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Abstract: Taste buds containing receptor cells that primarily detect one taste quality provide
the basis for discrimination across taste qualities. The molecular receptor multiplicity and
the interactions occurring between bud cells encode information about the chemical identity,
nutritional value, and potential toxicity of stimuli before transmitting signals to the hindbrain.
PROP (6-n-propylthiouracil) tasting is widely considered a marker for individual variations of
taste perception, dietary preferences, and health. However, controversial data have been reported.
We present measures of the peripheral gustatory system activation in response to taste qualities
by electrophysiological recordings from the tongue of 39 subjects classified for PROP taster status.
The waveform of the potential variation evoked depended on the taste quality of the stimulus.
Direct relationships between PROP sensitivity and electrophysiological responses to taste qualities
were found. The largest and fastest responses were recorded in PROP super-tasters, who had the
highest papilla density, whilst smaller and slower responses were found in medium tasters and
non-tasters with lower papilla densities. The intensities perceived by subjects of the three taster
groups correspond to their electrophysiological responses for all stimuli except NaCl. Our results
show that each taste quality can generate its own electrophysiological fingerprint on the tongue and
provide direct evidence of the relationship between general taste perception and PROP phenotype.

Keywords: electrophysiological recording from human tongue; six taste qualities; PROP phenotype

1. Introduction

Taste buds are the peripheral organs of the gustatory system and are located on the surface of
three different taste papillae, which are topographically arranged mostly on the tongue epithelium.
These include the fungiform papillae on the anterior surface, foliate papillae on the lateral sides,
and circumvallate papillae on the posterior part. Taste buds are clusters of 50–100 different types of
columnar taste cells extending from the base to the top of the cluster, in which the mechanisms of taste
reception and transduction are located [1]. The detection of stimuli occurs at the chemosensory apical
tip of taste cells where the molecular receptors for chemicals are located. The significant redundancy

Nutrients 2020, 12, 2017; doi:10.3390/nu12072017 www.mdpi.com/journal/nutrients

http://www.mdpi.com/journal/nutrients
http://www.mdpi.com
https://orcid.org/0000-0003-3410-3158
https://orcid.org/0000-0001-7341-582X
https://orcid.org/0000-0003-1924-0875
https://orcid.org/0000-0002-5033-6632
https://orcid.org/0000-0002-2849-4052
http://dx.doi.org/10.3390/nu12072017
http://www.mdpi.com/journal/nutrients
https://www.mdpi.com/2072-6643/12/7/2017?type=check_update&version=2


Nutrients 2020, 12, 2017 2 of 18

and variety of the molecular receptors may reflect the importance of distinguishing nutrients from
noxious substances of the environment [2].

Taste bud cells are differentiated into three types according to their ultrastructure and function:
type I, type II, and type III cells [1]. Type I cells seem to have glial function, although they have been
shown to present ionic currents implicated in salt taste transduction [3]. Type II cells, named “receptor
cells”, express G protein-coupled receptors (GPCRs) and their downstream effectors for the transduction
of sugar, amino acid, and/or bitter stimuli [1]. Some type II cells express members of the family of
taste receptor type II (T2R) which are activated by bitter-tasting compounds [4,5], while others express
heterodimeric T1R family receptors, which are excited by sweet- or umami-tasting stimuli [6–8]. Type II
cells are most likely involved in the transduction mechanism of fat, which is detected by at least two types
of membrane proteins (GPR120 and the multifunctional CD36 scavenger receptor) [9]. Stimulation of
type II cell molecular receptors by specific stimuli activates the following molecular/electrophysiological
mechanisms: release of G protein (Gβγ) dimers, stimulation of phospholipase Cβ2, mobilization of
intracellular Ca2+ [10,11], opening of transient receptor potential cation channel subfamily M member
5 (TRPM5), and depolarization of taste cells [12–14]. These cells do not form specialized synapses
with their closely neighboring sensory nerve fibers but communicate with them via non-vesicular
transmitter release. Type III cells are named “presynaptic cells” because they have ultrastructurally
recognizable synaptic membranes. However, they also contain the needed machinery to detect sour
stimuli and generate a depolarizing current [15–19].

The specific sensitivities of taste cells within taste buds provide the basis for discrimination across
taste qualities [20]. The sensitivity and selectivity of taste bud cells have been studied by Ca2+ imaging
and electrophysiological experiments [17,21]. These results indicate that taste buds contain several
taste cells that respond to one specific taste quality. Nevertheless, buds also contain taste cells that can
detect multiple taste qualities [17,21,22] and some taste bud cells express more than one type of receptor.
This multiple responsiveness of taste bud cells may reflect the information processing that takes place
within taste buds via cell-to-cell communications and modulation [1,2,20,23–26]. Specifically, types II
and III cells within a taste bud communicate with one another with divergence and convergence of
signals, thus, enabling taste buds to encode chemical identity, nutritional value, and concentration of
taste stimuli before transmitting signals to the central neurons [20]. The signals integrated in taste buds
are transmitted, through taste fibers of the VII, IX, and X cranial nerves, to the solitary tract nucleus
of the medulla, thalamus, and hence to the cortex gustatory areas where the sensation is consciously
recognized [27]. A multitude of factors influence this sensation mixing with other signals, such as
physiological state (hunger/fullness), emotional state, attention to the taste task, etc. [28,29].

In humans, taste perception varies greatly among individuals and is one of the most significant
determinants influencing food preferences and therefore eating behavior, metabolism, and health [27,30].
Within this nutritional context, the genetic ability to taste the bitter compound 6-n-propylthiouracil
(PROP) has gained a consistent and appreciable consideration as a marker of general taste
perception, dietary preferences, and habits that can impact on nutrition and health of individuals [30].
This important role assigned to PROP tasting is based on findings reporting that subjects who perceive
PROP as intensively bitter (PROP super-tasters), have a higher sensitivity and lower preference, than
non-tasters, to various oral stimuli, including other bitter substances [31–36], sweet stimuli [37], sour
compounds [38], umami taste [39], irritants [40,41], high-fat/high-energy foods [42–44], astringent
substances [45], and fruits and vegetables [46–48]. Some authors suggested that PROP-related sensory
variations may be associated with olfactory function [49,50], and that PROP tasting may affect the
perception of foods via aromas or flavors [51,52]. Data have also shown relationships between PROP
phenotype or genotype and longevity [53] or health parameters including: antioxidant status [54], body
mass index (BMI) [55,56], metabolic changes that impact on body mass composition [57,58], smoking
behaviors [59], consumption of alcoholic beverages [41], respiratory infection and rhinosinusitis [60–67],
taste disorders [68], and development of colonic neoplasm [69–71], and even neurodegenerative
diseases [72]. However, the validity of PROP tasting as a biomarker has been questioned by other
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authors who have reported results not confirming these associations [73–78]. Divergent results may be
due to the fact that sensory analyses are carried out by psychophysical testing procedures, which are
based on self-reports and therefore can produce highly subjective evaluations. Our laboratory has
adopted a simple and reliable technique that permits the collection of quantitative measures of
peripheral taste function, by electrophysiological recordings from the human tongue, as objective
data that are not influenced by the individual’s subjective biases [79–81]. We found differences in the
bioelectric activity from the tongue in response to PROP that were consistent with subjects’ PROP
genotype and phenotype [79]. Furthermore, electrophysiological responses to oleic acid were consistent
with variation in the rs1761667 SNP of the gene coding for the fatty acid scavenger receptor CD36 [81].
In addition, we developed a method capable of automatically discriminating among subjects belonging
to three PROP taster categories (super-tasters, medium tasters, and non-tasters), by exploiting features
extracted from electrophysiological recordings [80]. A low-cost handheld tool for the acquisition of the
signal was also developed [82].

The purpose of the present work is twofold. Firstly, we extend our previous results [79–81] to
characterize the bioelectrical activity from the human tongue in response to the six taste qualities.
By studying all six taste qualities, we obtained important information about the organization and
function of the human peripheral taste system. Importantly, our non-verbal method of taste recordings
from the tongue is not influenced by the many factors that affect verbal self-reports of taste signals that
are interpreted at the level of the cortex.

Secondly, we verified the validity of using PROP tasting as a biomarker of general taste perception
by comparing the electrophysiological response to each taste quality in subjects belonging to the
three PROP taster categories (super-taster, medium taster, and non-taster), as an objective measure
of their taste sensitivity for the different taste qualities. Since our previous studies showed robust
relationships between the magnitude of electrophysiological taste responses and fungiform papillae
densities, the latter measurements were also collected here.

2. Materials and Methods

2.1. Subjects

Thirty-nine Caucasian non-smoking subjects (11 males, 28 females, age 28.31 ± 1.03 years) were
recruited through usual procedures at the University of Cagliari. They were originally from Sardinia,
Italy. No statistical methods were done to predetermine sample size. However the following guiding
criteria were used: sample size was similar to the one already employed in electrophysiological
experiments that assess the degree of activation of the receptors under study [79,81]; subjects were
recruited to form three similar equal-sized PROP-taster groups, matched for gender and age and had
at least 10 subjects per group. Subjects were normal weight with body mass index (BMI) ranging from
20.2 to 24.8 kg/m2. None had food allergies or were following a specific diet or taking medications that
could interfere with taste sensitivity. Their taste function for the four basic tastes was screened by the
taste strip test (Burghart Messtechnik, Wedel, Germany) to exclude any taste impairment. Subjects read
and signed an informed consent form. This study was carried out in accordance with the latest revision
of the Helsinki Declaration, and all procedures have been approved by the Ethical Committee of the
University Hospital Company (AOU) of Cagliari, Italy. The trial was registered at ClinicalTrials.gov
(identifier number is UNICADBSITB-1).

