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Abstract
Introduction: Bitter taste receptors (T2Rs) have shown 
to play a role in sinonasal innate immunity against 
SARS-CoV-2. A taste strip test kit has been used in prior 
COVID-19 studies (prototype version), and has shown 
significant results. This study addresses the validity of this 
test kit for assessing the genotype/phenotype correlation 
of T2R expression, with emphasis on the importance of 
performing phenotypic testing, rather than genotype testing, 
as a measure for T2R function as a part of innate immunity 
against SARS-CoV-2, as phenotype expression appears to 
decline with age.

Method: An investigational device study was performed 
on 171 subjects, with categorization into 3 groups (High 
Taster, Moderate Taster, & Low/Non taster) via phenotypic 
expression of T2Rs. Subjects underwent genotype analysis 
to evaluation correlation between phenotype and genotype.

Results: 171 (53.2% female) subjects (mean age of 41.56 
years) were evaluated, 36 (21.1%) were high tasters, 91 
(53.2%) were moderate tasters and 44 (25.7%) were low/
non tasters. Genetic analysis of subjects revealed that 39 
had PAV/PAV diplotype, 90 had a single PAV allele, and 
42 subjects had a non-PAV containing allele. Phenotype 
using this taste strip test kit was 94.7% (162/171) accurate 
in predicting genotype (p-value < 0.01). The average age of 
the discordant results was 61.3.

Conclusion: Findings emphasize the importance of 
integrating phenotypic expression of T2Rs in evaluating 
innate immune response to upper respiratory tract 
infections, as level of expression of T2Rs declines with age. 
This taste strip test kit is accurate in evaluation of current 
T2Rs level of expression.
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Introduction
The SARS-CoV-2 coronavirus, etiologic agent of 

COVID-19 has been responsible for more than 190 
million cases of infection and more than 4 million 
deaths worldwide [1,2]. The presentation and the 
course of the disease can range from asymptomatic 
to mild respiratory infections and pneumonia. Some 
infected patients develop more severe disease with 
acute respiratory distress several days after onset 
of symptoms, following a rapid viral replication, 
increased proinflammatory cytokine production, 
“cytokine storm”, as well as chemokine responses and 
inflammatory cell infiltrates [3-5]. Younger individuals 
often are asymptomatic or present mild symptoms 
and thus might have a crucial role in the spread of the 
disease [6,7]. It appears that genetic variability plays a 
crucial role in the prognosis of COVID-19.

Genetic and/or environmental modifiers could 
contribute, albeit it to different degrees, to the 
definition of the phenotype throughout life. Regarding 
bitter taste receptors (T2Rs), changes in gene expression 
in the development phase or hormonal influences 
around the time of puberty may account for a different 
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and particulates [24-27].

Stimulation of these receptors by known bitter 
compounds activates calcium-dependent nitric oxide 
(NO) production that increases phosphorylation of ciliary 
proteins through protein kinase G (PKG). This increases 
ciliary beat frequency to facilitate the movement mucus 
out of the airway by increasing mucociliary transport 
rates. The generated NO also diffuses into the airway 
surface liquid (ASL) and acts as an antibacterial defense 
mechanism. NO damages bacterial cell walls and DNA 
and may also damage fungal pathogens and inactivate 
viral proteins [23,28,29].

Clinical data suggest these rapid T2R responses may 
be important in chronic rhinosinusitis (CRS). T2R38 
was found to be expressed in sinonasal ciliated cells 
[23,28,30]. Prior study found that sinonasal ciliated cells 
from patients homozygous for the AVI polymorphism in 
the TAS2R38 gene resulting in a nonfunctional T2R38 
receptor have decreased NO and ciliary beat frequency 
responses to bacterial AHLs in vitro, & subsequently are 
more susceptible to gram-negative bacterial infection 
[25], have a higher prevalence of biofilm-forming 
sinonasal bacteria [31], and are at greater risk for CRS 
requiring functional endoscopic sinus surgery (FESS) 
[32,33]. AVI/AVI patients may have worse outcomes 
after FESS for CRS without nasal polyps compared with 
patients homozygous for the functional (PAV) allele of 
TAS2R38 [34].

