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Several studies were focused on the genetic ability to taste the bitter compound 6-n-propylthiouracil
(PROP) to assess the inter-individual taste variability in humans, and its effect on food predilections, nu-
trition, and health. PROP taste sensitivity and that of other chemical molecules throughout the body are
mediated by the bitter receptor TAS2R38, and their variability is significantly associated with TAS2R38
genetic variants. We recently automatically identified PROP phenotypes with high precision using Machine
Learning (mL). Here we have used Supervised Learning (SL) algorithms to automatically identify TAS2R38
genotypes by using the biological features of eighty-four participants. The catBoost algorithm was the best-
suited model for the automatic discrimination of the genotypes. It allowed us to automatically predict the
identification of genotypes and precisely define the effectiveness and impact of each feature. The ratings of
perceived intensity for PROP solutions (0.32 and 0.032 mM) and medium taster (MT) category were the
most important features in training the model and understanding the difference between genotypes. Our
findings suggest that SL may represent a trustworthy and objective tool for identifying TAS2R38 variants
which, reducing the costs and times of molecular analysis, can find wide application in taste physiology and
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medicine studies.
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1. Introduction

Taste receptors can detect chemical molecules and provide im-
portant knowledge on food nature and quality, but also on many
health-related concerns [1,2]. Based on their function in the tongue
taste cells, taste receptors can distinguish five primary qualities: salt,
sweet, bitter, sour, and umami [3]. However, they can also sense
chemical molecules in numerous extra-oral tissues where they take
part in numerous physiological processes [4-10]. Therefore, dis-
orders or changes in the expression or sensitivity of these taste re-
ceptors can affect physiological functions [5,11] and determine inter-
individual differences in taste perception which are related to eating
behavior, nutritional status, and health [1,2,12-14].

Regarding bitter taste perception, it is mediated by about 25
bitter taste receptors (TAS2Rs). In the oral cavity, they act by pre-
venting the consumption of potentially toxic substances, and across
the body, they mediate a variety of non-tasting functions and
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disorders, which have been associated with their genetic variants
[9]. Among TAS2Rs, the most extensively studied is TAS2R38, which
controls the detection of the bitter chemical 6-n-propylthiouracil
(PROP), reported as a stimulus marker for inter-individual differ-
ences of taste perception of various stimuli (including other bitter
chemicals [15-20], sweet stimuli [21], sour compounds [22], umami
taste [23], etc.) and food preferences, with relationships to nutri-
tional status or other non-tasting physiological mechanisms
[1,2,9,24-32]). The three PROP taster categories (PROP non-taster
(NT), medium taster (MT), and super-taster (ST)) can be used to
classify humans [1,28-31] based on their sensitivity determined by
using numerous psychophysical approaches [1,16,28-31,33,34].

The allelic diversity in the TAS2R38 gene gives rise to two
haplotypes: the AVI form, which has little or no affinity for the
stimulus, and the PAV which has a high affinity for PROP. It has
been assumed that STs are homozygous for the PAV variant, MTs
are heterozygous and NTs almost always are AVI homozygous [35].
However, several studies have shown an extensive genotypic
overlap between the STs and MTs [36,37], and that the presence of
two PAV variants (compared to one) confers no further advantage
for perceiving more PROP bitterness [32]. Therefore, other factors
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must be involved to explain the inter-individual differences in the
PROP taste ability [1,32,38,39]. Among these are the density and
activity of the fungiform papillae [40]. STs exhibit a higher density
of fungiform taste papilla [30,41-43] and a higher level of func-
tional activity [40], as compared to MTs and NTs and this can
explain why they are more sensitive to oral stimuli that are not
mediated by the bitter TAS2R38 receptor
[15,17,19,21-23,28,44-51]. These differences have found a me-
chanistic explanation in a polymorphism of the gene that codes
for the salivary protein Gustin described as a taste bud trophic
factor [40,52,53]. Taste sensitivity has also been linked to various
other varying genes [54,55] or specific salivary amino acids and/or
proteins [34,56,57]. Gender and age have long been known to
influence chemosensory perceptions [58,59]. In addition, great
attention has been given to relationships between PROP genotype
or phenotype and longevity [60], age [61,62], and several health
parameters such as antioxidant status [63], body mass index (BMI)
[37,64-67], metabolic changes [68,69], smoking status [70-72],
alcohol consumption [45], immune response [73], respiratory in-
fections [73-80], taste disturbs [81], risk of colonic neoplasm
[82-84], neurodegenerative disorders [85,86] and micro-
biota [87,88].

Ry recognize, with high precision, the PROP phenotype, by using
Machine Learning (ML) [89]. Given the implications that the genetic
variants of TAS2R38 bitter receptor have in tasting and non-tasting
functions and disorders [2,9,36,38,52,73-81,83-85], we addressed
the issue of assessing the efficacy of ML classifiers in the automatic
and highly accurate distinction between TAS2R38 genotypes, by ex-
ploiting biological features of participants which were used as pre-
dictive variables in the data set. In addition, the proposed approach
was used to know the significance and influence of each biological
feature, thus allowing its validation for the TAS2R38 genotype de-
termination.

We used the Supervised Learning (SL) classifiers to learn from a
structured set of data and create automatic classification models to
evaluate the differences among participants in order to obtain a
highly precise prediction on the TAS2R38 genotypes of the partici-
pants. The biological (sensory, genetic, morphological, clinical, and
demographic) features used as predictive variables (numerical and
categorial) are shown in Table 1.