2.2. Experimental Procedure

Each subject was tested on two consecutive days: on the first day, he/she was classified for
PROP taster status. On the second day, he/she was tested for the electrophysiological responses to
stimulations with six taste qualities and for density of fungiform papillae. All subjects had to abstain
from drinking (except water), eating, using oral care products, or chewing gum for at least 2 h prior to
testing. They had to be in the experiment room 15 min before the starting of the test (9.00 a.m.) in
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order to acclimate to the constant environmental conditions (40–50% relative humidity; 23–24 ◦C).
Women were examined around the sixth day of the menstrual cycle to avoid changes of taste function
resulting from the estrogen phase [83]. Stimuli were presented at room temperature as solutions in
spring water, which were prepared 1–2 days before each session and stored in a refrigerator until 1 h
before testing. Each subject was tested for each taste quality in a double-blinded and counterbalanced
order. The interstimulus interval was set at 1 h. At the end of the electrophysiological recording in
response to each taste quality, the subject, who was instructed to rate only the chemosensory perception,
scored the perceived intensity by placing a mark on the Labeled Magnitude Scale (LMS) [84]. The LMS
is a 100-mm scale (semi-logarithmic) in which seven labeled verbal descriptors (barely detectable,
weak, moderate, strong, very strong, strongest imaginable) are arranged along the length of the scale.
The LMS gives subjects the freedom to evaluate the perceived taste intensity for a taste stimulus relative
to the strongest imaginable oral stimulus ever experienced in life.

2.3. PROP Taster Status

Subjects were classified for their PROP taster status by two scaling methods. All were first
assessed using the three-solution test according to Tepper et al. 2001 [85], which has been validated
in numerous studies [39,86–89]. The test consists of the perceived taste intensity ratings of three
suprathreshold sodium chloride (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) solutions, which were collected by using the LMS [84].
Concentrations (10 mL samples) were presented in a random order. Subjects who gave lower ratings
to PROP than to NaCl were classified as PROP non-tasters, those who gave overlapping ratings to
the two chemicals were classified as medium tasters, and those who gave higher ratings to PROP
than to NaCl were classified as super-tasters. After a 1-h period, subjects were classified as belonging
to a PROP taster group (super-taster, medium taster, or non-taster) by using the impregnated paper
screening test [90,91]. With this method, the PROP and NaCl were presented to each subject by placing
two paper disks impregnated with solutions of two stimuli (PROP, 50 mmol/L and NaCl, 1.0 mol/L)
on the tip of the tongue for 30 s. Additionally, this method used the LMS to rate the perceived taste
intensity. Subjects who rated the PROP higher than 67 were classified as super-tasters, those who rated
the PROP lower than 15 mm on the scale were classified as non-tasters, all others were categorized as
medium tasters [91]. Only subjects who were categorized in a similar way by the two PROP screening
methods were included in the study. Based on the classification, which was documented by three-way
ANOVA, 14 subjects were classified as non-tasters (35.89%), 15 were medium tasters (38.46%), and 10
were super-tasters (25.64%) (Table S1). The basic anthropometrics of the three PROP taster groups are
summarized in Table 1.

Table 1. Basic anthropometric features of three 6-n-propylthiouracil (PROP) taster groups.

Super-Taster (n = 10) Medium Taster (n = 15) Non-Taster (n = 14)

Age (years) 27.2 ± 2.07 28.87 ± 1.87 28.43 ± 1.75
Female/Male 7/3 9/6 12/2
BMI (kg/m2) 21.20 ± 0.72 22.02 ± 0.58 21.49 ± 0.61

Values are means ± SEM. BMI, body mass index.

2.4. Electrophysiological Recordings from the Tongue

Differential electrophysiological recordings from the tongue of subjects were performed according
to Sollai et al. [79,81]. Briefly, recordings were performed between two silver electrodes. The first
electrode was a silver wire (50 mm) that had the distal end rolled up to form a ball (dia.: about 5 mm) to
obtain a good electrical contact when it was positioned in contact with the ventral surface of the tongue.
The second electrode (patent WO 2017/212377) consisted of a silver film (100 nm thick) deposited,
by means of evaporation in high vacuum, on a very thin (13 µm) polyimide layer (Kapton©, DuPont,
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Wilmington, DE, USA). This electrode was positioned in perfect adhesion with the left side of the tip
of the tongue’s dorsal surface taking advantage of its extreme thinness. Its distal part had a circular
hole (6 mm diameter), which leaves uncovered a small area of the left side of the tip of the tongue
surface. This area was the zone where taste stimulations were delivered during the electrophysiological
recordings, and the density of fungiform papillae were calculated as described below. The dorsal
electrode was isolated by a film of biocompatible material (Parylene C, 2 µM thick) excluding the area
that must be in electrical contact with the tongue to detect the electrophysiological signal. The ground
terminal of the measuring system was connected to a third disposable adhesive electrode placed in
an electrically neutral position (CDES003545, SpesMedica, Genova, Italy). Figure 1 shows the two
electrodes used for the differential electrophysiological recordings and how they were positioned in
contact with the human tongue. The bio-potentials detected by the electrodes were recorded by a
high-input impedance polygraph (for human use, Porti7 portable physiological measurement system;
TMS International B.V., Zevenhuizen, The Netherlands), which is an isolated, certified Class IIa medical
device. After achieving a stable baseline, signals were digitized, recorded, and visualized in real time
on a PC by PolyBench software (TMS International B.V., Zevenhuizen, The Netherlands). For each taste
quality, the recording lasted 55 s (20 s baseline, 15 s during taste simulation, and 20 s after stimulation,
i.e., after the paper disk was removed).
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Figure 1. Photographs showing the two electrodes for the differentials electrophysiological recordings
and how they were positioned in contact with the human tongue.

The waveform of bio-potentials was analyzed by Clampfit 10.0 software (Molecular Devices,
Sunnyvale, CA, USA). The voltage changes (amplitude values) in response to six taste qualities were
obtained by subtracting the baseline value from the voltage at 0.1, 2.5, 5, 10, and 15 s from stimulation
onset. The rate of potential variation (mV/s) was also calculated at the same time intervals.

2.5. Taste Stimulations

Taste stimulations were delivered by placing, for 15 s a paper disk (6 mm dia.) impregnated with
30 µL of taste solutions, or 30 µL of undiluted oleic acid, on the circular area of the tongue surface,
which was left free by the hole of the second electrode. Sucrose (200 mM), NaCl (200 mM), citric acid
(5.2 mM), caffeine (10 mM), and monosodium glutamate (MSG) (160 mM) solutions were used to
represent the five primary taste qualities (sweet, sour, salty, bitter, and umami). The concentration for
each stimulus was chosen based on preliminary tests.
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In order to verify that the potential variations recorded were certainly due to taste stimulations
and not mechanical stimulations caused by placing the disks, subjects were also tested with dry
paper disks.

2.6. Density Assessments of Fungiform Taste Papillae

The total number of fungiform papillae was measured in the same circular area of the tongue
where the stimulations were performed during electrophysiological recordings according to Melis et al.
2013 [92]. This area was located in the left side of the anterior surface of the tip of the tongue, closest to
the midline, and spaced 4 mm from the edge of the tongue according to our previous works [79,81].
This shift with respect to the area that provides reliable measurements of papilla density in high
correlation with the total number on the tongue [93] was indispensable to keep the area perfectly
overlapping with the area left uncovered by the second electrode. This area was stained by using a
blue food dye (E133, Modecor Italiana, Cuvio, Italy), and then photographs were taken using a Canon
EOS D400 (10 megapixels) camera with a lens (model: EF-S 55–250 mm). The digital images were
analyzed using the “zoom” option in the Adobe Photoshop 7.0 program. The fungiform papillae were
separately picked out and counted by three expert operators who were not informed about the PROP
taster status of subjects [79,92,93]. The density/cm2 was calculated.

2.7. Statistical Analysis

Repeated-measures ANOVA was used to analyze differences of mean values ± SEM of the bio-signal
amplitude (mV) and potential variation rate (mV/s) evoked by the six taste qualities at 2.5, 5, 10, and 15 s
after the application of stimulation. Data were also analyzed across PROP taster groups. Two-way
ANOVA was used to compare differences in perceived intensity rating for the six taste qualities in
super-tasters, medium tasters, and non-tasters. One-way ANOVA was used to compare differences in
density of fungiform papillae according PROP taster status. Data were verified for the assumptions of
normality, sphericity (when applicable), and homogeneity of variance. A Greenhouse–Geisser correction
or Huynh–Feldt correction was applied whenever the sphericity assumption was violated. Post hoc
comparisons were conducted with the Fisher’s least significant difference (LDS) test or Duncan’s test
when the assumption of homogeneity of variance was violated. Statistical analyses were conducted
using STATISTICA for WINDOWS (version 7; StatSoft Inc., Tulsa, OK, USA). p values < 0.05 were
considered significant.

3. Results

3.1. Electrophysiolgical Responses to Taste Stimulation with Six Taste Qualities

The electrophysiological recordings from the human tongue allowed the measurement of
monophasic bioelectrical potential changes in response to taste stimulations, with respect to the
baseline. NaCl stimulation evoked depolarizing monophasic potential changes, whereas all the other
stimuli evoked hyperpolarizing monophasic potential changes. However, the waveform analysis
of bioelectrical potentials allowed the observation that each stimulus determined a characteristic
time course of the potential variation during stimulation. Examples of this are shown in Figure 2.
Stimulations with dry paper disks produced no potential changes.

The mean values ± SEM of the potential amplitude (mV) and of potential change rate (mV/s)
determined after 0.1, 2.5, 5, 10, and 15 s from the stimulus application in response to the six taste qualities
are shown in Figure 3. Repeated-measures ANOVA revealed that the time course of the amplitude and
rate of potential change during stimulation time depended on taste quality (amplitude: F20,820 = 37.840;
p < 0.0001 and rate: F20,820 = 5.5235; p < 0.0001). Post hoc comparison showed that all stimuli produced
significant potential changes, with respect to baseline, after 2.5 s from stimulus application (p ≤ 0.0016;
Fisher LDS). The largest positive potential changes were recorded in response to citric acid and sucrose
(p < 0.0001; Fisher LDS), the intermediate ones in response to caffeine and MSG (p < 0.0001; Fisher LDS),
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and the lowest in response to oleic acid (p = 0.0016; Fisher LDS); negative potential changes were recorded
in response to NaCl (p < 0.0001; Fisher LDS). Successively, the voltage variations elicited by citric acid
decreased significantly at 10 s (p = 0.0388; Fisher LDS); those in response to sucrose, caffeine, and MSG did
not change during the stimulation time (p > 0.05); while that in response to oleic acid slowly continued to
increase (significantly at 10 s; p = 0.0198; Fisher LDS) to the end of stimulation. The depolarization in
response to NaCl did not change during the stimulation time (p > 0.05).