In a study, Åkerström, et al. [35] found that NO also 
inhibits the replication of SARS-CoV by two distinct 
mechanisms. Firstly, NO or its derivatives cause a 
reduction in the palmitoylation of nascently expressed 
spike (S) protein which affects the fusion between the S 
protein and its cognate receptor, angiotensin converting 
enzyme 2 (ACE2). Secondly, NO or its derivatives cause 
a reduction in viral RNA production in the early steps 
of viral replication, and this could possibly be due to an 
effect on one or both of the cysteine proteases encoded 
in Orf1a of SARS-CoV. The NO response activated by 
T2R38 occurs within seconds.

In a retrospective study performed by Barham, et 
al. [36] on 100 positive cases of COVID-19 confirmed 
by polymerase chain reaction (PCR), phenotypic 
expression of T2R38 with taste strip testing appeared to 
associate with the clinical course and symptomatology 
specific to each individual, as 100% of the patients 
requiring inpatient admission were classified as non-
tasters. Conversely, supertasters represented 0% of 
the patient population, suggesting the possibility of 
innate immunity to SARS-CoV-2. While these results 
were interesting, the assumption was that the results 
were potentially confounded by loss of smell and taste 
in active infection, which is a known symptom of SARS-
CoV-2 infection.

Barham, et al. subsequently performed a 

penetrance of the T2R38 gene, TAS2R38, genotypes 
at different ages [8]. Consequently, propylthiouracil 
(PROP) sensitivity should be considered a quantitative 
rather than a qualitative trait [9].

Bitter taste receptors (T2Rs) are receptors for bitter 
substances and these are G-protein coupled receptors 
(GPCRs) [10] originally identified in type II taste receptor 
cells of the oral cavity [11]. In humans, 25 different T2Rs 
are known to be expressed [12]. One, the antithyroid-
toxin receptor T2R38 responds to compounds which 
contain a thiourea (N-C = S) moiety such as goitrin or its 
precursor progoitrin as well as compounds containing 
an isothiocyanate (N = C = S) moiety [13].

T2Rs are genetically diverse, a phenomenon that 
helps to explain the wide variety of taste preference both 
within and between cultures [14]. Many individuals find 
bitter foods such as coffee or herbs to be detestable, 
while others do not have an aversive response. This 
genetic variation of T2Rs is not exclusively found in the 
tongue; T2R receptor variation in the airway appears to 
also play a key role in respiratory defense [13].

While only a few of these polymorphisms have 
well-documented phenotypic effects, hundreds of T2R 
polymorphisms and several T1R polymorphisms have 
been noted in humans [15]. The most well-known and 
well characterized example is the bitter receptor isoform 
T2R38 [16]. The TAS2R38 gene encoding T2R38 has two 
common polymorphisms, one encoding a functional 
receptor and one encoding a nonfunctional receptor. 
The differences in the resulting proteins are at amino 
acid positions 49, 262, and 296. The functional T2R38 
receptor contains proline (P), alanine (A), and valine (V) 
residues while the nonfunctional T2R38 contains alanine 
(A), valine (V), and isoleucine (I) at these positions, 
respectively [13]. Loss of the valine at the third position 
in the AVI variant prevents receptor activation [17-19].

These polymorphisms are distributed in a nearly 
Mendelian ratio in Caucasian populations. Homozygous 
AVI/AVI individuals (approximately 30% frequency in 
Caucasian populations) are “non-tasters” for the T2R38-
specific agonists’ phenylthiocarbamide (PTC; also 
known as phenylthiourea or PTU) and PROP. PAV/ PAV 
individuals (approximately 20% frequency in Caucasian 
populations) are termed “super tasters” for these 
agonists because they perceive them as intensely bitter, 
while AVI/PAV heterozygotes have varying intermediate 
levels of taste [8]. These TAS2R38 polymorphisms also 
have clinical implications due to the extraoral expression 
of T2R38.

In the airway, T2Rs were first discovered on the 
ciliated cells lining the bronchial [20] and sinonasal 
epithelium and appear to be involved in innate immunity 
[21-23]. Ciliated cells are integral to airway defense. A 
thin layer of mucus secreted by airway secretory goblet 
cells and submucosal glands traps inhaled pathogens 
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truthful indicator of the existing function of T2R, while 
the genotypic testing could provide false information 
about the actuallevel of expression and function of the 
receptor, especially in the elderly.

