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Abstract 

Background  The genetic susceptibility of halitosis is unclear, challenging its precise management in high-risk popu-
lation. Here we investigated the association of hTAS2R38 polymorphisms with the prevalence and treatment outcome 
of halitosis, with a particular focus on oral microbiota.

Methods  A cross-sectional study including 689 participants was conducted to investigate the association 
between hTAS2R38 polymorphisms and halitosis. A 6-month cohort including 60 halitosis patients was established 
to explore the relationship between hTAS2R38 polymorphisms and treatment outcome of halitosis. Salivary microbiota 
was further analyzed and its correlation with hTAS2R38 polymorphisms was investigated.

Results  In the cross-sectional study, a higher prevalence of halitosis was observed in individuals with AVI/AVI geno-
type as compared to non-AVI/AVI genotype (PAV/PAV + PAV/AVI) (OR = 2.380, 95% CI = 1.493–3.807). 16S rRNA sequenc-
ing revealed the enrichment of Prevotella in the saliva of AVI/AVI individuals. In the prospective study, halitosis patients 
with AVI/AVI genotype exhibited poor treatment outcome relative to non-AVI/AVI individuals during the 6-month 
follow-up after halitosis intervention (RR = 2.077, 95% CI = 1.382–3.339). Tannerella, Filifactor, and Mycoplasma were 
identified to be the major persistent genus in the saliva of AVI/AVI patients over the 6-month period after treatment. 
Furthermore, the human gingival fibroblasts with AVI/AVI genotype exhibited reduced inhibition against the growth 
and volatile sulfur compounds production of periodontal pathogens.

Conclusions  Our work demonstrates that hTAS2R38 polymorphisms contribute to the development and treatment 
outcome of halitosis via modulating oral microbiota, providing new insights to the better management of halitosis.
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Introduction
Halitosis or oral malodor refers to the unpleasant 
odor emitted by the mouth during breathing or speak-
ing, which affects social life and psychological status of 
patients [1–3]. The combined prevalence of halitosis was 
found to be 31.8% with a worldwide rise trend [4]. Hali-
tosis often stems from bacterial breakdown of substances 
like plaque, tongue coating, food remnants, and cell 
debris in the mouth, resulting in the production of vola-
tile sulfur compounds (VSCs) [5–8]. In addition, halito-
sis can be caused by systemic conditions such as peptic 
ulcer, diabetes, and renal pathology [9]. A positive asso-
ciation exists between halitosis and periodontitis, with 
the latter regarded as a significant contributor to halito-
sis [10, 11]. Many microorganisms implicated in halito-
sis are intricately linked to periodontitis, and inadequate 
oral hygiene among individuals with periodontitis may 
exacerbate the accumulation of metabolic substrates and 
dental plaque [9, 12]. Present therapeutic approaches for 
halitosis primarily encompass periodontal interventions, 
tongue cleaning, and mouthwash usage [12]. Recent 
omics-based studies have revealed distinct compositions 
of oral microbiota in saliva, tongue coating, and subgingi-
val regions of halitosis patients as compared to halitosis-
free individuals, with an increased capacity of microbiota 
producing VSCs [13–16]. Notably, clinical observations 
frequently associate halitosis with chemical sensory dis-
orders (i.e., taste and smell disorders), although the pre-
cise relationship and mechanisms remain unclear [17, 
18]. Our recent study has shown that defects in taste 
transduction pathway (Gnat3–/–) lead to a dysbiotic 
microbiota and an exacerbated periodontal destruction 
in mice [19]. Therefore, we speculate that genetic poly-
morphisms associated with chemical sensory (e.g. taste) 
might influence the composition of oral microbiota, 
thereby affecting the prevalence and treatment outcome 
of halitosis.

Bitter perception serves as a critical defense mecha-
nism preventing mammals from ingesting harmful sub-
stances [20, 21]. The taste receptor family 2 member 
(T2Rs) predominantly conveys the bitter signal, with 
T2R38 and its encoding gene hTAS2R38 being extensively 
studied among the 25 isoforms of T2Rs in humans [22]. 
hTAS2R38 exhibits two prevalent haplotypes, PAV and 
AVI, collectively representing over 90% of all chromo-
somes [23, 24]. These haplotypes form three genotypes: 
supertasters (PAV/PAV individuals), tasters (PAV/AVI 
individuals), and non-tasters (AVI/AVI individuals) [25]. 
The polymorphisms of hTAS2R38 not only influence bit-
ter taste perception [22] but also significantly impact sus-
ceptibility to various infectious diseases such as chronic 
rhinosinusitis [26], cystic fibrosis [27], and caries [28, 
29], with a notably increased risk for AVI homozygotes. 