The quickest potential changes were recorded at 0.1 s in response to citric acid (p < 0.0001;
Fisher LDS), then the values rapidly decreased across the time course of electrophysiological recordings,
being halved at 2.5 s (p < 0.0001; Fisher LDS) and halved again at 5 s (p = 0.0011; Fisher LDS).
Slower potential changes were determined at 0.1 s in response to sucrose (p < 0.0001; Fisher LDS),
which significantly decreased only at 5 s (p ≤ 0.0047; Fisher). NaCl and caffeine produced intermediate
values of potential change rate, which did not vary with time (p ≤ 0.021; Fisher LDS). The lowest values,
unchanged over time, were observed with MSG and oleic acid (p ≤ 0.026; Fisher LDS).

3.2. Relationship between Electrophysiolgical Responses to Taste Stimulations with Six Taste Qualities
and PROP Taster Status

The mean values ± SEM of the potential amplitude (mV) and of potential change rate (mV/s)
determined after 0.1, 2.5, 5, 10, and 15 s from the application of stimulation with the six taste qualities
according to PROP taster status are shown in Figure 4. Repeated-measures ANOVA revealed that
the time course of the amplitude of bioelectrical signals during stimulation time, depended on taste
quality and PROP taster status of subjects (F40,772 = 2.1256; p < 0.0001). After 2.5 s from stimulation,
all stimuli evoked significant potential changes in all subjects (p ≤ 0.00013; Fisher LDS), except for
oleic acid in the non-taster group (p > 0.05). PROP super-tasters showed larger amplitudes than other
PROP taster groups. Specifically, super-tasters showed larger signal amplitudes in response to NaCl
and sucrose compared to those of other PROP taster groups at 2.5, 5, 10, and 15 s (p ≤ 0.042; Fisher
LDS), as well as larger signal amplitudes in response to MGS and citric acid than those of other taster
groups at 2.5 and 5 s (p ≤ 0.038; Fisher LDS). Super-tasters also showed larger responses to oleic acid
than those of non-tasters at 10 and 15 s (p ≤ 0.019; Fisher LDS) and medium tasters showed higher
values for oleic acid relative to non-tasters at 15 s (p = 0.036; Fisher LDS). The amplitude of signals in
response to caffeine was slightly higher in super-tasters than in other PROP taster groups but not in a
significant way.Nutrients 2020, 12, x 7 of 18 

 

 
Figure 2. Examples of electrophysiological recordings in a super-taster subject in response to 30 μL of 
citric acid, sucrose, NaCl, caffeine, and monosodium glutamate (MSG) solutions or oleic acid. The 
very first data point on the left side of the electrophysiological recordings represents the baseline. 

The mean values ± SEM of the potential amplitude (mV) and of potential change rate (mV/s) 
determined after 0.1, 2.5, 5, 10, and 15 s from the stimulus application in response to the six taste 
qualities are shown in Figure 3. Repeated-measures ANOVA revealed that the time course of the 
amplitude and rate of potential change during stimulation time depended on taste quality 
(amplitude: F20,820 = 37.840; p < 0.0001 and rate: F20,820 = 5.5235; p < 0.0001). Post hoc comparison showed 
that all stimuli produced significant potential changes, with respect to baseline, after 2.5 s from 
stimulus application (p ≤ 0.0016; Fisher LDS). The largest positive potential changes were recorded in 
response to citric acid and sucrose (p < 0.0001; Fisher LDS), the intermediate ones in response to 
caffeine and MSG (p < 0.0001; Fisher LDS), and the lowest in response to oleic acid (p = 0.0016; Fisher 
LDS); negative potential changes were recorded in response to NaCl (p < 0.0001; Fisher LDS). 
Successively, the voltage variations elicited by citric acid decreased significantly at 10 s (p = 0.0388; 
Fisher LDS); those in response to sucrose, caffeine, and MSG did not change during the stimulation 
time (p > 0.05); while that in response to oleic acid slowly continued to increase (significantly at 10 s; 
p = 0.0198; Fisher LDS) to the end of stimulation. The depolarization in response to NaCl did not 
change during the stimulation time (p > 0.05). 

The quickest potential changes were recorded at 0.1 s in response to citric acid (p < 0.0001; Fisher 
LDS), then the values rapidly decreased across the time course of electrophysiological recordings, 
being halved at 2.5 s (p < 0.0001; Fisher LDS) and halved again at 5 s (p = 0.0011; Fisher LDS). Slower 
potential changes were determined at 0.1 s in response to sucrose (p < 0.0001; Fisher LDS), which 
significantly decreased only at 5 s (p ≤ 0.0047; Fisher). NaCl and caffeine produced intermediate 
values of potential change rate, which did not vary with time (p ≤ 0.021; Fisher LDS). The lowest 
values, unchanged over time, were observed with MSG and oleic acid (p ≤ 0.026; Fisher LDS). 

Figure 2. Examples of electrophysiological recordings in a super-taster subject in response to 30 µL of
citric acid, sucrose, NaCl, caffeine, and monosodium glutamate (MSG) solutions or oleic acid. The very
first data point on the left side of the electrophysiological recordings represents the baseline.



Nutrients 2020, 12, 2017 8 of 18

Nutrients 2020, 12, x 8 of 18 

 

 
Figure 3. Time course of potential amplitude (mV) and of potential change rate (mV/s) of bioelectrical 
signals in response to taste stimulation with six taste qualities. Data (mean values ± SEM) determined 
after 0.1, 2.5, 5, 10, and 15 s after application of taste stimulation are shown. Numbers 1, 2, 3, 4, 5 on 
the X-axis correspond to 0.1, 2.5, 5, 10, 15 s after stimulation, respectively. n = 39. Solid symbol indicates 
significant difference with respect to the previous value of the corresponding group (p ≤ 0.0016; Fisher least 
significant difference (LDS) subsequent to repeated-measures ANOVA). Different letters indicate a 
significant difference with respects to another stimulus in the corresponding time (p ≤ 0.041; Fisher 
LDS, subsequent to repeated-measures ANOVA). 

3.2. Relationship between Electrophysiolgical Responses to Taste Stimulations with Six Taste Qualities and 
PROP Taster Status 

The mean values ± SEM of the potential amplitude (mV) and of potential change rate (mV/s) 
determined after 0.1, 2.5, 5, 10, and 15 s from the application of stimulation with the six taste qualities 
according to PROP taster status are shown in Figure 4. Repeated-measures ANOVA revealed that the 
time course of the amplitude of bioelectrical signals during stimulation time, depended on taste 
quality and PROP taster status of subjects (F40,772 = 2.1256; p < 0.0001). After 2.5 s from stimulation, all 
stimuli evoked significant potential changes in all subjects (p ≤ 0.00013; Fisher LDS), except for oleic 
acid in the non-taster group (p > 0.05). PROP super-tasters showed larger amplitudes than other 
PROP taster groups. Specifically, super-tasters showed larger signal amplitudes in response to NaCl 
and sucrose compared to those of other PROP taster groups at 2.5, 5, 10, and 15 s (p ≤ 0.042; Fisher 
LDS), as well as larger signal amplitudes in response to MGS and citric acid than those of other taster 
groups at 2.5 and 5 s (p ≤ 0.038; Fisher LDS). Super-tasters also showed larger responses to oleic acid 
than those of non-tasters at 10 and 15 s (p ≤ 0.019; Fisher LDS) and medium tasters showed higher 
values for oleic acid relative to non-tasters at 15 s (p = 0.036; Fisher LDS). The amplitude of signals in 
response to caffeine was slightly higher in super-tasters than in other PROP taster groups but not in 
a significant way. 

Figure 3. Time course of potential amplitude (mV) and of potential change rate (mV/s) of bioelectrical
signals in response to taste stimulation with six taste qualities. Data (mean values ± SEM) determined
after 0.1, 2.5, 5, 10, and 15 s after application of taste stimulation are shown. Numbers 1, 2, 3, 4, 5 on the
X-axis correspond to 0.1, 2.5, 5, 10, 15 s after stimulation, respectively. n = 39. Solid symbol indicates
significant difference with respect to the previous value of the corresponding group (p ≤ 0.0016; Fisher
least significant difference (LDS) subsequent to repeated-measures ANOVA). Different letters indicate a
significant difference with respects to another stimulus in the corresponding time (p ≤ 0.041; Fisher
LDS, subsequent to repeated-measures ANOVA).
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Figure 4. Time course of potential amplitude (mV) of bioelectrical signals in response to taste stimulation
with six taste qualities according to PROP taster status. Data (mean values ± SEM) determined after 0.1,
2.5, 5, 10, and 15 s after application of taste stimulation. Numbers 1, 2, 3, 4, 5 on the X-axis correspond to
0.1, 2.5, 5, 10, 15 s after stimulation, respectively). n = 10 super-tasters, n = 15 medium tasters, and n = 14
non-tasters. Solid symbol indicates significant difference with respect to the previous value of the
corresponding group (p ≤ 0.011; Fisher LDS, subsequent to repeated-measures ANOVA). * Indicates a
significant difference with respects to the corresponding values of other taster groups (p ≤ 0.042; Fisher
LDS, subsequent to repeated-measures ANOVA). ** Indicates a significant difference with respects
to the corresponding values of non-tasters (p ≤ 0.036; Fisher LDS or Duncan’s test, subsequent to
repeated-measures ANOVA).
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The mean values ± SEM of the potential change rate (mV/s) determined after 0.1, 2.5, 5, 10, and 15 s
from the application of stimulation in response to the six taste qualities according to PROP taster
status are shown in Figure 5. Repeated-measures ANOVA revealed that the time course of the rate
of bioelectrical signals during stimulation time, depended on taste quality and PROP taster status of
subjects (F40,772 = 5.541; p < 0.00001). PROP super-tasters showed a quicker hyperpolarization with
respect to the other taster groups, at 0.1 and 2.5 s, in response to sucrose and citric acid (p ≤ 0.0427;
Fisher LDS); this same effect was only seen for caffeine at 0.1 (p ≤ 0.0239; Fisher LDS).
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Figure 5. Time course of potential change rate (mV/s) of bioelectrical signals in response to taste
stimulation with six taste qualities according to PROP taster status. Data (mean values ± SEM)
determined after 0.1, 2.5, 5, 10, and 15 s after application of taste stimulation. n = 10 super-tasters, n = 15
medium tasters, and n = 14 non-tasters. Numbers 1, 2, 3, 4, 5 on the X-axis correspond to 0.1, 2.5, 5, 10,
15 s after stimulation, respectively. Solid symbol indicates significant difference with respect to the
previous value of the corresponding group (p ≤ 0.0099; Fisher LDS, subsequent to repeated-measures
ANOVA). * Indicates a significant difference with respects to the corresponding values of other taster
groups (p ≤ 0.0427; Fisher LDS, subsequent to repeated-measures ANOVA).