Methods
We performed an investigational device study at 

our outpatient clinical practice and inpatient hospital 
on 171 patients and health care workers. All subjects 
were categorized into 3 groups (high tasters, moderate 
tasters, &low/non-tasters) via phenotypic expression 
of T2Rs. Subjects underwent genotype analysis to 
detect SNP in the TAS2R38 gene. Three polymorphisms 
were genotyped using real-time PCR single nucleotide 
polymorphism genotyping assays (rs713598, rs1726866, 
and rs10246939). Correlation between phenotypic 
expression and genotype was conducted.

Phenotype expression of T2R was evaluated via 
taste strip tests to evaluate the genetically determined 
phenotypic taste response of each subject. This study 
used a prototype general wellness test kit, being 
developed along with a software function and now 
owned by Phenomune LLC, designed to be used by 
persons at home to detect, interpret, record, and produce 
a trait report describing a person’s unique intensity 
level of phenotypic expression of bitter taste receptors 
intended to increase a person’s awareness to his/her 
sensitivity to bitter tastes for general improvement 
to functions associated with a general state of health, 
such as healthy lifestyle choices to enable wellness 
monitoring as it relates to dietary choices. A prototype 
test kit consistent with the Phenomune general wellness 
test kit was used by the investigator in this study due 
to its proprietary interpretation system for determining 
the scaled intensity of expression in order to facilitate 
a more precise classification of each subject. These 
taste strip tests included Control (chemical free), PTC, 
Thiourea and Sodium Benzoate.

In our study, we categorized any subject with two 
copies of the PAV allele as high taster, those with one 
copy of PAV allele as moderate taster, and finally, those 
with no PAV alleles in their genotype were classified as 
low/nontasters.

Demonstration & Interpretation of the taste strip 
test

All participants were presented with the taste test 
strips with the following order:

1.	 Control strip

2.	 PTC strip

3.	 Thiourea strip

4.	 Sodium Benzoate strip.

Participants were instructed to place the provided 
litmus paper strip on their tongue until completely 

prospective study [37] performed on 1935 subjects 
with occupational exposure to SARS-CoV-2. Participants 
underwent T2R38 phenotype taste testing to determine 
their respective taste groups, along with evaluation for 
lack of infection with SARS-CoV-2 via PCR, IgM and IgG 
testing. Participants were followed up until confirmation 
of infection with SARS-CoV-2 via PCR testing. 
Phenotype of T2R38 was retested after infection with 
SARS-CoV-2. Two-hundred and sixty-six (266) tested 
positive for SARSCoV-2, interestingly, non-tasters were 
significantly more likely to test positive for SARSCoV-2, 
to be hospitalized, and to be symptomatic for a longer 
duration. Conversely, supertasters represented only 
5.6% of patients infected with SARS-CoV-2, suggesting 
enhanced innate immune protection, suggesting that 
T2Rs’ allelic variants are associated with innate immune 
fitness toward SARS-CoV-2 and can be used to correlate 
with clinical course and prognosis of COVID-19. 
Genotype/phenotype association was 94.2%. These two 
previous studies were performed using a prototype of 
our new taste strip test kit.

Several studies have assessed the effects of individual 
polymorphisms within the haplotypes of the TAS2R38 
taste receptor gene on human bitter taste perception 
by measuring the PTC and or PROP bitter sensitivity 
via a taste test. Studies have agreed on the significant 
genotype/phenotype correlation [38-43].

Accordingly, this can be applied to assessing for an 
association between the PTC or PROP taste test and 
sinonasal innate immunity. Prior studies have concluded 
that the ability to assess airway taste receptor variation 
with an inexpensive taste test has broad implications 
because differences in airway taste receptor 
function may reflect impaired innate immunity and a 
predisposition to certain respiratory tract infections 
and inflammatory disorders, and T2R38 functionality in 
the tongue correlates with nasal symptoms in healthy 
individuals [44,45].