Normal weight, NW; Overweight, OW; Underweight; UW. Non-
taster, NT; medium taster, MT; Super-taster ST; Taste Strip Test
scores, TST scores; Taste Strip Test and the Umami Test scores,
Overall TST scores.

2. Materials and methods
2.1. Participants

Eighty-four participants (35 men and 49 women) were enrolled
through traditional practices at the University of Cagliari, Italy. They
were Caucasian and their age ranged from 18 to 40 years, with a
mean of 25.07 + 0.507. Participants were classified as non-smokers
(n=65) and smokers (n = 19) and as underweight (n = 10, BMI below
18.5 kg/m?), normal weight (n = 58, BMI from 18.5 to 24.9 kg/m?)
and overweight (n = 16, BMI from 25.0 to 29.9 kg/m?). Exclusion
criteria: use of medications affecting taste sensitivity (e.g., anti-
histamines, steroids, and certain antidepressants), major systemic
diseases, food allergies, pregnancy and lactation. All participants
signed a consent form before being accepted into the study. The
study was authorized by the University Hospital of Cagliari's Ethical
Committee and carried out in accordance with the Declaration of
Helsinki's principles (protocol code: 451/09; date of approval:
5/2016).
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Table 1
Sensory, genetic, morphological, clinical, and demographic features of participants
presented in the data model as predictive variables.

Features Type Description
Body Mass Index (BMI) Numerical Min: 17.09; Max: 33.17
Mean: 21.85; SD: 3.27
BMI status Categorical NW: 58
OoW: 16
Uw: 10
Age Numerical Min: 18; Max: 40
Mean: 25.07; SD: 4.22
Gender Categorical Women: 49
Men: 35
Smoking Status Categorical Smokers: 19
Non-Smokers: 65
PROP (0.032 mM) intensity ratings Numerical Min: 0; Max: 50
Mean: 4.65; SD: 7.74
PROP (0.32 mM) intensity ratings Numerical Min: 0; Max: 90
Mean: 30.35; SD: 22.24
PROP (3.2 mM) intensity ratings Numerical Min: 1; Max: 100
Mean: 59.74; SD: 26.48
NacCl (0.01 M) intensity ratings Numerical Min: 0; Max: 30
Mean: 4.26; SD: 6.20
Nacl (0.1 M) intensity ratings Numerical Min: 0; Max: 90
Mean: 29.91; SD: 18.13
NaCl (1 M) intensity ratings Numerical Min: 18; Max: 100
Mean: 62.20; SD: 22,21
PROP Disk (50 mM) intensity Numerical Min: 0; Max: 85
ratings Mean: 24.60; SD: 18.28
Nacl Disk (1 M) intensity ratings Numerical Min: 0; Max: 100
Mean: 44.13; SD: 26.47
PROP_taster status Categorical ST: 16
MT: 51
NT: 17
Sweet scores Numerical Min: 1; Max: 4
Mean: 3.42; SD: 0,66
Sour scores Numerical Min: 0; Max: 4
Mean: 2.38; SD: 0.94
Salty scores Numerical Min: 1; Max: 4
Mean: 3.57; SD: 0.71
Bitter scores Numerical Min: 0; Max: 4
Mean: 3.21; SD: 1.05
Umami scores Numerical Min: 0; Max: 4
Mean: 1.32; SD: 1.50
TST scores Numerical Min: 7; Max: 19
Mean: 12.79; SD: 2
Overall TST scores Numerical Min: 7; Max: 19
Mean: 13.91; SD: 2.86
Taste sensitivity status Categorical Normogeusic: 90.5%
Hypogeusic: 9.5%
TAS2R38 genotypes Categorical AVI/AVI: 21
PAV/AVI: 43
PAV/PAV: 20
Fungiform papilla density Numerical Min: 3.53; Max: 87.28

Mean: 30.63; SD: 14.47

2.2. Experimental procedure

The following biological data, which have been associated with
the PROP phenotype andfor genotype [1,2,25,29-31,33,36—
38,40,64,65,70-72], were collected from each participant over the
course of two sessions on consecutive days: PROP and NaCl intensity
ratings, scores for the five tastes, the density of fungiform papillae,
BMI, age, TAS2R38 genotypes, taste sensitivity status, gender and
smoking, and BMI status.

Before starting the sensory analysis session, participants were
asked to refrain from eating, drinking (excluding water), using dental
care products or chewing gum for at least 2 h. They had to adapt to
the environmental conditions (23-24 °C; 40-50% relative humidity)
of the test room for 15 min. To prevent taste sensitivity alterations
caused by the estrogen phase, women were assessed on the sixth or
seventh day of menstrual cycle [90].
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In the first visit, measurements of height (m) and weight (kg)
were taken to determined BMI (kg/m?). 2 mL of whole saliva samples
were taken and were kept at - 80 °C until the molecular analyses
were finalized. After a recovery period of 1 h, the ratings of the
perceived taste intensity for NaCl and PROP were taken by using two
approved psychophysical techniques (the Three-solution Test [29]
and the Impregnated Paper Screening Test [31]).

On the second day, scores for the five basic taste qualities (salty,
sweet, bitter, sour and umami) were assessed by using the Taste
Strip Tests (TST and umami test, Burghart Messtechnik, Wedel,
Germany) [91-93]. Fungiform papilla density was also determined.