3.3. Relationship between Rating of the Perceived Intensity for the Six Taste Qualities and PROP Taster Status

The mean values ± SEM of the rating of the perceived intensity for the six taste qualities according
to PROP taster status are shown in Figure 6. PROP super-tasters gave statistically significant higher
intensity ratings to all stimuli with respect to the other taster groups (p ≤ 0.019; Fisher LDS, subsequent
to two-way ANOVA), except for oleic acid for which the ratings of super-tasters were higher than
those of non-tasters only (p = 0.0436; Fisher LDS, subsequent to two-way ANOVA). No significant
difference related to PROP taster status was found for NaCl.

3.4. Relationship between Fungiform Papillae Density and PROP Taster Status

The mean values ± SEM of density of fungiform papillae determined in super-tasters, medium
tasters, and non-tasters are shown in Figure 7. One-way ANOVA showed that the density of fungiform
papillae varies with PROP taster status (F2,33 = 13.105; p = 0.00006). PROP super-tasters had a higher
density than medium tasters (p = 0.021; Fisher LDS test), who showed higher values than non-tasters
(p = 0.0072; Fisher LDS test).
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4. Discussion

The first aim of this work was to characterize the electrophysiological responses evoked in taste
buds on a localized area of the human tongue by stimulation with the six taste qualities, as a direct and
quantitative measure of the degree of activation of the peripheral taste system generated by each taste
stimulus. Interestingly, we found that each taste quality evoked a monophasic voltage change with a
characteristic time course during stimulation. In fact, a comparative analysis of values of potential
amplitude and of potential change rate, determined during stimulation, revealed that the waveform of
the signal depends on the taste quality of stimulus. Although, the bioelectrical activity generated by
all stimuli was represented by a monophasic potential change characterized by a fast-initial variation
followed by a slow decline, NaCl was the only stimulus that evoked negative potential variations,
while all other stimuli evoked positive potential changes, which nevertheless were differed from
one another.
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Differences in type of taste cells activated and in transduction mechanisms across taste qualities
might explain these differences. Sweet, bitter, umami, and fat stimuli directly activate type II cells,
which express specific receptors and, via ATP released during their tastant-induced stimulation,
indirectly activate the adjacent type III cells, which instead directly respond to sour stimuli [17,21]. As
mentioned above, our results showed that sucrose, citric acid, caffeine, MSG, and oleic acid evoked
specific positive potential changes. Sucrose and citric acid generated the largest hyperpolarization
mostly in the first part of the recordings. However, the responses to these two stimuli differed in their
last portion; for citric acid, signal amplitude decreased significantly after 10 s, while for sucrose it did
not change until the end of the stimulation. The responses to these two stimuli also differed for the
hyperpolarization rate. For citric acid, the hyperpolarization arose very quickly, while for sucrose it
was slower, with values that were half those evoked by citric acid. Caffeine and MSG evoked signals
with intermediate amplitudes in the first part of the recordings, but afterward the signal amplitude
distinguished the response to these two stimuli. Differences in the hyperpolarization rate also allowed
us to distinguish the electrophysiological responses to these two stimuli; intermediate values were
found in response to caffeine, while very slow signals were recorded in response to MSG. Finally,
we recorded the lowest and slowest hyperpolarization in the responses to oleic acid, in which the
signal amplitude reached values comparable to those of other stimuli only at the end of stimulation.
This slow electrophysiological activation in response to oleic acid, which has been already observed in
our previous work [81], could depend on the high surface tension of this molecule that determines its
slow diffusion toward the cell that detects it. The steep-onset hyperpolarization evoked by citric acid
(which was particularly evident in super-tasters who have a high density of papillae), compared to
that elicited by other stimuli (sucrose, caffeine MGS, oleic acid) may be explained by differences in the
transduction mechanisms across stimuli [1]. Organic acids permeate through the membrane, acidify
the cytoplasm and intracellular H+, by blocking a proton-sensitive K+ channel, and depolarize the cell
membrane. On the other hand, the transduction mechanisms of sucrose, caffeine, MGS, or oleic acid
are mediated by GPCRs, causing activation and diffusion of second messengers, which need more
time to depolarize the cell.

As noted above, the negative potentials we observed in response to NaCl stand in contrast to those
of all other taste stimuli (which showed positive potentials). Although the taste bud cells involved in
the salty taste transduction have not been conclusively identified [1,2], salty is the only taste quality
known to be transduced by some Type I cells, which may exhibit depolarizing ionic currents due to
direct Na+ permeation through membrane ion channels [3]. However, we cannot exclude that the
salty stimulus may undergo an ionic dissociation directly recorded by the measuring electrode, thus
superposing with the bio-signal itself. Future studies will cast a light on this issue.

Taken together, these results indicate that each taste quality can generate a specific
electrophysiological response in taste buds, and they strongly support other data showing that
cell-to-cell signal interactions within taste buds, may represent a primary localization step where taste
quality discrimination begins [20].

Our results shed additional light on the validity of using the PROP phenotype as a biomarker
of general taste perception. We found a direct relationship between PROP sensitivity and the
electrophysiological response evoked by the six taste qualities in the buds of a localized area of human
tongue. Specifically, the largest and quickest responses were recorded in PROP super-taster subjects,
who had the highest density of fungiform papillae in the same area of the tongue where stimulations
were applied during the recordings. Smaller and slower responses were observed in medium taster
and non-tasters, who had lower densities of papillae in the same area of the tongue. The analysis of the
time course of parameters defining the waveform of signals evoked by NaCl, sucrose, caffeine, MGS,
and citric acid revealed that the super-taster phenotype, which was associated with a highest density
of papillae, confers additional advantage already in the initial phase (2.5 s) of the response, which is
certainly the most significant one to induce a behavioral response. Super-tasters showed a more
prompt and intense response to sucrose and citric acid, a more intense one to NaCl and MGS, and a
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more rapid one to caffeine, as compared to medium tasters and non-tasters. Differently, the super-taster
phenotype was important to elicit a large potential change in the last part of the response to oleic acid.
The signal amplitude values slowly increased during stimulation in super-tasters, while no changes in
the whole time course of recordings were found in medium tasters and non-tasters. This extended
activation evoked by oleic acid in super-tasters, having a higher density of papillae, may reflect the
high surface tension of the molecule that determines its slow diffusion toward the taste bud cells.

These results strongly support previous psychophysical data showing a direct relationship between
perception of a wide range of oral stimuli and PROP taster status [31–38,42–48], that can be linked
to changes in density of papillae across the PROP taster groups [37,92–96]. This suggests that the
phenotypic expression of the trait, which is strongly associated with density of papillae, is a critical
determinant of the electrophysiological responses to the six taste qualities. Furthermore, the changes
found among the PROP taster groups, which differed in papilla density, confirm that the monophasic
potentials recorded effectively represent the summated response of stimulated taste cells, as already
shown in our previous studies [79,81] and also in other sensory organs of vertebrates, including the
human olfactory epithelium [97–99]. It is important to acknowledge, however, that some studies
report weak or no associations between PROP taster status and papillae density [100,101]. As pointed
out by Tepper et al. [102] and Dinnella et al. [101], personal factors such as age, gender, smoking,
bodyweight, and modified genes can influence papillae density as well as PROP tasting, potentially
undermining interrelationships between PROP, taste perceptions, and papillae density. Moreover,
the differences in the screening procedures can cause inconsistencies among studies [102]. This topic
deserves further investigation.

Importantly, the differences in the electrophysiological responses to sucrose, caffeine, MGS, oleic
acid, and citric acid that we recorded in the PROP taster groups agree with the intensity ratings
given by these subjects during oral stimulations, indicating that our bioelectrical measurements are
consistent with common human psychophysical observations. It is noteworthy that the amplitude of
electrophysiological response to NaCl by super-tasters was larger than those for medium tasters and
non-tasters, however, the perceived intensities reported by subjects did not vary with PROP taster
status. This is consistent with the psychophysical procedures for the classification of subjects by PROP
taster status, which use NaCl as standard control showing that the rating of perceived intensity for this
stimulus does not vary with the PROP phenotype of subjects [85]. It is also worth highlighting that
we found lack of agreement between signal amplitude and perceived intensity for caffeine, relatively
to PROP taster groups. The perceived intensities for caffeine reported by super-tasters were higher
than those for medium tasters and non-tasters, while the response amplitude did not vary with PROP
taster status, though signals for super-tasters were faster. This result may seem inconsistent with data
showing that the perceived intensity of bitterness is associated with signal amplitude when using
PROP [79]. Although caffeine and PROP are both bitter-taste stimuli, they are known to activate
different TAS2Rs receptors [103].

5. Conclusions

The findings of the present study were achieved thanks to a novel electrophysiological recording
technique from the human tongue to directly and quantitatively measure the degree of activation
of the peripheral gustatory system in response to taste stimuli [79,81]. Results show that each taste
quality can elicit a specific and characteristic electrophysiological response in taste buds, consistent
with our current understanding of the biological mechanisms of taste transduction and cell-to-cell
communications [1,2,20,23–26].

In addition, our data provide the first direct and objective demonstration of the role of PROP
phenotype in individual variability of general taste perception. They show that the influence of
PROP status on the amplitude of electrophysiological response may reflect a summation effect
associated with differences in papillae density, a well-known anatomical characteristic of the PROP
phenotype [37,92–96].
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Finally, psychophysical measures have played a critical role in understanding human
chemosensory experiences, by permitting the determination of taste responses at the CNS level,
which can influence food choices and eating behaviors. Nevertheless, because taste intensity measures
are subjective and sensitive to reporting bias, they are less useful for gaining insights into taste
mechanisms, particularly those rapid responses that occur within the initial few seconds of oral
exposure to a stimulus. The present work helps to fill gaps in knowledge of these processes by
combining traditional behavioral methods with our electrophysiological recording method.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/12/7/2017/s1,
Table S1: Ratings of perceived taste intensity in response to three concentrations of NaCl and PROP in the
taster groups.