Furthermore, hTAS2R38 polymorphisms have been 
linked to the treatment outcome of chronic rhinosinusitis 
[30]. The association of host susceptibility/prognosis of 
infectious diseases with hTAS2R38 polymorphisms might 
be attributed to the host-bacterial interactions medi-
ated by extra-gustatory T2R38 [31–33]. Sinus cells from 
AVI/AVI individuals exhibit reduced responses to the 
acyl-homoserine lactones (AHLs) from gram-negative 
bacteria as compared to those from PAV/PAV individu-
als [34]. Additionally, human gingival fibroblasts (hGFs) 
with AVI/AVI genotype produce less human β-defensin 
2 (hBD-2) as compared to those with PAV/PAV geno-
type under stimulation of oral bacteria [35]. Our recent 
study has identified a specialized cell in mouse gingivae 
expressing bitter taste receptors and taste signaling com-
ponents, correlating with oral microbiota alteration and 
the severity of periodontal destruction [19]. Hence, we 
hypothesize that hTAS2R38 polymorphisms are associ-
ated with the host-microbial interaction, leading to dis-
tinct oral microbiota that may have significant impact 
on the host susceptibility and treatment outcome of 
halitosis.

Here, we performed a cross-sectional survey and a 
prospective study, aiming to investigate the influence 
of hTAS2R38 polymorphisms (including PAV/PAV, 
PAV/AVI, and AVI/AVI) on the prevalence and treat-
ment outcomes of halitosis, with a particular focus on 
oral microbiota (Scheme  1). The cross-sectional study 
revealed a higher prevalence of halitosis in individuals 
with AVI/AVI genotype (odds ratio (OR) = 2.380, 95% 
confidence interval (CI) = 1.493 – 3.807, P = 0.0002). 
The oral microbial composition differed between indi-
viduals with AVI/AVI and non-AVI/AVI (PAV/PAV and 
PAV/AVI) genotypes, with a significant enrichment of 
Prevotella/Prevotella intermedia in the saliva of AVI/AVI 
individuals (Scheme 1A). In the prospective study includ-
ing 60 patients with halitosis, we observed persistent 
halitosis in individuals with AVI/AVI genotype as com-
pared to non-AVI/AVI genotype at the 6-month follow-
up after halitosis intervention (risk ratio (RR) = 2.077, 
95% CI = 1.382 – 3.339, P = 0.0009). Individuals with non-
AVI/AVI genotype exhibited a reduction in halimeter 
scores at 1, 3, and 6 months after halitosis intervention. 
Conversely, patients with AVI/AVI genotype experi-
enced persistent halitosis during the 6-month follow-up 
(Scheme  1B). Further in  vitro study showed that hGFs 
with AVI/AVI genotype exhibited decreased inhibition 
against the growth of periodontal anaerobes and failed 
to effectively eliminate VSCs production as compared to 
hGFs of non-AVI/AVI genotype. In summary, the pre-
sent study revealed that hTAS2R38 polymorphisms were 
involved in the host defense against oral anaerobes and 
its VSCs metabolites, thus providing new insights into 
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the susceptibility screening and treatment outcome of 
halitosis.

Material and methods
Study design and ethics statement
The clinical study included a cross-sectional investiga-
tion and a prospective study (Fig.  1). Informed consent 
and basic information (i.e., name, gender, and age) of 
all participants were obtained at the beginning of the 
study. In the cross-sectional study, the investigators col-
lected the buccal mucosa of participants to determine 
the hTAS2R38 polymorphisms and used a Halimeter® 
detector to quantify intraoral VSCs. After halimeter test, 
the periodontal probing depth (PPD) was measured by 
a periodontist using a periodontal probe. The PPD was 
recorded at six sites per tooth, including the mesial, mid-
dle, and distal aspects of both buccal and lingual surfaces. 
Saliva collection and 16S rRNA sequencing were then 
performed (Fig. 1A). Two independent investigators con-
ducted sample collection and data processing.