Before each stimulation, each participant rinsed his/her mouth
with spring water. The day before the session, the solutions were
prepared, stored in the refrigerator, and then provided to the parti-
cipant at room temperature.

2.3. Taste assessments

2.3.1. PROP and NaCl intensity ratings and PROP taster status
classification

The ratings of the perceived intensity for PROP and NaCl were
collected from each participant by two psychophysical methods
(Three-Solution Test, [29] and the Impregnated Paper Screening Test
[31]) which have been used in many studies [33,52,53,57]| and
strongly correlate with the activation of peripheral taste system
[94-96]. These two methods allowed to classify participants by their
PROP taster status.

According to Tepper et al. [29], the Three-solution test was used
as a first step to assess participants. Briefly, the ratings of perceived
intensity for three solutions of NaCl (NaCl; 0.01, 0.1, 1.0 mol/L)
(Sigma-Aldrich, Milan, Italy) and PROP (0.032, 0.32, and 3.2 mmol/L)
(Sigma-Aldrich) at suprathreshold concentration were determined
by applying the Labeled Magnitude Scale (LMS) [97]. Concentrations
(10 mL samples) were presented in random order with an inter-
stimulus interval of 60 s. Participants who rated PROP lower than
NaCl were categorized as NT, those who gave corresponding ratings
were categorized as MT and those who gave higher ratings to PROP
than to NaCl were categorized as ST. After a 1-h period of recovery,
the appropriate belonging of a participant to a certain PROP taster
group was confirmed by using the Impregnated paper screening test
[31]. Thus, only participants categorized as alike were included in
the other tests. In this second test, the perceived intensity ratings
were collected using two paper disks impregnated with PROP
(50 mmol/L) and NaCl (1.0 mol/L) that were applied on the tip of the
tongue for 30 s according to Zhao et al. [31]. Participants who rated
the PROP disk higher than 67 mm in LMS were categorized as ST,
those who rated the PROP disk lower than 15 mm were categorized
as NT, and the others were categorized as MT [31]. To validate the ST
classification of participants who could overestimate the oral stimuli
[1] by using LMS, the general labeled magnitude scale (gLMS) [98],
which broadens the top anchor of the scale to encompass any sen-
sation, was also used to assess ST participants.

Based on their taster group assignments, 17 participants (6 M,
11 F) were NT, 16 were ST (5 M, 11 F) and 51 were MT (24 M, 27 F).

2.3.2. Taste sensitivity for the five basic qualities

Scores for the five taste qualities were collected by The Taste
Strip Test and the Umami Test (TST, Burghart Messtechnik, Wedel,
Germany) [91-93], which consist of the identification of taste
qualities presented by filter paper strips impregnated with four
concentrations of each stimulus (0.016, 0.04, 0.1, or 0.25 g/mL of
NacCl; 0.05, 0.1, 0.2, or 0.4 g/mL of sucrose; 0.05, 0.09, 0.165, or
0.3 g/mL of citric acid; 0.0004, 0.0009, 0.0024, or 0.006 g/mL of
quinine hydrochloride and 0.25, 0.1, 0.04, 0.016 g/mL of mono-
sodium glutamate). Each correct identification was rated 1,
therefore the maximum score for each quality was 4, 16 for the
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four tastes (TST), and 20 when umami was incorporated (Overall
TST). A participant was considered hypogeusic or ageusic if he/she
scored < 9, normogeusic if he/she scored > 9 according to Landis
et al. [91]. The qualities were presented in a pseudo-randomized
sequence and concentrations were tested in ascending order.

2.4. Papilla density

The fungiform papillae were recognized according to Melis et al.
[40]. The tip of the tongue dorsal anterior surface was stained by
positioning (for 5 s) a disk (6 mm dia) of filter paper impregnated
with a blue food dye (E133, Modecor Italiana, Italy). Three to ten
photographs of the tongue surface were taken for each participant
by using a Canon EOS D400 (10 megapixels) camera with an EFS
55-250 mm lens. In the stained area of the tongue surface, the
fungiform papillae were identified by their very light staining and
mushroom shape [99]. Their number in each photograph was de-
termined by the consensus of five observers and the density/cm?
was determined for each participant.

2.5. Genetic analysis

Using the QIAamp® DNA Mini Kit (QIAGEN S.r.l, Milan, Italy) in
accordance with the manufacturer's instructions, DNA was extracted
from saliva samples. Using an Agilent Cary 60 UV-Vis
Spectrophotometer, readings at an optical density of 260 nm were
used to determine the content of pure DNA (Agilent, Palo Alto,
CA, USA).

Participants were genotyped for three single nucleotide poly-
morphisms (SNPs), (rs713598, rs1726866, and rs10246939) of the
TAS2R38 gene, which caused three amino acid substitutions
(Pro49Ala, Ala262Val and Val296lle). Molecular analyses were per-
formed by using TagMan SNP Genotyping Assay (C_8876467_10
assay for the rs713598; C_9506827_10 assay for the rs1726866 and
C_9506826_10 assay for the rs10246939) according to the manu-
facturer’s instructions (Applied Biosystems by Life Technologies
Milan Italy Europe BV). Each reaction included three positive con-
trols, two negative controls and two replicates.