Author Contributions: Conceptualization, I.T.B.; methodology, M.M. (Melania Melis), G.S., M.M. (Mariano
Mastinu), D.P., and P.C.; formal analysis, M.M. (Melania Melis), G.S., and I.T.B.; investigation, M.M. (Melania
Melis), G.S., M.M. (Mariano Mastinu), D.P., and P.C.; data curation, M.M. (Melania Melis), G.S., and I.T.B.;
writing—original draft preparation I.T.B.; writing—review and editing, M.M. (Melania Melis), G.S., D.P., A.B.,
R.C., and B.J.T.; supervision, R.C., B.J.T., and I.T.B.; funding acquisition, D.P., A.B., R.C., and I.T.B.; project
administration, I.T.B. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by a grant from the University of Cagliari (Fondo Integrativo per la
Ricerca, FIR 2019). This work has been realized within the research project supported by P.O.R. SARDEGNA
F.S.E. 2014–2020—Asse III “Istruzione e Formazione”, Obiettivo Tematico: 10, Obiettivo Specifico: 10.5, Azione
dell’accordo fi Partenariato:10.5.12 “Avviso di chiamata per il finanziamento di Progetti di ricercar—Anno 2017”.

Acknowledgments: The authors thank Caterina Chillotti for running the clinical trials and the participants,
without whose contribution this study would not have been possible.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Chaudhari, N.; Roper, S.D. The cell biology of taste. J. Cell Biol. 2010, 190, 285–296. [CrossRef] [PubMed]
2. Roper, S.D.; Chaudhari, N. Taste buds: Cells, signals and synapses. Nat. Rev. Neurosci. 2017, 18, 485–497.

[CrossRef] [PubMed]
3. Vandenbeuch, A.; Clapp, T.R.; Kinnamon, S.C. Amiloride-sensitive channels in type I fungiform taste cells in

mouse. BMC Neurosci. 2008, 9, 1–13. [CrossRef]
4. Mueller, K.L.; Hoon, M.A.; Erlenbach, I.; Chandrashekar, J.; Zuker, C.S.; Ryba, N.J. The receptors and coding

logic for bitter taste. Nature 2005, 434, 225–229. [CrossRef]
5. Behrens, M.; Foerster, S.; Staehler, F.; Raguse, J.D.; Meyerhof, W. Gustatory expression pattern of the human

TAS2R bitter receptor gene family reveals a heterogenous population of bitter responsive taste receptor cells.
J. Neurosci. 2007, 27, 12630–12640. [CrossRef] [PubMed]

6. Nelson, G.; Chandrashekar, J.; Hoon, M.A.; Feng, L.; Zhao, G.; Ryba, N.J.; Zuker, C.S. An amino-acid taste
receptor. Nature 2002, 416, 199–202. [CrossRef] [PubMed]

7. Nelson, G.; Hoon, M.A.; Chandrashekar, J.; Zhang, Y.; Ryba, N.J.; Zuker, C.S. Mammalian sweet taste
receptors. Cell 2001, 106, 381–390. [CrossRef]

8. Dando, R.; Dvoryanchikov, G.; Pereira, E.; Chaudhari, N.; Roper, S.D. Adenosine enhances sweet taste
through A2B receptors in the taste bud. J. Neurosci. 2012, 32, 322–330. [CrossRef]

9. Reed, D.R.; Xia, M.B. Recent advances in fatty acid perception and genetics. Adv. Nutr. 2015, 6, 353S–360S.
[CrossRef]

10. Huang, L.; Shanker, Y.G.; Dubauskaite, J.; Zheng, J.Z.; Yan, W.; Rosenzweig, S.; Spielman, A.I.; Max, M.;
Margolskee, R.F. Ggamma13 colocalizes with gustducin in taste receptor cells and mediates IP3 responses to
bitter denatonium. Nat. Neurosci. 1999, 2, 1055–1062. [CrossRef]

11. Zhang, Y.; Hoon, M.A.; Chandrashekar, J.; Mueller, K.L.; Cook, B.; Wu, D.; Zuker, C.S.; Ryba, N.J. Coding of
sweet, bitter, and umami tastes: Different receptor cells sharing similar signaling pathways. Cell 2003, 112,
293–301. [CrossRef]

12. Perez, C.A.; Huang, L.; Rong, M.; Kozak, J.A.; Preuss, A.K.; Zhang, H.; Max, M.; Margolskee, R.F. A transient
receptor potential channel expressed in taste receptor cells. Nat. Neurosci. 2002, 5, 1169–1176. [CrossRef]
[PubMed]

http://www.mdpi.com/2072-6643/12/7/2017/s1
http://dx.doi.org/10.1083/jcb.201003144
http://www.ncbi.nlm.nih.gov/pubmed/20696704
http://dx.doi.org/10.1038/nrn.2017.68
http://www.ncbi.nlm.nih.gov/pubmed/28655883
http://dx.doi.org/10.1186/1471-2202-9-1
http://dx.doi.org/10.1038/nature03352
http://dx.doi.org/10.1523/JNEUROSCI.1168-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/18003842
http://dx.doi.org/10.1038/nature726
http://www.ncbi.nlm.nih.gov/pubmed/11894099
http://dx.doi.org/10.1016/S0092-8674(01)00451-2
http://dx.doi.org/10.1523/JNEUROSCI.4070-11.2012
http://dx.doi.org/10.3945/an.114.007005
http://dx.doi.org/10.1038/15981
http://dx.doi.org/10.1016/S0092-8674(03)00071-0
http://dx.doi.org/10.1038/nn952
http://www.ncbi.nlm.nih.gov/pubmed/12368808


Nutrients 2020, 12, 2017 14 of 18

13. Zhang, Z.; Zhao, Z.; Margolskee, R.; Liman, E. The transduction channel TRPM5 is gated by intracellular
calcium in taste cells. J. Neurosci. 2007, 27, 5777–5786. [CrossRef]

14. Liu, D.; Liman, E.R. Intracellular Ca2+ and the phospholipid PIP2 regulate the taste transduction ion channel
TRPM5. Proc. Natl. Acad. Sci. USA 2003, 100, 15160–15165. [CrossRef]

15. Huang, A.L.; Chen, X.; Hoon, M.A.; Chandrashekar, J.; Guo, W.; Trankner, D.; Ryba, N.J.; Zuker, C.S. The cells
and logic for mammalian sour taste detection. Nature 2006, 442, 934–938. [CrossRef] [PubMed]

16. Huang, Y.A.; Maruyama, Y.; Stimac, R.; Roper, S.D. Presynaptic (Type III) cells in mouse taste buds sense
sour (acid) taste. J. Physiol. 2008, 586, 2903–2912. [CrossRef]

17. Tomchik, S.M.; Berg, S.; Kim, J.W.; Chaudhari, N.; Roper, S.D. Breadth of tuning and taste coding in
mammalian taste buds. J. Neurosci. 2007, 27, 10840–10848. [CrossRef]

18. Chandrashekar, J.; Yarmolinsky, D.; von Buchholtz, L.; Oka, Y.; Sly, W.; Ryba, N.J.; Zuker, C.S. The taste of
carbonation. Science 2009, 326, 443–445. [CrossRef]

19. Ye, W.; Chang, R.B.; Bushman, J.D.; Tu, Y.-H.; Mulhall, E.M.; Wilson, C.E.; Cooper, A.J.; Chick, W.S.;
Hill-Eubanks, D.C.; Nelson, M.T.; et al. The K+ channel KIR2.1 functions in tandem with proton influx to
mediate sour taste transduction. Proc. Natl. Acad. Sci. USA 2016, 113, E229–E238. [CrossRef]

20. Ohla, K.; Yoshida, R.; Roper, S.D.; Di Lorenzo, P.M.; Victor, J.D.; Boughter, J.D.; Fletcher, M.; Katz, D.B.;
Chaudhari, N. Recognizing taste: Coding patterns along the neural axis in mammals. Chem. Senses 2019, 44,
237–247. [CrossRef]

21. Yoshida, R.; Miyauchi, A.; Yasuo, T.; Jyotaki, M.; Murata, Y.; Yasumatsu, K.; Shigemura, N.; Yanagawa, Y.;
Obata, K.; Ueno, H.; et al. Discrimination of taste qualities among mouse fungiform taste bud cells. J. Physiol.
2009, 587, 4425–4439. [CrossRef] [PubMed]

22. Caicedo, A.; Kim, K.N.; Roper, S.D. Individual mouse taste cells respond to multiple chemical stimuli.
J. Physiol. 2002, 544, 501–509. [CrossRef] [PubMed]

23. Dando, R.; Roper, S.D. Cell-to-cell communication in intact taste buds through ATP signalling from pannexin
1 gap junction hemichannels. J. Physiol. 2009, 587, 5899–5906. [CrossRef] [PubMed]

24. Huang, Y.A.; Dando, R.; Roper, S.D. Autocrine and paracrine roles for ATP and serotonin in mouse taste
buds. J. Neurosci. 2009, 29, 13909–13918. [CrossRef]

25. Huang, Y.J.; Maruyama, Y.; Dvoryanchikov, G.; Pereira, E.; Chaudhari, N.; Roper, S.D. The role of pannexin 1
hemichannels in ATP release and cell-cell communication in mouse taste buds. Proc. Natl. Acad. Sci. USA
2007, 104, 6436–6441. [CrossRef]

26. Chaudhari, N. Synaptic communication and signal processing among sensory cells in taste buds. J. Physiol.
2014, 592, 3387–3392. [CrossRef]

27. Tepper, B.J.; Banni, S.; Melis, M.; Crnjar, R.; Barbarossa, I.T. Genetic sensitivity to the bitter taste of
6-n-propylthiouracil (PROP) and its association with physiological mechanisms controlling body mass index
(BMI). Nutrients 2014, 6, 3363–3381. [CrossRef]

28. Jones, L.M.; Fontanini, A.; Katz, D.B. Gustatory processing: A dynamic systems approach.
Curr. Opin. Neurobiol. 2006, 16, 420–428. [CrossRef]

29. Vincis, R.; Fontanini, A. Central taste anatomy and physiology. In Handbook of Clinical Neurology; Elsevier:
Amsterdam, The Netherlands, 2019; Volume 164, pp. 187–204.