The genotype/phenotype relationship is modified by 
age, with heterozygous children being more sensitive 
to the bitterness of lower concentrations of PROP 
when compared with adults with the same genotype. 
Moreover, some individuals who are born sensitive to 
PROP may become less sensitive with age because of 
experience, aging, and/or disease [46,47].

Objective
The objective of this study was to evaluate the 

genotype/phenotype correlation for the T2R expression, 
with emphasis on the importance of performing the 
phenotypic expression testing, rather than genotype 
testing, as a measure for the T2R function as a part of 
innate immunity against respiratory tract pathogens 
such as SARS-CoV-2 and Influenza viruses, as phenotype 
expression appear to vary with age. We postulate 
that the phenotypic expression would act as a more 
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as low/nontasters (Table 1).

Genetic analysis of the 171 subjects revealed the 
PAV/PAV diplotype in 39 subjects, while 90 subjects 
were classified as heterozygotes (PAV/AVI & PAV/
AAV) (79 PAV/AVI and 11 PAV/AAV). 42 subjects were 
categorized in the non-PAV containing group (37 AVI/
AVI and 5 AVI/AAV).

When evaluating the relationship between 
phenotype and genotype, phenotype showed 94.7% 
(162/171) accuracy in predicting genotype (p-value < 
0.01).The average age of the discordant subjects was 
61.3. Rate of discordant results in high taster group was 
lower than the other two groups, with 35/36 (97.2%), 
with only 1 case testing phenotypically as ahigh taster 
but displayed a PAV/AVI genotype. Our study showed 
discordant results in the moderate taster group (single 
PAV allele) higher than the other 2 groups, where 86/91 
single-PAV carrying subjects (75 PAV/AVI and 11 PAV/
AAV) tested phenotypically as moderate tasters (94.5%), 
with disagreement in 5 cases (4 PAV/PAV and 1 AVI/
AAV). Lastly in the low/nontaster group, 41/44 subjects 
(37 AVI/AVI and 4 AVI/AAV) tested phenotypically in the 
low/nontaster group (93.2%), with 3 cases that displayed 
the PAV allele and still categorized phenotypically as a 
low/nontaster by our taste strip test.

In the nine subjects with discordant results, seven 
subjects (5 males and 2 females, average age 68.6 years) 
had a genotype of a higher group (PAV/PAV) but tested 
phenotypically in the lower group (moderate taster) 
(Table 2 and Figure 1).

Discussion
Questions remain about the mechanisms controlling 

gene expression for bitter taste perception: it may be 
fixed early in life or it may change with development 
[48] or with exposure to bitter compounds (e.g., 
caffeinated beverages or vegetables) in the diet. For 
instance, those with low expression of bitter receptor 
genes, who find vegetables to taste less bitter, may be 
more likely to develop a preference for them than those 
with high expression of these genes. Or the ingestion 
of bitter vegetables may change gene expression 

moistened, then the next litmus paper strip was provided 
according to the order stated above. Participants were 
instructed to comment on the quality of taste they 
perceived, in addition, to comment on its intensity on a 
visual analog scale from 0-10, where 0 is (no perception) 
to 10 (extremely intense quality perceived) as compared 
to the Control paper. Each participant was oriented to 
the scale with a verbal explanation prior to proceeding. 
In between each taste strip provided, participants were 
allowed to sip water.

Written informed consent was obtained from study 
participants. All aspects of this study were reviewed 
and approved by the Baton Rouge General Institutional 
Review Board (IRB00005439).

Exclusions
Participants with evidence of active infection 

with SARS-CoV-2 via PCR at study commencement 
were excluded. Participants with evidence of prior 
infection with SARS-CoV-2 via IgM and or IgG at study 
commencement were excluded. Participants were 
excluded from evaluation with positive results to the 
Control strip. Participants with prior history of radiation 
therapy, renal failure, Sjogren’s syndrome, and or 
medications known to influence taste perception were 
excluded.

Statistical analysis
Statistical analyses were performed using SPSS v 22 

(SPSS Statistics for Windows, version 22.0; IBM, Armonk, 
NY). Descriptive data are presented as percentages and 
means ± standard deviation (SD). Results were deemed 
significant with a p value of < 0.05.