Based on molecular analyses of the TAS2R38 locus, 20 partici-
pants were PAV/PAV homozygous, 43 were PAV/AVI heterozygous,
and 21 were AVI/AVI homozygous. Participants with rare haplotypes
were not included into the study to reduce confounding factors in
taste sensitivity [100].

2.6. Supervised learning (SL)

The automatic recognition of the TAS2R38 genotype of partici-
pants was carried out with SL algorithms capable of distinguishing
the three genotypes (PAV/PAV, PAV/AVI, and AVI/AVI), by using the
participants’ features presented in the data model as predictive
variables, as already performed by Naciri et al. with the aim of
identifying PROP taster categories [89].

The following algorithms were used: Logistic Regression,
Decision Tree, Random Forest, K-Nearest Neighbor (KNN), and
CatBoost classifier according to Naciri et al. [89]. During training,
the algorithms search for the correlation of the features with the
TAS2R38 genotype groups, then they take new unknown inputs
and assign them to the appropriate category. Specifically, Logistic
Regression is an algorithm that classifies data by considering
outcome variables at the extremes and tries to make a logarithmic
line between them [101]. The decision tree is an acyclic graph
[102]: in each branching node of the tree, a specific feature is
examined. When the value of the feature is below a certain
threshold, the left branch is followed, otherwise, the right branch
is followed. When the node of the leaf is reached, the decision is
made about the class to which the example belongs. The random
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forest algorithm builds multiple decision trees on data samples,
then makes the prediction from each of them and finally selects
the best solution [103]. It is a better method than a single decision
tree because it reduces the over-fitting by averaging the result.
Contrary to other algorithms that allow to discard training data
after the model is built, KNN keeps all training data in memory
[104]. When a new sample needs to be classified, the KNN algo-
rithm finds all the closest training samples and returns the ma-
jority label. CatBoost, is an algorithm for gradient boosting on
decision trees, excels at handling small datasets, and produces the
best results when a dataset contains many categorical features.
Furthermore, it is well known that CatBoost can be used in a
variety of settings and for a wide range of issues [105-107].

The evaluation of algorithms is performed by metrics, such as
precision (1), accuracy (2), recall (3), F1-score (4), Receiver Operating
Characteristic (ROC) curve, and Area Under Curve (AUC) [89].

true positives

Precision = hal _
true positives + false positives 1)
Accuracy = true positives + true negatives

all samples 2)

Recall = .t.rue positives .
true positives + false negatives 3)

F1 — score = 2 xw
precision + recall 4)

The ROC curve represents a classifier's diagnostic capability and
is constructed by plotting the true positive rate (TPR) as a function of
the false positive rate (FPR) at diverse threshold settings. The AUC
shows which of the used models best predicts a category. AUC is
evaluated by the micro-average that combines the contributions of
all categories to compute the average metric and the macro-average
that computes the metric independently for each group and then
makes the average. The first is preferable in the presence of im-
balanced categories.

The following data processing operations, which are an essential
phase in the running of a SL project, were performed.

1. For each feature the distribution in each genotype group and the
correlations between each feature and the target were de-
termined (Figure S1). It is important to note that all numerical
features present a normal distribution and that the ratings ob-
tained with the two tests were strongly correlated with each
other (r > 0.43; p < 0.001, Pearson’s (r) coefficient analysis), as
well as papilla density and rating of PROP paper disk (r=0.34;
p=0.0016) and the scores of the TST and the overall TST were
strictly correlated with the scores of each taster quality (r > 0.43;
p < 0.001).

. After analysis of the dataset, the handling of missing values was
performed: the mean values of the column were used to ap-
proximate the BMI value in six rows where it was missing.

. The dataset content was converted into a language that an al-
gorithm can understand. This included: a) One Hot Encoding and
Ordinal Encoding which encodes categorical data into numerical
data; b) normalization of the numerical data by converting the
real range of numerical values into values between 0 and 1; c) the
Synthetic Minority Oversampling Technique (SMOTE)[ 108] which
allows the balancing of the number of observations among
classes. This operation was necessary to prevent the algorithm
from learning better from the majority class with respect from
the minority ones. In the training process, after SMOTE the 31
PAV/AVI, 14 AVI/AVI, and 13 PAV/PAV observations became 31
observations in each genotype class.
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In order to solve problems of overfitting or underfitting that may
occur in the training of SL algorithms, we removed all features not
significantly correlated with the TAS2R38 genotype groups and in-
creased the regularization parameters. In addition, we used 3-fold
Cross-Validation [109], that mixes and splits data into two groups:
one group of data (67% of data) as the training data and the other
(33% of data) as the test data. This process was done for three times
with distinct subsets of data.

The overall behavior of our classifiers was evaluated by the au-
tomatic optimization of their hyperparameters by Grid Search
Algorithm [110,111]. Subsequently, the models were evaluated by
means of the evaluation metrics described above.

In addition, we used the Shapley Additive exPlanations (SHAP)
[112], which allows to interpret the SL model outputs by linking
feature importance with feature effects. It returns a SHAP summary
plot that connects the significance of the features to their impacts.
Each point on the chart is a SHAP value that allows to understand the
contribution of an input feature to that single prediction. In addition
to indicating feature relevance, SHAP values also indicate whether a
feature has a favorable or unfavorable influence on predictions.