30. Tepper, B.J. Nutritional implications of genetic taste variation: The role of PROP sensitivity and other taste
phenotypes. Annu. Rev. Nutr. 2008, 28, 367–388. [CrossRef]

31. Bartoshuk, L.M.; Rifkin, B.; Marks, L.E.; Hooper, J.E. Bitterness of KCl and benzoate: Related to genetic
status for sensitivity to PTC/PROP. Chem. Senses 1988, 13, 517–528. [CrossRef]

32. Bartoshuk, L.M. The biological basis of food perception and acceptance. Food Qual. Prefer. 1993, 4, 21–32.
[CrossRef]

33. Gent, J.; Bartoshuk, L. Sweetness of sucrose, neohesperidin dihydrochalcone, and saccharin is related to
genetic ability to taste the bitter substance 6-n-propylthiouracil. Chem. Senses 1983, 7, 265–272. [CrossRef]

34. Bartoshuk, L.; Fast, K.; Karrer, T.; Marino, S.; Price, R.; Reed, D. PROP supertasters and the perception of
sweetness and bitterness. Chem. Senses 1992, 17, 594.

35. Bartoshuk, L.M. Bitter taste of saccharin related to the genetic ability to taste the bitter substance
6-n-propylthiouracil. Science 1979, 205, 934–935. [CrossRef] [PubMed]

36. Bartoshuk, L.M.; Rifkin, B.; Marks, L.E.; Bars, P. Taste and aging. J. Gerontol. 1986, 41, 51–57. [CrossRef]
[PubMed]

http://dx.doi.org/10.1523/JNEUROSCI.4973-06.2007
http://dx.doi.org/10.1073/pnas.2334159100
http://dx.doi.org/10.1038/nature05084
http://www.ncbi.nlm.nih.gov/pubmed/16929298
http://dx.doi.org/10.1113/jphysiol.2008.151233
http://dx.doi.org/10.1523/JNEUROSCI.1863-07.2007
http://dx.doi.org/10.1126/science.1174601
http://dx.doi.org/10.1073/pnas.1514282112
http://dx.doi.org/10.1093/chemse/bjz013
http://dx.doi.org/10.1113/jphysiol.2009.175075
http://www.ncbi.nlm.nih.gov/pubmed/19622604
http://dx.doi.org/10.1113/jphysiol.2002.027862
http://www.ncbi.nlm.nih.gov/pubmed/12381822
http://dx.doi.org/10.1113/jphysiol.2009.180083
http://www.ncbi.nlm.nih.gov/pubmed/19884319
http://dx.doi.org/10.1523/JNEUROSCI.2351-09.2009
http://dx.doi.org/10.1073/pnas.0611280104
http://dx.doi.org/10.1113/jphysiol.2013.269837
http://dx.doi.org/10.3390/nu6093363
http://dx.doi.org/10.1016/j.conb.2006.06.011
http://dx.doi.org/10.1146/annurev.nutr.28.061807.155458
http://dx.doi.org/10.1093/chemse/13.4.517
http://dx.doi.org/10.1016/0950-3293(93)90310-3
http://dx.doi.org/10.1093/chemse/7.3-4.265
http://dx.doi.org/10.1126/science.472717
http://www.ncbi.nlm.nih.gov/pubmed/472717
http://dx.doi.org/10.1093/geronj/41.1.51
http://www.ncbi.nlm.nih.gov/pubmed/3941256


Nutrients 2020, 12, 2017 15 of 18

37. Yeomans, M.R.; Tepper, B.J.; Rietzschel, J.; Prescott, J. Human hedonic responses to sweetness: Role of taste
genetics and anatomy. Physiol. Behav. 2007, 91, 264–273. [CrossRef]

38. Prescott, J.; Soo, J.; Campbell, H.; Roberts, C. Responses of PROP taster groups to variations in sensory
qualities within foods and beverages. Physiol. Behav. 2004, 82, 459–469. [CrossRef]

39. Melis, M.; Barbarossa, I.T. Taste perception of sweet, sour, salty, bitter, and umami and changes due to
l-Arginine supplementation, as a function of genetic ability to taste 6-n-propylthiouracil. Nutrients 2017,
9, 541. [CrossRef]

40. Prescott, J.; Swain-Campbell, N. Responses to repeated oral irritation by capsaicin, cinnamaldehyde and
ethanol in PROP tasters and non-tasters. Chem. Senses 2000, 25, 239–246. [CrossRef]

41. Duffy, V.B.; Davidson, A.C.; Kidd, J.R.; Kidd, K.K.; Speed, W.C.; Pakstis, A.J.; Reed, D.R.; Snyder, D.J.;
Bartoshuk, L.M. Bitter receptor gene (TAS2R38), 6-n-Propylthiouracil (PROP) bitterness and alcohol intake.
Alcohol. Clin. Exp. Res. 2004, 28, 1629–1637. [CrossRef]

42. Tepper, B.J.; Nurse, R.J. PROP taster status is related to fat perception and preference. Ann. NY Acad. Sci.
1998, 855, 802–804. [CrossRef] [PubMed]

43. Melis, M.; Sollai, G.; Muroni, P.; Crnjar, R.; Barbarossa, I.T. Associations between orosensory perception
of oleic acid, the common single nucleotide polymorphisms (rs1761667 and rs1527483) in the CD36 gene,
and 6-n-propylthiouracil (PROP) tasting. Nutrients 2015, 7, 2068–2084. [CrossRef] [PubMed]

44. Kirkmeyer, S.V.; Tepper, B.J. Understanding creaminess perception of dairy products using free-choice
profiling and genetic responsivity to 6-n-propylthiouracil. Chem. Senses 2003, 28, 527–536. [CrossRef]
[PubMed]

45. Melis, M.; Yousaf, N.Y.; Mattes, M.Z.; Cabras, T.; Messana, I.; Crnjar, R.; Barbarossa, I.T.; Tepper, B.J. Sensory
perception of and salivary protein response to astringency as a function of the 6-n-propylthioural (PROP)
bitter-taste phenotype. Physiol. Behav. 2017, 173, 163–173. [CrossRef]

46. Keller, K.L.; Steinmann, L.; Nurse, R.J.; Tepper, B.J. Genetic taste sensitivity to 6-n-propylthiouracil influences
food preference and reported intake in preschool children. Appetite 2002, 38, 3–12. [CrossRef]

47. Bell, K.I.; Tepper, B.J. Short-term vegetable intake by young children classified by 6-n-propylthoiuracil
bitter-taste phenotype. Am. J. Clin. Nutr. 2006, 84, 245–251. [CrossRef]

48. Dinehart, M.E.; Hayes, J.E.; Bartoshuk, L.M.; Lanier, S.L.; Duffy, V.B. Bitter taste markers explain variability
in vegetable sweetness, bitterness, and intake. Physiol. Behav. 2006, 87, 304–313. [CrossRef]

49. Yackinous, C.; Guinard, J.X. Relation between PROP taster status and fat perception, touch, and olfaction.
Physiol. Behav. 2001, 72, 427–437. [CrossRef]

50. Barbarossa, I.T.; Ozdener, M.H.; Melis, M.; Love-Gregory, L.; Mitreva, M.; Abumrad, N.A.; Pepino, M.Y. Variant
in a common odorant-binding protein gene is associated with bitter sensitivity in people. Behav. Brain Res.
2017, 329, 200–204. [CrossRef]

51. Hayes, J.E.; Duffy, V.B. Revisiting sugar-fat mixtures: Sweetness and creaminess vary with phenotypic
markers of oral sensation. Chem. Senses 2007, 32, 225–236. [CrossRef]

52. Mattes, R.D. 6-n-Propylthiouracil taster status: Dietary modifier, marker or misleader. In Genetic Variation in
Taste Sensitivity; Prescott, J., Tepper, B.J., Eds.; Marcel Dekker: New York, NY, USA, 2004; pp. 229–250.

53. Melis, M.; Errigo, A.; Crnjar, R.; Pes, G.M.; Tomassini Barbarossa, I. TAS2R38 bitter taste receptor and
attainment of exceptional longevity. Sci. Rep. 2019, 9, 18047. [CrossRef]

54. Tepper, B.J.; Williams, T.Z.; Burgess, J.R.; Antalis, C.J.; Mattes, R.D. Genetic variation in bitter taste and
plasma markers of anti-oxidant status in college women. Int. J. Food Sci. Nutr. 2009, 60, 35–45. [CrossRef]

55. Tepper, B.J.; Neilland, M.; Ullrich, N.V.; Koelliker, Y.; Belzer, L.M. Greater energy intake from a buffet meal in
lean, young women is associated with the 6-n-propylthiouracil (PROP) non-taster phenotype. Appetite 2011,
56, 104–110. [CrossRef] [PubMed]

56. Tepper, B.J.; Koelliker, Y.; Zhao, L.; Ullrich, N.V.; Lanzara, C.; d’Adamo, P.; Ferrara, A.; Ulivi, S.; Esposito, L.;
Gasparini, P. Variation in the bitter-taste receptor gene TAS2R38, and adiposity in a genetically isolated
population in Southern Italy. Obesity 2008, 16, 2289–2295. [CrossRef] [PubMed]