Due to the COVID-19 pandemic, it’s challenging 
to obtain halitosis organoleptic scores for each par-
ticipant. Therefore, halimeter scores were used as a 
diagnostic indicator of halitosis. A pilot experiment 
with 20 participants was conducted to determine the 
cut-off threshold of halimeter level. Based on previ-
ous literature, we compared the diagnostic efficacy of 
three thresholds (100  ppb, 120  ppb, and 140  ppb) for 

halitosis [36–39] (Table  S1). The accuracy of using 
120  ppb as the diagnostic threshold was 85%, with a 
sensitivity of 87.5% and a specificity of 83.3%, resulting 
in a kappa value of 0.694. Thresholds above or below 
120  ppb reduced diagnostic accuracy and kappa value 
(Table S1). Therefore, we used 120 ppb as the diagnos-
tic threshold for halitosis in subsequent experiments. 
Participants with halimeter scores above 120 ppb were 
classified into halitosis group, while those with level 
below 120 ppb were classified into healthy group.

The prospective study included 60 halitosis patients 
with halimeter scores exceeding 120  ppb (Fig.  1B). 
Swabs of buccal mucosa was collected to identify the 
hTAS2R38 genotype of participants. Halitosis interven-
tions including periodontal treatment, tongue clean-
ing, and oral hygiene instruction were performed after 
halimeter test and saliva collection [40, 41]. The PPD of 
the participants was also measured at baseline. Recall 
sessions were scheduled at the 1st, 3rd, and 6th month 
post-treatment for PPD measurement, halimeter test 
and saliva collection. Two investigators performed 
sample collection, clinical examination and adminis-
tered halitosis interventions.

The study adhered to Dutch laws on ethical rules 
and principles for human research, and received 
approval from the medical ethical committee of the 
West China School of Stomatology, Sichuan University 
(WCHSIRB-D-2019–135). The study was conducted in 
accordance with the Helsinki Declaration 2008 and the 

Scheme 1  Impact of hTAS2R38 polymorphisms on halitosis susceptibility and treatment outcome. A hTAS2R38 polymorphisms affect the host 
susceptibility of halitosis. Individuals with AVI/AVI genotype exhibit a dysbiotic oral microbiota, leading to a higher prevalence of halitosis. In 
contrast, those with non-AVI/AVI genotypes (including PAV/PAV and PAV/AVI) harbor a commensal microbiota, resulting in a lower prevalence 
of halitosis. B Impact of hTAS2R38 polymorphisms on the treatment outcomes of halitosis. Enrichment of oral anaerobes in halitosis patients 
with AVI/AVI genotype leads to persistent halitosis during the 6 months post-treatment. On the contrary, oral microbiota in patients with non-AVI/
AVI genotypes favors a good prognosis of halitosis after intervention
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administrative licensing of Human Genetic Resources 
in China ([2022] CJ0024).

Participants
Both cross-sectional and prospective studies recruited 
adults aged 18 to 50  years with residence in Sichuan 
Province (China) from January 2020 to December 2023. 
Exclusion criteria were as follows: (1) With the pres-
ence of systemic diseases or under systemic treatment 
that has convinced influence on oral health. (2) Pregnant 
and breastfeeding women. (3) Using antimicrobial medi-
cine in the past 3  months and/or antimicrobial mouth-
rinses 1  week prior to the examination. (4) Receiving a 
periodontal therapy in the past 6 months. (5) having less 
than 20 permanent teeth in the mouth (the third molar 
excluded).

In the cross-sectional study, we firstly included 40 par-
ticipants in a preliminary study to calculate sample size. 
The proportion of AVI/AVI genotype among healthy 
individuals was 9.5%, while it was 15.8% among individu-
als with halitosis (Table  S2). We calculated that at least 
559 participants were needed for the cross-sectional 
study with the significance level (α) at 0.05 and the power 
at 0.9 by an online sample size calculation tool (https://​

power​andsa​mples​ize.​com/). We increased the sample 
size by 30% for uncommon genotypes and potential miss 
of clinical information, resulting in a final inclusion of 
726 participants. Of these, 37 volunteers with rare geno-
types other than PAV/PAV, PAV/AVI, and AVI/AVI (i.e. 
AAV/AAV, AAV/AVI, PAV/AAV, PAV/PVI, PVI/PVI, and 
PVI/AVI) were excluded from the final data analysis.