2.7. Statistical analysis

Fisher’s Exact Test was used to compare differences in the dis-
tribution of PROP taster, gender, and smoker groups according to
TAS2R38 genotypes. One-way analysis (ANOVA) was used to com-
pare differences in BMI, age, papilla density, intensity ratings for
PROP or NaCl, and taste scores according to TAS2R38 genotypes (AVI/
AVI, PAV/AVI, and PAV/PAV). Statistical analyses were conducted
using STATISTICA for WINDOWS (version 7; StatSoft Inc, Tulsa, OK,
USA). P values < 0.05 were considered significant.

3. Results

Mean values + SE or the participant distribution according to
TAS2R38 locus regarding the sensory, genetic, morphological, clin-
ical, and demographic features are shown in Table 2. One-way
ANOVA revealed that the fungiform papillae density, as well as the

Table 2
Sensory, genetic, morphological, clinical and demographic features of participants
according to TAS2R38 genotypes.

Features PAV/PAV PAV/AVI AVI/AVI
(n=20) (n=43) (n=21)
Age (y) 26.00 + 0.93 2414 £ 0.64 26.09 + 0.91
BMI (kg/m?) 21.99 £ 0.74 2191 £ 0.51 2149 + 0.72
Papilla density/cm? 36.74 + 3.05% 31.94 + 2.08° 22.14 + 2.98°
Male/female (n) 10/10 16/27 9/12
Smokers/non (n) 2/18 14/29 3/18
Intensity ratings
PROP (0.032 mM) 10.25 * 1.59% 3.64 + 1.08° 14 £ 1.55°
PROP (0.32 mM) 42.95 + 3.98° 36.16 £ 2.65% 6.47 + 3.79°
PROP (3.2 mM) 74.75 + 4.99* 64.63 + 3.40° 35.44 + 4.87°
Nacl (0.01 M) 3.59 + 1.40 412 £ 0.95 519 + 1.36
NacCl (0.1 M) 31.71 + 4.09 29.36 + 2.79 29.33 +3.99
NaCl (1 M) 59.10 + 5.01 63.81 + 3.41 61.86 + 4.89
PROP disk (50 mM) 56.60 + 5.04° 50.16 + 3.44° 19.91 + 4.92°
NaCl disk (1 M) 2135 £ 412 25.24 + 2.81 26.40 + 4.02
PROP taster status 10/10/0* 6/35/2Y 0/6/15%
ST/MT/NT (n)
Taste scores
Sweet 3.30 + 0.15 3.53 +0.10 333+0.14
Salty 3.45 + 0.16 3.65 + 0.11 3.52 + 0.16
Sour 2.25+0.21 242 +0.14 243 +0.21
Bitter 325 +0.24 323 £0.16 314 +£023
Umami 0.80 + 0.33 1.58 + 0.23 1.28 + 0.33
TST 12.40 + 0.45 13.07 + 0.31 12.62 + 0.44
Overall TST 13.05 + 0.64 14.42 + 043 13.71 £ 0.62
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intensity ratings for PROP (0.032, 0.32, 3.2 and 50 mM), varies with
TAS2R38 genotypes (F[2,81] = 6.269; p=0.003; F[2,81] = 8.875;
p=0.0003; F[2,81] = 27463; p < 0.00001; F[2,81] = 18.025;
p < 0.00001; F[2,81] = 16.707; p < 0.00001). Specifically, partici-
pants with the AVI/AVI genotype showed lower values of papilla
density and gave lower intensity ratings for PROP (0.32, 3.2 and
50 mM) than PAV/PAV or PAV/AVI participants (p < 0.008; Fisher LDS
test), who showed no difference from each other (p > 0.05). Instead,
the intensity ratings for PROP (0.032, mM) were higher for PAV/PAV
participants than for PAV/AVI and AVI/AVI participants (p < 0.009;
Fisher LDS test). In addition, the PROP taster status of participants
was associated with TAS2R38 SNPs based on ST, MT and NT partici-
pant distribution in each genotype group (32 =49.979; p < 0.0001;
Fisher’s test). Post hoc comparisons distinguished all groups from
one another (x2 > 12.24; p < 0.0022; Fisher's test). NTs were more
frequent among participants with genotype AVI/AVI (88.23%), MTs
were more frequent among participants with the genotype PAV/AVI
(68.63%), while STs were more frequent in PAV/PAV participants
(62.5%). No difference related to TAS2R38 locus in age, BMI, gender,
smoking status, intensity ratings for NaCl or taste scores was
found (p > 0.05).

Values are either means + SE or the total number of participants.
Significant differences of mean values are shown with a, b and ¢
letters (p<0.009; LSD test following to one-way ANOVA), while
differences in frequency distribution are shown with x, y and z let-
ters (p < 0.0022; Fisher's method).

The best hyperparameters for each model were evaluated by the
metrics to estimate the training and performance of the SL algo-
rithms. The high values of precision (88%), recall (83%) and F1-score
(82%) revealed that the CatBoost algorithm allowed to achieve the
objective discrimination of TAS2R38 genotypes (Table 3). Since our
data are unbalanced, the accuracy results are not shown as they are
meaningless. The Logistic Regression, Decision Tree, Random Forest,
and KNN algorithms also achieved the goal, but with lower values of
evaluation metrics than the CatBoost.