57. Carta, G.; Melis, M.; Pintus, S.; Pintus, P.; Piras, C.A.; Muredda, L.; Demurtas, D.; Di Marzo, V.;
Banni, S.; Barbarossa, I.T. Participants with normal weight or with obesity show different relationships of
6-n-Propylthiouracil (PROP) taster status with BMI and plasma endocannabinoids. Sci. Rep. 2017, 7, 1361.
[CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.physbeh.2007.03.011
http://dx.doi.org/10.1016/j.physbeh.2004.04.009
http://dx.doi.org/10.3390/nu9060541
http://dx.doi.org/10.1093/chemse/25.3.239
http://dx.doi.org/10.1097/01.ALC.0000145789.55183.D4
http://dx.doi.org/10.1111/j.1749-6632.1998.tb10662.x
http://www.ncbi.nlm.nih.gov/pubmed/9929688
http://dx.doi.org/10.3390/nu7032068
http://www.ncbi.nlm.nih.gov/pubmed/25803547
http://dx.doi.org/10.1093/chemse/28.6.527
http://www.ncbi.nlm.nih.gov/pubmed/12907590
http://dx.doi.org/10.1016/j.physbeh.2017.01.031
http://dx.doi.org/10.1006/appe.2001.0441
http://dx.doi.org/10.1093/ajcn/84.1.245
http://dx.doi.org/10.1016/j.physbeh.2005.10.018
http://dx.doi.org/10.1016/S0031-9384(00)00430-3
http://dx.doi.org/10.1016/j.bbr.2017.05.015
http://dx.doi.org/10.1093/chemse/bjl050
http://dx.doi.org/10.1038/s41598-019-54604-1
http://dx.doi.org/10.1080/09637480802304499
http://dx.doi.org/10.1016/j.appet.2010.11.144
http://www.ncbi.nlm.nih.gov/pubmed/21112360
http://dx.doi.org/10.1038/oby.2008.357
http://www.ncbi.nlm.nih.gov/pubmed/18719631
http://dx.doi.org/10.1038/s41598-017-01562-1
http://www.ncbi.nlm.nih.gov/pubmed/28465539


Nutrients 2020, 12, 2017 16 of 18

58. Barbarossa, I.T.; Carta, G.; Murru, E.; Melis, M.; Zonza, A.; Vacca, C.; Muroni, P.; Di Marzo, V.; Banni, S.
Taste sensitivity to 6-n-Propylthiouracil is associated with endocannabinoid plasma levels in normal-weight
individuals. Nutrition 2013, 29, 531–536. [CrossRef]

59. Risso, D.S.; Kozlitina, J.; Sainz, E.; Gutierrez, J.; Wooding, S.; Getachew, B.; Luiselli, D.; Berg, C.J.; Drayna, D.
Genetic variation in the TAS2R38 bitter taste receptor and smoking behaviors. PLoS ONE 2016, 11, e0164157.
[CrossRef]

60. Lee, R.J.; Xiong, G.; Kofonow, J.M.; Chen, B.; Lysenko, A.; Jiang, P.; Abraham, V.; Doghramji, L.; Adappa, N.D.;
Palmer, J.N.; et al. T2R38 taste receptor polymorphisms underlie susceptibility to upper respiratory infection.
J. Clin. Investig. 2012, 122, 4145–4159. [CrossRef]

61. Lee, R.J.; Cohen, N.A. Role of the bitter taste receptor T2R38 in upper respiratory infection and chronic
rhinosinusitis. Curr. Opin. Allergy Clin. Immunol. 2015, 15, 14–20. [CrossRef] [PubMed]

62. Adappa, N.D.; Zhang, Z.; Palmer, J.N.; Kennedy, D.W.; Doghramji, L.; Lysenko, A.; Reed, D.R.; Scott, T.;
Zhao, N.W.; Owens, D.; et al. The bitter taste receptor T2R38 is an independent risk factor for chronic
rhinosinusitis requiring sinus surgery. Int. Forum Allergy Rhinol. 2014, 4, 3–7. [CrossRef]

63. Lee, R.J.; Cohen, N.A. The emerging role of the bitter taste receptor T2R38 in upper respiratory infection and
chronic rhinosinusitis. Am. J. Rhinol. Allergy 2013, 27, 283–286. [CrossRef] [PubMed]

64. Adappa, N.D.; Farquhar, D.; Palmer, J.N.; Kennedy, D.W.; Doghramji, L.; Morris, S.A.; Owens, D.;
Mansfield, C.; Lysenko, A.; Lee, R.J.; et al. TAS2R38 genotype predicts surgical outcome in nonpolypoid
chronic rhinosinusitis. Int. Forum Allergy Rhinol. 2016, 6, 25–33. [CrossRef]

65. Adappa, N.D.; Truesdale, C.M.; Workman, A.D.; Doghramji, L.; Mansfield, C.; Kennedy, D.W.; Palmer, J.N.;
Cowart, B.J.; Cohen, N.A. Correlation of T2R38 taste phenotype and in vitro biofilm formation from
nonpolypoid chronic rhinosinusitis patients. Int. Forum Allergy Rhinol. 2016, 6, 783–791. [CrossRef]
[PubMed]

66. Adappa, N.D.; Workman, A.D.; Hadjiliadis, D.; Dorgan, D.J.; Frame, D.; Brooks, S.; Doghramji, L.; Palmer, J.N.;
Mansfield, C.; Reed, D.R.; et al. T2R38 genotype is correlated with sinonasal quality of life in homozygous
DeltaF508 cystic fibrosis patients. Int. Forum Allergy Rhinol. 2016, 6, 356–361. [CrossRef] [PubMed]

67. Workman, A.D.; Cohen, N.A. Bitter taste receptors in innate immunity: T2R38 and chronic rhinosinusitis.
J. Rhinol. Otol. 2017, 5, 12–18.

68. Melis, M.; Grzeschuchna, L.; Sollai, G.; Hummel, T.; Tomassini Barbarossa, I. Taste disorders are partly
genetically determined: Role of the TAS2R38 gene, a pilot study. Laryngoscope 2019, 129, E307–E312.
[CrossRef]

69. Basson, M.D.; Bartoshuk, L.M.; Dichello, S.Z.; Panzini, L.; Weiffenbach, J.M.; Duffy, V.B. Association between
6-n-propylthiouracil (PROP) bitterness and colonic neoplasms. Dig. Dis. Sci. 2005, 50, 483–489. [CrossRef]

70. Carrai, M.; Steinke, V.; Vodicka, P.; Pardini, B.; Rahner, N.; Holinski-Feder, E.; Morak, M.; Schackert, H.K.;
Gorgens, H.; Stemmler, S.; et al. Association between TAS2R38 gene polymorphisms and colorectal cancer
risk: A case-control study in two independent populations of Caucasian origin. PLoS ONE 2011, 6, e20464.
[CrossRef]

71. Lucock, M.; Ng, X.; Boyd, L.; Skinner, V.; Wai, R.; Tang, S.; Naylor, C.; Yates, Z.; Choi, J.H.; Roach, P.; et al.
TAS2R38 bitter taste genetics, dietary vitamin C, and both natural and synthetic dietary folic acid predict
folate status, a key micronutrient in the pathoaetiology of adenomatous polyps. Food Funct. 2011, 2, 457–465.
[CrossRef]

72. Cossu, G.; Melis, M.; Sarchioto, M.; Melis, M.; Melis, M.; Morelli, M.; Barbarossa, I.T. 6-n-propylthiouracil
taste disruption and TAS2R38 nontasting form in Parkinson’s disease. Mov. Disord. 2018, 33, 1331–1339.
[CrossRef]

73. Drewnowski, A.; Henderson, S.A.; Cockroft, J.E. Genetic sensitivity to 6-n-Propylthiouracil has no influence
on dietary patterns, body mass indexes, or plasma lipid profiles of women. J. Am. Diet. Assoc. 2007, 107,
1340–1348. [CrossRef]

74. Gorovic, N.; Afzal, S.; Tjonneland, A.; Overvad, K.; Vogel, U.; Albrechtsen, C.; Poulsen, H.E. Genetic variation
in the hTAS2R38 taste receptor and brassica vegetable intake. Scand. J. Clin. Lab. Investig. 2011, 71, 274–279.
[CrossRef]

75. O’Brien, S.A.; Feeney, E.L.; Scannell, A.G.; Markey, A.; Gibney, E.R. Bitter taste perception and dietary intake
patterns in irish children. Lifestyle Genom. 2013, 6, 43–58. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.nut.2012.09.018
http://dx.doi.org/10.1371/journal.pone.0164157
http://dx.doi.org/10.1172/JCI64240
http://dx.doi.org/10.1097/ACI.0000000000000120
http://www.ncbi.nlm.nih.gov/pubmed/25304231
http://dx.doi.org/10.1002/alr.21253
http://dx.doi.org/10.2500/ajra.2013.27.3911
http://www.ncbi.nlm.nih.gov/pubmed/23883809
http://dx.doi.org/10.1002/alr.21666
http://dx.doi.org/10.1002/alr.21803
http://www.ncbi.nlm.nih.gov/pubmed/27309535
http://dx.doi.org/10.1002/alr.21675
http://www.ncbi.nlm.nih.gov/pubmed/26678226
http://dx.doi.org/10.1002/lary.27828
http://dx.doi.org/10.1007/s10620-005-2462-7
http://dx.doi.org/10.1371/journal.pone.0020464
http://dx.doi.org/10.1039/c1fo10054h
http://dx.doi.org/10.1002/mds.27391
http://dx.doi.org/10.1016/j.jada.2007.05.013
http://dx.doi.org/10.3109/00365513.2011.559553
http://dx.doi.org/10.1159/000348442
http://www.ncbi.nlm.nih.gov/pubmed/23548722


Nutrients 2020, 12, 2017 17 of 18

76. Kaminski, L.C.; Henderson, S.A.; Drewnowski, A. Young women’s food preferences and taste responsiveness
to 6-n-propylthiouracil (PROP). Physiol. Behav. 2000, 68, 691–697. [CrossRef]

77. Timpson, N.J.; Christensen, M.; Lawlor, D.A.; Gaunt, T.R.; Day, I.N.; Ebrahim, S.; Davey Smith, G. TAS2R38
(phenylthiocarbamide) haplotypes, coronary heart disease traits, and eating behavior in the British Women’s
Heart and Health Study. Am. J. Clin. Nutr. 2005, 81, 1005–1011. [CrossRef] [PubMed]

78. Yackinous, C.A.; Guinard, J.X. Relation between PROP (6-n-propylthiouracil) taster status, taste anatomy
and dietary intake measures for young men and women. Appetite 2002, 38, 201–209. [CrossRef]

79. Sollai, G.; Melis, M.; Pani, D.; Cosseddu, P.; Usai, I.; Crnjar, R.; Bonfiglio, A.; Tomassini Barbarossa, I.
First objective evaluation of taste sensitivity to 6-n-propylthiouracil (PROP), a paradigm gustatory stimulus
in humans. Sci. Rep. 2017, 7, 40353. [CrossRef]

80. Pani, D.; Usai, I.; Cosseddu, P.; Melis, M.; Sollai, G.; Crnjar, R.; Tomassini Barbarossa, I.; Raffo, L.; Bonfiglio, A.
An automated system for the objective evaluation of human gustatory sensitivity using tongue biopotential
recordings. PLoS ONE 2017, 12, e0177246. [CrossRef]

81. Sollai, G.; Melis, M.; Mastinu, M.; Pani, D.; Cosseddu, P.; Bonfiglio, A.; Crnjar, R.; Tepper, B.J.; Barbarossa, I.T.
Human tongue electrophysiological response to Oleic acid and its associations with PROP taster status and
the CD36 polymorphism (rs1761667). Nutrients 2019, 11, 315. [CrossRef]

82. Sulas, E.; Martis, A.E.; Cosseddu, P.; Achilli, A.; Sollai, G.; Barbarossa, I.T.; Raffo, L.; Bonfiglio, A.; Pani, D.
Objective human gustatory sensitivity assessment through a portable electronic device. In Proceedings of the
2018 IEEE Biomedical Circuits and Systems Conference (BioCAS), Cleveland, OH, USA, 17–19 October 2018;
pp. 1–4.