For the prospective cohort study, we initially included 
15 participants with halitosis in a preliminary study and 
performed halitosis interventions (i.e. periodontal treat-
ment, tongue cleaning, and oral hygiene instruction). 
We recalled these participants and re-evaluated the hal-
imeter scores at 6-month after treatment. There are 20% 
AVI/AVI genotypes in the improved group, while 60% 
non-AVI/AVI genotypes were improved after halitosis 
interventions (Table  S3). Using an online sample size 
calculation tool (https://​power​andsa​mples​ize.​com/), 
we estimated sample size for the prospective study was 
57 participants with a significance level of α = 0.05 and 
a power of 0.9 (19 participants for each genotype). We 
increased the sample size by 10% for drop-out and rare 
genotypes, resulting in a total of 63 participants. 3 par-
ticipants including 1 PAV/PAV, 1 PAV/AVI, and 1 AVI/
AVI were dropped out in the follow-ups. Therefore, we 

Fig. 1  The flow chart of the cross-sectional study and prospective study. A 726 volunteers participated in the cross-sectional study, of which 37 
were excluded due to atypical hTAS2R38 genotypes. B In the prospective study, 60 patients with halitosis were enrolled, including 20 PAV/PAV, 20 
PAV/AVI and 20 AVI/AVI genotypes. Saliva collected at four time points (baseline, 1 m, 3 m, and 6 m) were analyzed by 16S RNA sequencing

https://powerandsamplesize.com/
https://powerandsamplesize.com/
https://powerandsamplesize.com/
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ultimately included 60 participants with halitosis in the 
prospective study.

DNA sample preparation and hTAS2R38 genotyping
DNA were extracted from buccal mucosa of each 
participant using Trelief Animal Genomic DNA Kit 
(TSINGKE, China). Specifically, the buccal mucosa of 
the participants was collected by an oral sampling swab. 
The swab containing buccal mucosa was transferred 
to a 1.5  mL tube pre-filled with 800 μL PBS buffer. All 
samples were numbered and placed on ice, sent to lab-
oratory within 2  h, and stored at −80 ℃ till use. Single 
nucleotide polymorphisms (SNPs) of hTAS2R38 (includ-
ing rs713598, rs1726866, rs10246939) were amplified 
(ABI 2720, Applied Biosystems, USA) using TaqMan 
Probe (TSINGKE, China). The amplified SNP sites were 
sequenced and analyzed by ABI 3730XL (Applied Biosys-
tems, USA) with ABI SDS software. Based on the three 
variant sites within the hTAS2R38 (rs713598, rs1726866, 
rs10246939), the participants were mainly genotyped as 
PAV/PAV, AVI/AVI, and PAV/AVI. Primers for the ampli-
fication of rs713598, rs1726866, rs10246939 were listed in 
Table S4. The SNPs raw data can be accessed at Sequence 
Read Archive (https://​trace.​ncbi.​nlm.​nih.​gov/​Traces/​sra; 
BioProject accession number: PRJNA1149521).

Halitosis evaluation
Before halitosis test, participants were instructed to avoid 
having onion, garlic, and other pungent smell food for 
48  h, refrain from alcohol intake and smoking for 12  h, 
abstain from normal oral hygiene procedures on exami-
nation day, and avoid mint containing products, perfume, 
and other highly scented cosmetics on examination day. 
The participants were not allowed to eat and drink water 
up to 2 h before the examination. Halitosis was evaluated 
by Halimeter® (RH-17 K, Interscan Co., Chatsworth, CA, 
USA) according to the manufacturer’s instruction. Two 
examiners received comprehensive training before hali-
tosis measurement, with an inter-examiner kappa value 
of 0.9 (Table S5).

Saliva collection
Saliva was collected using a saliva collection device 
(Salivettes®, Baiao, China). Participants were refrained 
from eat or drink 30 min before saliva collection. A cot-
ton roll was kept in the mouth of each participant for 
2  min. The saliva samples were refrigerated on ice until 
they arrived in the laboratory within 6 h. Salivettes® were 
centrifuged (1500  g, 3  min) at 4  °C and retrieved saliva 
was transferred to 1.5  mL tubes. Saliva samples were 
stored at −80 °C until use.