Results
One hundred seventy-one patients (171 [53.2%] 

female) with a mean age of 41.56 years; were assessed 
with phenotype taste testing. All participants were 
categorized into 3 groups (high tasters, moderate 
tasters, and low/nontasters) via phenotypic expression 
of T2R. Thirty-six (21.1%) were categorized as high 
tasters. Ninety-one (53.2%) were categorized as 
moderate tasters. Forty-four (25.7%) were categorized 

Table 1: Distribution of subjects among the different taste groups according to both phenotype and genotype.

Genotype                Phenotype High taster Moderate 
Taster

Low/Non 
Taster Total % Accuracy 95% Confidence 

Interval 

PAV/PAV 35 4 39
35/36

(97.2%)

± 0.044

PAV/AVI 1 75 3 79 86/91

(94.5%)

± 0.054

PAV/AAV 11 11

AVI/AVI 37 37
41/44 (93.2%)

± 0.047

AVI/AAV 1 4 5

Total 36 91 44 171
162/171

(94.7%)
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with no PAV alleles in their genotype were classified as 
low/nontasters. This categorization was employed as 
the functionality of the T2Rs and the ability to perceive 
the bitterness on the tongue along with extraoral sites is 
dependenton the presence of the PAV allele.

In this study, we evaluated whether the taste strip 
test (as an indicator of the phenotype) can be used 
accurately to identify the true expression of T2R involved 
in innate immunity especially as it appeared to decline 
with age. In our prior prospective study [32], 2 subjects 
(81 & 69 years) had a genotype for a higher group (PAV/
PAV & PAVI/AVI), while in fact their phenotype test was 
at the lower groups (PAV/AVI & AVI/AVI), respectively. 
In the current study, similar results were found, with 
phenotype/genotype association reaching 94.7% of our 
included subjects. As expected, the average age of the 
discordant subjects was high, in which these subjects 
where phenotypically behaving like those of the lower 
taste groups compared to their genotype, indicating 
the importance of phenotype as a more likely predictor 
of one’s T2R role in innate immunity. Our results were 

over time. There is precedence for diet affecting the 
expression of genes involved in nutrient digestion 
and metabolism. For example, a high-fat diet results 
in changes in lipid metabolism and the expression of 
many genes in human skeletal muscle [49]. Changes 
in expression with development may also provide an 
explanation for the observation from studies in children 
and their parents that the phenotype-genotype relation 
for PROP sensitivity decreases with age among TAS2R38 
heterozygotes [48].

Multiple studies have been performed to correlate 
the decline of perception of bitter taste of PTC on the 
tongue with age. From our prior studies, (retrospective 
& prospective), we displayed a correlation between 
the intensity of bitterness perception on the tongue 
with the sinonasal innate immunity against COVID-19, 
assuming that the innate immunity of sinonasal tract 
against COVID-19 also declines with age.

In this analysis, we categorized any subject with two 
copies of the PAV allele as High taster, those with one 
copy of PAV allele as moderate taster, and finally, those 

         

Figure 1: Disaggregation of subjects among the different taste groups, according to their phenotype and genotype.

Table 2: Age, sex and discordant results of the phenotype/genotype correlation of 9 subjects. Seven subjects (*) with lower 
phenotypic expression of T2Rs in comparison to their genotype.

Number Age Sex Phenotype Genotype
1 46 Female High taster PAV/AVI
2 26 Female Moderate Taster AVI/AAV
3* 81 Male Moderate Taster PAV/PAV
4* 78 Female Moderate Taster PAV/PAV
5* 51 Female Moderate Taster PAV/PAV
6* 62 Male Moderate Taster PAV/PAV
7* 65 Male Low/NonTaster PAV/AVI
8* 70 Male Low/NonTaster PAV/AVI
9* 73 Male Low/NonTaster PAV/AVI
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concordance decreased from 84% in adults to 66% in 
children. The taster PAV diplotype was less affected by 
age: The proportions of tasters and supertasters were 
similar in adults and children with the PAV haplotype. 
Sensitivity to bitterness was strongly related to the 
TAS2R38 haplotype, and it was observed to have an 
intriguing relationship with age. In fact, children were 
more sensitive than adults with the same TAS2R38 
haplotype also within mother-child dyads. The mother-
child tasting differences decreased with age and became 
minimal when children reached adolescence [59].