The ROC curve and AUC of the three genotypes of TAS2R38 (PAV/
PAV, PAV/AVI and AVI/AVI) obtained by the CatBoost model are
shown in Fig. 1. The ROC curve showed that the corrected predic-
tions made by the model were 96%, 78%, and 82%, for the three
genotypes (AVI/AVI, PAV/AVI, and PAV/PAV, respectively). Besides,
the AUC showed that the micro-average, which represents the
average margin of error was 90%. The macro-average, which re-
presents the median percentage value of all genotype groups, was
87%, a value not significant because of the unbalanced data.

Fig. 2 shows an alluvial plot which represents the variations in
network structure over subject of TAS2R38 groups recognized by
different methods (TAS2R38 genotyping and SL discrimination). This
diagram graphically shows that 95.45% of subjects who had geno-
type AVI/AVI (n =22) were allocated to the same genotype (n=21) by
SL discrimination, while 4.55% were allocated to PAV/AVI genotype
(n=1); 90.91% of subjects who had genotype PAV/AVI (n =44) were
allocated to the same genotype (n=40) by SL discrimination, while
9.09% were allocated to AVI/AVI genotype (n=2) or PAV/PAV geno-
type (n=2); 76.19% of subjects who had genotype PAV/PAV (n=21)
were allocated to the same genotype (n=16) by SL discrimination,

Table 3

Evaluation metrics for each classifier model.
Classifiers Precision Recall F1-Score
KNN 55% 55% 55%
Decision tree 61% 59% 59%
Logistic Regression 73% 72% 71%
Random Forest 80% 79% 79%
CatBoost 88% 83% 82%
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subject of TAS2R38 groups recognized by different methods (TAS2R38 genotyping and
SL discrimination). The magnitude of the components present in the two blocks
connected by a stream is represented by the height of the stream. The (n) number of
subjects for each cluster is shown by a number.

while 23.81% were allocated to PAV/AVI genotype (n=5) by SL dis-
crimination.

The CatBoost classifier established the order of importance of the
features in facilitating the learning of the model to detect the three
TAS2R38 genotypes (Fig. 3). Specifically, the figure shows the im-
portance of features for training the PAV/PAV genotype, the AVI/AVI
genotype and the PAV/AVI genotype. The intensity rating for the
PROP solution (0.32 mM) was the most significant feature in the
training model. This feature was followed in order of importance by
ratings of intensity for PROP solution (0.032 mM) and PROP paper
disk (50 mM), and MT category, ratings of intensity for NaCl solution
(0.01 M) and NaCl paper disk (1 M), and age. It is intriguing to ob-
serve that the score for umami was the more important in facil-
itating the learning of the model (ninth significant feature) among
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Fig. 3. Importance of the features in training the CatBoost classifier. The X-axis denotes the order of importance of the features to discriminate each TAS2R38 genotype, while the

average impact on the model output is represented in the Y-axis.

the scores for other taste qualities. Also, papilla density was a sig-
nificant feature (eleventh in order of importance).

Fig. 4 shows that by including the first three features (the rating
of perceived intensity for PROP solutions (0.32 mM), PROP solutions
(0.032 mM) and PROP paper disk (50 mM)), the F1-Score rises to a
value of 0.84, then reaches 0.90 by including the successive three
features (MT category, intensity rating for NaCl solution (0.01 M) and
NaCl paper disk (1 M)) and reaches 0.95 after adding age, umami
score and intensity rating for NaCl solution (0.1 M).

The use of the SHAP algorithm provided an overview of the im-
portance of features and how they affect the model prediction. The
SHAP summary plot showing the linking between the importance of
features and the effects of features for PAV/PAV genotype is shown in
Fig. 5. Specifically, the plot highlights that the rating of the perceived
intensity for PROP solutions (0.32 mM) was the most important
feature for the model and high and medium estimated values (red
and violet, respectively) were strongly and positively correlated with
PAV/PAV genotype. The rating of perceived intensity for the PROP

solutions (0.032 mM) was the second in order importance for the
PAV/PAV genotype and high and medium estimated values (red and
violet, respectively) had a high impact to make a PAV/PAV genotype
prediction. Low values (blue) of these two features mostly pushed
the model prediction toward other genotypes. The ratings of per-
ceived intensity for NaCl paper disk (1 M) and NaCl solution (0.01 M)
were the third and fourth significant features for PAV/PAV genotype
and low estimated values (blue) positively correlated with it, while
high and medium estimated values (red and violet) pushed the
prediction of the model towards other genotypes. The rating of in-
tensity for paper disk (50 mM) was the fifth significant feature and
high estimated values positively correlated with a PAV/PAV genotype
prediction. The salty score was the more important (sixth in order of
importance) among those given to taste qualities, and low estimated
values positively correlated with PAV/PAV genotype, while high va-
lues pushed the model towards the other genotypes. The classifi-
cation as normogeusic or MT were the seventh and eighth important
features and correlated negatively and moderately with this
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Fig. 4. The learning progress curve of the CatBoost model when the features are included one by one based on their importance in learning the model.
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genotype, while the ST category was less important, but positively
correlated with PAV/PAV genotype.