16S rRNA sequencing
16S rRNA sequencing was performed for 290 saliva sam-
ples randomly selected from participants of the cross-
sectional study, and 240 saliva samples obtained from 
the prospective study (60 halitosis patients) at baseline, 
1-, 3- and 6-month follow-up. Salivary microbial DNA 
was extracted using the MagBeads FastDNA DNA Kit 
for Soil (MP, USA) according to the instruction. The 
V3-V4 regions of the bacterial 16S rRNA hypervariable 
were amplified using the forward primer 338F (5’-ACT​
CCT​ACG​GGA​GGC​AGC​A-3’) and the reverse primer 
806R (5’-GGA​CTA​CHVGGG​TWT​CTAAT-3’). PCR 
amplification was performed on an ABI 2720 instrument 
(Applied Biosystems, USA), purified with AxyPrep DNA 
Gel Extraction Kit (Axygen Biosciences, Union City, CA, 
USA), and quantified using Quantus™ Fluorometer (Pro-
mega, USA).

The 16S rRNA amplicons were sequenced by the Illu-
mina Miseq PE300 sequencing platform (Illumina, San 
Diego, CA, USA). Using the QIIME2 software pack-
age, high-quality sequences were merged into ampli-
con sequence variants (ASVs) at 99.09% sequence. 
The sequencing dataset was rarefied to the minimum 
sequencing depth (6668), based on which diversity analy-
ses were then performed as described previously [42]. 
The taxonomic information of each ASV representative 
sequence was obtained from the Human_HOMD_v15.3 
using the Naive bayes method. The raw data of 16S rRNA 
sequences were uploaded in Sequence Read Archive 
(https://​trace.​ncbi.​nlm.​nih.​gov/​Traces/​sra; BioProject 
accession number: PRJNA1149521).

The sequencing data after rarefaction was further ana-
lyzed with following statistical methods. (1) Putative 
non-oral contaminants (i.e. Variovorax and Bradyrhizo-
bium), although taxonomic information obtained from 
HOMD, were considered as potential confounders and 
thus were excluded for diversity analysis. (2) Rarefac-
tion curves of each sample were used to assess the depth 
of sequencing. (3) The α diversity indexes of microbiota 
including ace, chao, shannon, and sobs were evaluated 
to reveal the community richness and diversity with 
student’s t  test as statistical analysis. (4) The β-diversity 
indexes using PCoA method was evaluated with adonis 
as statistical analysis. (5) Linear discriminant analysis 
effect size (LEfSe) analysis was performed to identify 
differences in relative abundance of the microbial fea-
tures. (6) Differences in microbial composition between 
groups were analyzed using DESeq2 R package and visu-
alized using heat maps and volcano plots by R 4.3.3. (7) 
MaASLin analysis was utilized to explore the correla-
tion between time interval and changes in salivary genus 
abundance in the prospective study [43]. Nominal P val-
ues across all associations were then adjusted using the 

https://trace.ncbi.nlm.nih.gov/Traces/sra
https://trace.ncbi.nlm.nih.gov/Traces/sra
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Benjamini–Hochberg FDR method. Microbial features 
with corrected Padj < 0.15 were reported [44]. (8) Analysis 
of Compositions of Microbiomes with Bias Correction 
2 (ANCOMBC2) was further performed to increase the 
robust of between-group compositional comparison [45, 
46].

Species‑Specific qPCR
Species-Specific qPCR was performed to quantify the rel-
ative abundance of Prevotella intermedia (P. intermedia) 
according to the 16S rRNA sequencing results by SYBER 
Green PCR Master Mix (Takara Bio, Japan). Primers 
were designed with NCBI blast (https://​blast.​ncbi.​nlm.​
nih.​gov/​Blast.​cgi) (Table S6). Relative quantitative analy-
sis was performed with the 2–ΔΔCT method. The relative 
abundance was calculated after considering universal 
primer as control. The student’s t test was used for statis-
tical analysis.

Human gingival fibroblasts (hGFs) culture
Additional in  vitro experiments were performed to 
further demonstrate the impact of hTAS2R38 poly-
morphisms on the interactions between hGFs and 
oral microbes. hGFs were collected from patients who 
intended to extract the third molar after obtaining 
informed consent. Gingival tissue was collected from the 
extracted third molars. Subsequently, the gingival tissue 
was immersed in DMEM (with 2% penicillin/strepto-
mycin) and transferred to Hank’s Balanced Salt Solution 
(HBSS with 4% penicillin/streptomycin) for 20 min. Type 
I collagenase (2 mM) diluted in HBSS was employed to 
digest the gingival tissue for 1  h at 37  °C, followed by 
centrifugation (200  g, 3  min) to obtain cell pellets. The 
gingival tissue was resuspended in DMEM containing 
10% fetal bovine serum (FBS) for cultivation. The hGFs 
were cultured at 37 °C, 5% CO2, with the culture medium 
changed every 3  days. Passaging was performed when 
cell confluence reached 80%, and hGFs from passages 3 
to 5 were utilized for subsequent experiments. hTAS2R38 
genotyping was performed using primers listed in 
Table S4.