What causes the developmental shift in taste 
sensitivity is unknown. One explanation is that the age 
and diplotype interaction may be due to preferential 
allele expression, with children over-expressing the 
taster form rather than the non-taster form of the 
receptor early in life and then losing this tendency as 
they age. Adults heterozygous for the TAS2R38 gene 
do not express mRNA of each haplotype in a one-to-
one proportion [60], so it is possible that heterozygous 
children might have a skewed expression pattern, 
perhaps over expressing the taster allele.

These results show the importance of integrating 
the phenotypic expression of T2Rs in evaluating innate 
immune response to upper respiratory tract infections, 
as all studies have agreed that the level of expression 
of T2Rs declines with age. This implies that phenotype 
is more accurate and cost-effective in predicting T2Rs 
actual level of expression. This is also based on multiple 
studies showing association between the paper taste 
strip results and the incidence of CRS [47,50] along with 
SARS-CoV-2 [40]. Prior studies have shown evidence 
for an association between the PTC/PROP taste test 
and sinonasal innate immunity, concluding that the 
ability to assess airway taste receptor variation with 
an inexpensive taste test has broad implications, as 
differences in airway taste receptor function may reflect 
impaired innate immunity and predisposition to certain 
respiratory infections and inflammatory disorders.
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nearly following the Mendelian inheritance in a 1:2:1 
pattern.

Multiple studies have evaluated phenotypic 
perception of PTC/PROP bitter sensitivity occurring 
over one’s lifespan and have shown that sensitivity to 
the T2R38 agonists decline with age [50-55]. In a recent 
study conducted by Davies, et al. [56], they used an 
age-structured mathematical model of data from 6 
countries. He estimated that susceptibility to COVID-19 
infection in individuals less than 20 years of age is 
approximately half that of adults aged over 20 years, 
with symptom manifestation in those aged 10-19 years 
of 21% which increases to 69% in those above 70 years.

In a prior study [48], subjects were grouped by 
haplotype and age, as well as sex and race/ethnicity, 
and then compared to PROP thresholds. Subjects with 
the same haplotype were similar in bitter threshold 
regardless of race/ethnicity (all ages) or sex (children and 
adolescents; all p-values > 0.05) but age was a modifier of 
the genotype-phenotype relationship. Specifically, AVI/
PAV heterozygous children could perceive a bitter taste 
at lower PROP concentrations than could heterozygous 
adults, with the thresholds of heterozygous adolescents 
being intermediate (p < 0.001). Similar age effects were 
not observed for subjects with the PAV/PAV or AVI/AVI 
homozygous haplotypes (p > 0.05). They concluded that 
there is a change in PROP bitter sensitivity occurring 
over the lifespan (from bitter sensitive to less so) is and 
it is more common in people with a particular haplotype 
combination, i.e., PAV/AVI heterozygotes.

In another study [57], a racially diverse group of 
children (3-10 years-old) and their mothers were 
tested for the evaluation of the effectiveness of two 
bitter blockers, sodium gluconate and monosodium 
glutamate, for five food-grade bitter compounds 
(quinine, denatonium benzoate, caffeine, PROP, urea) 
using a forced-choice method of paired comparisons. 
The blockers reduced bitterness in 7 of 10 bitter-blocker 
combinations for adults but only 3 of 10 for children, 
suggesting that perception of bitterness depends on 
age. They also detected that the bitterness of PROP 
was not reduced by either blocker in either age group 
regardless of TAS2R38 genotype.

In a study conducted by the National Institutes 
of Health (NIH) on 2557 subjects ranging from 12 to 
85 years concluded that the intensity of bitterness 
decreases with subjects’ age [58]. Whissell-Buechy and 
Wills [53] reported that sensitivity to the T2R38 agonist 
PROP also declines with age.

Concordance between PROP bitter sensitivity and 
the expected tasting haplotype (PAV) was gradually 
reached as children approached adolescence. Negri, et 
al. stated that age-related changes in PROP sensitivity 
was particularly evident in genetic non-tasters (AVI 
homozygous) in whom the genotype-phenotype 
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