SHAP algorithm provided an overview of the importance of fea-
tures and how they affect a PAV/AVI genotype prediction (Fig. 6).
Also in the case of this genotype, the rating of intensity for PROP
solutions (0.32 mM) was the most significant feature for the model.
High and medium values (red and violet, respectively) were posi-
tively and strongly correlated with this genotype, low values (blue)
however, shifted the prediction in favor of the other genotypes. In-
terestingly, the classification of participants as MT, which was the
second significant feature, had a high impact to make a prediction of
PAV/AVI genotype, while age (third feature) correlated negatively.
The intensity rating for the PROP solutions (0.032 mM) was the
fourth feature for PAV/AVI genotype and low estimated values (blue)
correlated moderately and negatively with this genotype. The rating
of intensity for the PROP paper disk (50 mM) was the successive
important feature. Medium estimate values pushed the model to
predict PAV/AVI genotype, while low and high values were nega-
tively correlated with it and pushed the model to make another
prediction. The score for umami was the most important (sixth in
importance order) among those for taste qualities, and high and
medium estimated values (red and violet, respectively) were mod-
erately and positively correlated with this genotype. Again, the
classification of participants as normogeusic was a significant fea-
ture which positively and moderately correlated with this genotype.

Fig. 7 shows the SHAP summary plot for the AVI/AVI genotype.
Also in this case the rating of perceived intensity for PROP solutions
(0.32 mM) was the most important feature for the model and low
estimated values (blue) had a high impact to make an AVI/AVI
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genotype prediction. On the other hand, high and medium estimated
values of this feature (red and violet) strongly pushed the prediction
of the model towards the other genotypes. The PROP solution
(0.032 mM) intensity rating was the second feature for this genotype
and low estimated values (blue) were positively and moderately
correlated with the AVI/AVI genotype. The intensity ratings for NaCl
paper disk (1 M) and NacCl solution (0.01 M) were the third and fifth
features in order of importance and high and medium estimated
values (red and violet, respectively) moderately pushed the model
prediction towards AVI/AVI genotype. The classification of partici-
pants as MT, which was the fourth feature in order of importance,
negatively impacted to make an AVI/AVI genotype prediction. The
intensity rating for PROP solutions (3.2 mM) and PROP paper disk
(50 mM) were significant features and low estimated values (blue)
positively and moderately correlated with AVI/AVI genotype pre-
diction, while high values pushed toward the other genotypes.

4. Discussion

The primary aim of the present work was to develop an SL model
capable of identifying automatically and with high precision the
genetic variants of the TAS2R38 bitter receptor, given their im-
portance in taste and health [2,9,36,38,52,73-81,83-85,87]. Our
approach, the effectiveness of which was verified, allowed us also to
understand the importance and the impact of each feature to make a
prediction, which was used as input in the data model.

The processing of the dataset and the analysis of correlations
between features used as predictive variables, were critical phases to
improve the dataset quality and obtain improved results. We found
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robust correlations between the intensity ratings for PROP and NaCl,
between fungiform papillae density and PROP ratings or taste per-
ception scores. PROP sensitivity greatly varied between TAS2R38
genotype groups: AVI/AVI participants perceived the PROP with little
intensity, and PAV/PAV and PAV/AVI participants more intensely. We
also found a robust link between TAS2R38 genotype groups and
PROP taster status: STs never had AVI/AVI genotype and NTs never
had PAV/PAV genotype. Instead, PAV/PAV and PAV/AVI genotypes
could be determined in both MTs and STs.

For our purpose, we used five different algorithms (Logistic
Regression, Decision Tree, Random Forest, KNN and the CatBoost
classifier) and we compared their performance. The higher evalua-
tion metric values obtained with the CatBoost algorithm, as com-
pared to those of other models, indicated that this algorithm was the
best model for the automatic identification of the TAS2R38 geno-
types, even though the other algorithms did achieve the objective.
The CatBoost algorithm allowed us to reach the goal with a high
precision level (88%), recall (83%) and F1 score (82%). These results
were also confirmed by the best ROC curve that showed a small error
for the prediction of each genotype group (18% of error for the PAV/
PAV genotype, 4% of error for the AVI/AVI genotype and 22% of error
PAV/AVI genotype prediction), the best average margin of error (90%,
micro-average) and the large overlap in the network structure over
subject of TAS2R38 groups identified by molecular analysis and SL
model. The best performance of the CatBoost model was not sur-
prising as it is a method that handles small datasets containing a
large number of categorical features better than other types
[105-107].
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The sensory, morphological, genetic, clinical and demographic
features that we used as predictive variables in facilitating the model
learning and understanding of the differences between the three
TAS2R38 genotype groups were all parameters previously de-
termined from participants, which have been associated with PROP
genotype or phenotype in a large number of studies
[1,2,25,29-31,33,36-38,40,64,65,70-72]. Among them, the perceived
intensity ratings for different amounts of PROP or NaCl were the
most important ones. These measures have been commonly and
reliably used for a long time in PROP phenotyping methods
[29-31,33], can be employed outside of traditional laboratories
[29,31], and can be easily and quickly administered to large groups of
participants at a minimal cost and without creating discomfort. Our
findings showed that, by using the CatBoost classifier, we were able
to identify six of these measures as the most relevant in facilitating
the model learning targeted at comprehending the differences be-
tween the three genotype groups. In order of importance, they were
the intensity ratings for PROP solution (0.32 mM), for PROP solution
(0.032 mM), for PROP paper disk (50 mM), MT category, the intensity
ratings for NaCl solution (0.01 M) and NaCl paper disk (1 M). All were
measures performed by the Impregnated Paper Screening Test [31]
and the Three-Solution Test [29] which are the simplest and fastest
psychophysical approaches for PROP phenotypic determination. This
finding is relevant because it shows that the two tests provide the
best features for training a model to make TAS2R38 genotype pre-
dictions for novel samples, further validating their use for PROP
phenotyping and genotyping of participants. Furthermore, since
PROP taste variability is mostly controlled by the genetic variants of
the TAS2R38 receptor [36,38], which mediate the detection of PROP
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[38], it is worth noting that the best four features in the training of
the model to make predictions on TAS2R38 genotype of new samples
were ratings of PROP bitterness. The analysis of the evaluation of the
performance of the algorithm by including, one by one, the features
in order of importance in learning the model seems to suggest that
the ratings of PROP solutions (0.32 mM), PROP solutions (0.032 mM)
and PROP paper disk (50 mM) may be considered the minimum
threshold to predict the TAS2R38 genotype with an F1-score of 0.84
when there is a lack of resources for conducting molecular analysis.

