimal folate status (>13 pmol/L).

*: p < 0.05, statistically significant.
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ALP Alkaline Phosphatase

AUC Area Under the Curve

BMI Body Mass Index

CI Confidence Interval

CRP C-Reactive Protein

DNA Deoxyribonucleic Acid

FDR False Discovery Rate

GGT Gamma-Glutamyl Transferase

GHQ General Health Questionnaire

GWAS Genome-Wide Association Study
HbA1C Hemoglobin A1C

HDL-C High-Density Lipoprotein Cholesterol
HWE Hardy-Weinberg Equilibrium

LDL-C Low-Density Lipoprotein Cholesterol
MTHFR Methylenetetrahydrofolate Reductase
NTD Neural Tube Defect

PGS Polygenic Score

ROC Receiver Operating Characteristic
SEM Structural Equation Modeling

SNP Single-Nucleotide Polymorphism
SPSS Statistical Package for the Social Sciences
TG Triglyceride

TRPV1 Transient Receptor Potential Vanilloid 1
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