83. Glanville, E.V.; Kaplan, A.R. Taste perception and the menstrual cycle. Nature 1965, 205, 930–931. [CrossRef]
84. Green, B.G.; Shaffer, G.S.; Gilmore, M.M. Derivation and evaluation of a semantic scale of oral sensation

magnitude with apparent ratio properties. Chem. Senses 1993, 18, 683–702. [CrossRef]
85. Tepper, B.J.; Christensen, C.M.; Cao, J. Development of brief methods to classify individuals by PROP taster

status. Physiol. Behav. 2001, 73, 571–577. [CrossRef]
86. Calò, C.; Padiglia, A.; Zonza, A.; Corrias, L.; Contu, P.; Tepper, B.J.; Barbarossa, I.T. Polymorphisms in

TAS2R38 and the taste bud trophic factor, gustin gene co-operate in modulating PROP taste phenotype.
Physiol. Behav. 2011, 104, 1065–1071. [CrossRef] [PubMed]

87. Padiglia, A.; Zonza, A.; Atzori, E.; Chillotti, C.; Calò, C.; Tepper, B.J.; Barbarossa, I.T. Sensitivity to
6-n-propylthiouracil is associated with gustin (carbonic anhydrase VI) gene polymorphism, salivary zinc,
and body mass index in humans. Am. J. Clin. Nutr. 2010, 92, 539–545. [CrossRef] [PubMed]

88. Melis, M.; Aragoni, M.C.; Arca, M.; Cabras, T.; Caltagirone, C.; Castagnola, M.; Crnjar, R.; Messana, I.;
Tepper, B.J.; Barbarossa, I.T. Marked increase in PROP taste responsiveness following oral supplementation
with selected salivary proteins or their related free amino acids. PLoS ONE 2013, 8, e59810. [CrossRef]
[PubMed]

89. Melis, M.; Arca, M.; Aragoni, M.C.; Cabras, T.; Caltagirone, C.; Castagnola, M.; Crnjar, R.; Messana, I.;
Tepper, B.J.; Barbarossa, I.T. Dose-dependent effects of L-Arginine on PROP bitterness intensity and latency
and characteristics of the chemical interaction between PROP and L-Arginine. PLoS ONE 2015, 10, e0131104.
[CrossRef]

90. Barbarossa, I.T.; Melis, M.; Mattes, M.Z.; Calò, C.; Muroni, P.; Crnjar, R.; Tepper, B.J. The gustin (CA6) gene
polymorphism, rs2274333 (A/G), is associated with fungiform papilla density, whereas PROP bitterness is
mostly due to TAS2R38 in an ethnically-mixed population. Physiol. Behav. 2015, 138, 6–12. [CrossRef]

91. Zhao, L.; Kirkmeyer, S.V.; Tepper, B.J. A paper screening test to assess genetic taste sensitivity to
6-n-propylthiouracil. Physiol. Behav. 2003, 78, 625–633. [CrossRef]

92. Melis, M.; Atzori, E.; Cabras, S.; Zonza, A.; Calò, C.; Muroni, P.; Nieddu, M.; Padiglia, A.; Sogos, V.;
Tepper, B.J.; et al. The gustin (CA6) gene polymorphism, rs2274333 (A/G), as a mechanistic link between
PROP tasting and fungiform taste papilla density and maintenance. PLoS ONE 2013, 8, e74151. [CrossRef]

93. Shahbake, M.; Hutchinson, I.; Laing, D.G.; Jinks, A.L. Rapid quantitative assessment of fungiform papillae
density in the human tongue. Brain Res. 2005, 1052, 196–201. [CrossRef]

94. Bartoshuk, L.M.; Duffy, V.B.; Miller, I.J. PTC/PROP tasting: Anatomy, psychophysics, and sex effects.
Physiol. Behav. 1994, 56, 1165–1171. [CrossRef]

95. Bajec, M.R.; Pickering, G.J. Thermal taste, PROP responsiveness, and perception of oral sensations.
Physiol. Behav. 2008, 95, 581–590. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/S0031-9384(99)00240-1
http://dx.doi.org/10.1093/ajcn/81.5.1005
http://www.ncbi.nlm.nih.gov/pubmed/15883422
http://dx.doi.org/10.1006/appe.2001.0481
http://dx.doi.org/10.1038/srep40353
http://dx.doi.org/10.1371/journal.pone.0177246
http://dx.doi.org/10.3390/nu11020315
http://dx.doi.org/10.1038/205930a0
http://dx.doi.org/10.1093/chemse/18.6.683
http://dx.doi.org/10.1016/S0031-9384(01)00500-5
http://dx.doi.org/10.1016/j.physbeh.2011.06.013
http://www.ncbi.nlm.nih.gov/pubmed/21712049
http://dx.doi.org/10.3945/ajcn.2010.29418
http://www.ncbi.nlm.nih.gov/pubmed/20631203
http://dx.doi.org/10.1371/journal.pone.0059810
http://www.ncbi.nlm.nih.gov/pubmed/23555788
http://dx.doi.org/10.1371/journal.pone.0131104
http://dx.doi.org/10.1016/j.physbeh.2014.09.011
http://dx.doi.org/10.1016/S0031-9384(03)00057-X
http://dx.doi.org/10.1371/journal.pone.0074151
http://dx.doi.org/10.1016/j.brainres.2005.06.031
http://dx.doi.org/10.1016/0031-9384(94)90361-1
http://dx.doi.org/10.1016/j.physbeh.2008.08.009
http://www.ncbi.nlm.nih.gov/pubmed/18773913


Nutrients 2020, 12, 2017 18 of 18

96. Essick, G.; Chopra, A.; Guest, S.; McGlone, F. Lingual tactile acuity, taste perception, and the density and
diameter of fungiform papillae in female subjects. Physiol. Behav. 2003, 80, 289–302. [CrossRef] [PubMed]

97. Flock, A.; Flock, B. Hydrops in the cochlea can be induced by sound as well as by static pressure. Hear. Res.
2000, 150, 175–188. [CrossRef]

98. Holder, G.E. Pattern electroretinography (PERG) and an integrated approach to visual pathway diagnosis.
Prog. Retin. Eye Res. 2001, 20, 531–561. [CrossRef]

99. Scott, J.W.; Scott-Johnson, P.E. The electroolfactogram: A review of its history and uses. Microsc. Res. Tech.
2002, 58, 152–160. [CrossRef]

100. Hayes, J.E.; Bartoshuk, L.M.; Kidd, J.R.; Duffy, V.B. Supertasting and PROP bitterness depends on more than
the TAS2R38 gene. Chem. Senses 2008, 33, 255–265. [CrossRef] [PubMed]

101. Dinnella, C.; Monteleone, E.; Piochi, M.; Spinelli, S.; Prescott, J.; Pierguidi, L.; Gasperi, F.; Laureati, M.;
Pagliarini, E.; Predieri, S.; et al. Individual variation in PROP status, fungiform papillae density,
and responsiveness to taste stimuli in a large population sample. Chem. Senses 2018, 43, 697–710. [CrossRef]

102. Tepper, B.J.; Melis, M.; Koelliker, Y.; Gasparini, P.; Ahijevych, K.L.; Barbarossa, I.T. Factors influencing the
phenotypic characterization of the oral marker, PROP. Nutrients 2017, 9, 1275. [CrossRef]

103. Meyerhof, W.; Batram, C.; Kuhn, C.; Brockhoff, A.; Chudoba, E.; Bufe, B.; Appendino, G.; Behrens, M.
The molecular receptive ranges of human TAS2R bitter taste receptors. Chem. Senses 2010, 35, 157–170.
[CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.physbeh.2003.08.007
http://www.ncbi.nlm.nih.gov/pubmed/14637228
http://dx.doi.org/10.1016/S0378-5955(00)00198-2
http://dx.doi.org/10.1016/S1350-9462(00)00030-6
http://dx.doi.org/10.1002/jemt.10133
http://dx.doi.org/10.1093/chemse/bjm084
http://www.ncbi.nlm.nih.gov/pubmed/18209019
http://dx.doi.org/10.1093/chemse/bjy058
http://dx.doi.org/10.3390/nu9121275
http://dx.doi.org/10.1093/chemse/bjp092
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Subjects 
	Experimental Procedure 
	PROP Taster Status 
	Electrophysiological Recordings from the Tongue 
	Taste Stimulations 
	Density Assessments of Fungiform Taste Papillae 
	Statistical Analysis 

	Results 
	Electrophysiolgical Responses to Taste Stimulation with Six Taste Qualities 
	Relationship between Electrophysiolgical Responses to Taste Stimulations with Six Taste Qualities and PROP Taster Status 
	Relationship between Rating of the Perceived Intensity for the Six Taste Qualities and PROP Taster Status 
	Relationship between Fungiform Papillae Density and PROP Taster Status 

	Discussion 
	Conclusions 
	References