The SHAP algorithm allowed us to correlate, with high precision,
the feature relevance with its effect on the model's predictions for
each TAS2R38 genotype group. Particularly, the SHAP findings very
clearly showed the impact they had on making a prediction the PROP
solution (0.32 mM) intensity rating, which was also the most im-
portant feature in the training the model, thus understanding the
differences between the three genotype groups. Medium and high
estimated values strongly pushed the model to make PAV/PAV and
PAV/AVI predictions, while low values powerfully pushed toward
AVI/AVI predictions. Similarly, high values of the PROP solution
(0.32 mM) intensity rating strongly pushed the model to make PAV/
PAV predictions, while low values pushed toward AVI/AVI predic-
tions. These results indicate that the two PROP solutions at the
lowest concentrations used in the Three-Solution Test [29] are the
best predictors to identify the genotype of participants for the spe-
cific bitter receptor TAS2R38. Conversely, low values of the intensity
ratings for NaCl paper disk (1 M) and Nacl solution (0.01 M), which
are used as standard controls in the two tests, pushed the model
towards PAV/PAV genotype predictions, while high and medium
values pushed it toward the AVI/AVI one.
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Our results showed that among the three PROP taster categories
(ST, MT and NT), MT was the most critical feature (the fourth in
importance order) for the training model to learn to discriminate
among genotype groups and was effective in making precise PAV/AVI
predictions. SHAP algorithm showed that the MT category had a
strong impact to predict PAV/AVI genotype, while did not have a
favorable impact to predict AVI/AVI or PAV/PAV genotypes. On the
other hand, the SHAP technique showed that the ST category was
less important, but positively and moderately pushed the model
towards the PAV/PAV predictions. These findings are in line with
previous research showing that having two PAV haplotypes, as op-
posed to one, does not add benefits for PROP bitter detection [32].

Our results also showed that age was a significant feature for the
training model to learn to discriminate among the three genotype
groups and low SHAP values moderately pushed the model to make
PAV/AVI predictions, while high values moderately pushed toward
AVI/AVI predictions. These results are consistent with data showing
that the penetrance of the TAS2R38 gene (i.e. the degree to which
environmental factors impact the phenotypic expression of a trait),
varies with age [62]. Furthermore, gender was also a critical feature:
females, who have been shown to have a stronger sensitivity to PROP
[30,66,113], were more relevant in terms of training the model.

Also, the scores that the participants attributed to tastes (that are
not specifically mediated by the TAS2R38 receptor) were significant
features in facilitating the model learning to discriminate the
TAS2R38 genotype groups, according to results showing associations
between perception for the five tastes [15-23,96] and that for PROP.
Umami was the most important quality, and its high values sig-
nificantly impacted the model to make a PAV/AVI prediction. Future
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research may look at this aspect. On the other hand, the SHAP ap-
proach showed that low expected values of salty perception mod-
erately pushed the model toward PAV/PAV predictions, while high
values toward AVI/AVI predictions. This is consistent with the fact
that in the psychophysical assessments used to classify participants
for PROP taster status, NaCl is used as a standard reference, in-
dicating that the perceived intensity rating for this stimulus is un-
affected by the PROP phenotype of participants [29].

The fungiform papilla density was also a significant feature for
the training model and was effective in making the specific PAV/PAV
predictions. Indeed, the SHAP algorithm revealed that high esti-
mated papilla density values are positively associated with PAV/PAV
genotype, while low values pushed the model toward an AVI/AVI
prediction. These results are in agreement with previous studies that
found that STs, who predominantly have a PAV/PAV genotype, pos-
sess a larger number of fungiform papillae than PROP NTs, who had
the AVI/AVI genotype [30,33,40,41,43,114].

5. Conclusions

Our findings indicate that the proposed SL model is a reliable
strategy for the identification of TAS2R38 genotypes with high pre-
cision by using fully automated processing and biological features of
participants, which have been linked to PROP genotype or pheno-
type [1,2,25,29-31,33,36-38,40,64,65,70-72]. The proposed model
allowed us to obtain genotype identifications in an immediate and
scalable manner. Furthermore, we were able to determine the fea-
ture importance and impact as predictive factors and this allowed us
to distinguish precisely among PAV/PAV, PAV/AVI, and AVI/AVI gen-
otypes and find correlations and parametric patterns. The intensity
ratings for the two lower PROP concentrations of the Three-Solution
Test [29] and the MT category were the features that best dis-
criminated the three genotype groups. The planned SL model may be
simply, conveniently, and efficiently applied to large groups of par-
ticipants in studies ranging from taste physiology to medicine, thus
decreasing the cost and time of molecular analysis.
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