Bacterial culture
Fusobacterium nucleatum (F. nucleatum ATCC 25586) 
and Porphyromonas gingivalis (P. gingivalis ATCC 33277) 
were cultured in brain heart infusion broth (BHI) con-
taining 1 mg mL−1 hemin and 1 mg mL−1 vitamin K. The 
bacteria were cultured under anaerobic conditions with 
5% CO2, 10% H2, and 85% N2.

Growth curve of oral anaerobes
We investigated the effects of the supernatant obtained 
from LPS-stimulated hGFs with different genotypes 

on oral anaerobes. After stimulating hGFs with LPS 
(1 μg  mL−1) for 24 and 48 h respectively, the cell super-
natants were collected. The collected supernatant and 
BHI (containing 1 mg  mL−1 hemin, 1 mg  mL−1 vitamin 
K) were mixed at a ratio of 1:1 to create a conditional 
medium. DMEM (containing 10% FBS) and BHI medium 
were mixed at a ratio of 1:1 to form the control medium. 
The OD600nm of F. nucleatum and P. gingivalis was 
adjusted to 1.0, and the bacteria were diluted with con-
ditional medium or control medium at a ratio of 1:100. 
Subsequently, 100 μL of the diluted bacteria was added to 
the 96-well plate. The OD600nm was measured every hour 
for 10 consecutive hours. The bacterial growth curve 
with OD600nm as the ordinate was plotted. The medium 
obtained by mixing DMEM and BHI in a ratio of 1:1 
(without culturing bacteria) was regarded as the Blank 
group. The relative growth rate was calculated based on 
the OD600nm value at the 10th hour, using the following 
formula:

VSCs production of oral anaerobes
The bacterial-cell co-culture system was established to 
investigate the effect of hGFs with different genotypes on 
the production of VSCs by oral anaerobes. Oral anaer-
obes (F. nucleatum or P. gingivalis) in the treated group 
were mixed with hGFs at a bacteria/cell ratio of 1:1. 
Oral anaerobes in control group was cultured by cell-
free DMEM (containing 10% FBS). The bacteria and 
hGFs were co-cultured for 12 h. The VSCs were detected 
according to our previous methods [8]. To detect H2S, 50 
μL of H2O was added to the 96-well plate, followed by 
addition of 50 μL L-cysteine (0.06%) and 50 μL lead ace-
tate (0.24%). For the detection of CH3SH, 50 μL methio-
nine (0.06%) and 50 μL 2-nitrobenzoic acid (0.12%) were 
added. After 12 h of incubation, the contents of H2S and 
CH3SH were detected at OD550nm and OD430nm, respec-
tively. The medium obtained by mixing DMEM and BHI 
in a ratio of 1:1 (without culturing bacteria) was regarded 
as the Blank group. The VSCs inhibition efficiency was 
calculated by the following formula:

Statistical Analyses
The statistical analysis was processed with SPSS Statis-
tics 25.0 (IBM, Chicago, IL, USA), R 4.3.3 and Graph-
Pad Prism 8. Differences between halitosis and healthy 
groups were evaluated by student’s t test for age, PPD and 

Relative growth rate =
ODConditional − ODBlank

ODControl − ODBlank
× 100%

Inhibition efficiency =
ODControl − ODTreated

ODControl − ODBlank
× 100%

https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://blast.ncbi.nlm.nih.gov/Blast.cgi
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halimeter scores. Comparisons of PDD among different 
genotypes were performed using one-way ANOVA. The 
distribution of genotype, gender, and allele was evaluated 
by Chi-square test. The student’s t  test was performed 
to compare the dominant bacterial taxa between AVI/
AVI and non-AVI/AVI genotypes. The halimeter scores 
within each genotype group was compared using two-
tailed paired student’s t  test in the prospective study. 
Comparisons of halimeter scores between different gen-
otypes were performed using unpaired student’s t  test. 
Padj values across were calculated by the Benjamini–
Hochberg FDR method. The level of significance was set 
at P < 0.05 or Padj < 0.05.

Results
hTAS2R38 polymorphisms are associated with halitosis
689 volunteers participated the cross-sectional study. 
Among them, 339 participants with halimeter scores 
above 120  ppb (mean ± SD, 214.68 ± 129.87  ppb) were 
categorized as halitosis group, while 350 participants 
with halimeter scores below 120  ppb (mean ± SD, 
75.26 ± 24.83  ppb) were classified as healthy control 
(Table 1). The age (32.91 ± 7.80 vs 32.08 ± 7.94 years), gen-
der (male, 47.49% vs 45.71%), and PPD (2.27 ± 0.67 mm vs 
1.86 ± 0.66 mm) were shown in Table 1.

We explored the distribution of the two alleles (PAV 
and AVI) of hTAS2R38 among individuals with/without 
halitosis. Chi-square test revealed that individuals with 
AVI alleles had a higher risk of halitosis (OR = 1.495, 95% 
CI = 1.193 – 1.864, P = 0.0004) (Table 1). There is signifi-
cant difference in the distribution of hTAS2R38 polymor-
phisms (including PAV/PAV, PAV/AVI, and AVI/AVI) 
between halitosis and healthy individuals (P = 0.0006) 
(Table  1). Multiple comparisons (with adjusted signifi-
cance level α’ ≤ 0.017) indicated significant differences in 

halitosis prevalence between the AVI/AVI and the PAV/
PAV groups as well as the AVI/AVI and PAV/AVI groups 
(AVI/AVI vs PAV/PAV, OR = 2.167, P = 0.0020; and AVI/
AVI vs PAV/AVI, OR = 2.622, P = 0.0001) (Table  S7). 
However, no significant difference regarding periodontal 
conditions (as reflected by PDD) was observed among 
groups with different hTAS2R38 genotypes (Figure S1).

Previous studies have reported that both PAV/PAV and 
PAV/AVI individuals can perceive bitter taste, while AVI/
AVI individuals have difficulties in bitter perception (also 
known as non-taster) [23, 47]. Our results also indicated 
no significant difference in the prevalence of halitosis 
between PAV/PAV and PAV/AVI genotypes (P = 0.2448, 
Table  S7). Therefore, we further categorized the volun-
teers as AVI/AVI and non-AVI/AVI (PAV/PAV + PAV/
AVI) genotypes in the following analyses. Consistently, 
chi-square test confirmed the difference in the preva-
lence of halitosis between the AVI/AVI and non-AVI/AVI 
genotypes (P = 0.0002, Table S8). The AVI/AVI genotype 
showed a higher risk of halitosis, with an odds ratio of 
2.380 relative to the non-AVI/AVI group (95% CI = 1.493 
– 3.807) (Table S8).

Prevotella/P. intermedia are enriched in the salivary 
microbiota of AVI homozygotes
Microbial diversity analysis was performed based on 
16S rRNA sequencing of 290 saliva samples randomly 
selected from 689 volunteers in the cross-sectional study. 
To determine the representation of the sequenced sam-
ples, we compared the clinical information of the selected 
participants (n = 290) with that of the overall population 
(n = 689). The results revealed no significant differences 
in gender and age between the selected and overall popu-
lations (Table S9). In addition, halimeter scores and PPD 
were comparable between the selected subjects and the 

Table 1  Clinical characteristics and genotype distribution of halitosis and healthy groups in cross-sectional study (n = 689)

a Two sample unpaired student’s t test
b Chi-square test

Characteristics Halitosis Case classification P value

Halitosis (n = 339) Healthy (n = 350)

Age, mean ± SD, y 32.91 ± 7.80 32.08 ± 7.94 0.1638a

Male sex, n (%) 161 (47.49%) 160 (45.71%) 0.6399b

Halimeter Scores, mean ± SD (ppb) 214.68 ± 129.87 75.26 ± 24.83  < 0.0001a

Periodontal pocket depth (PPD, mm) 2.27 ± 0.67 1.86 ± 0.66  < 0.0001a

Allele PAV 410 487 0.0004b

AVI 268 213

Genotypes PAV/PAV 131 166 0.0006b

PAV/AVI 148 155

AVI/AVI 60 29
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total population, indicating the representation of the 
sequenced saliva samples (Table  S9). The Hardy–Wein-
berg equilibrium test further confirmed the group rep-
resentation of genotypes among the selected subjects 
(Table  S10). The Pan/Core species analysis indicated 
that the sample size was appropriate (Figure S2). The 
rarefaction curves and rank-abundance curves demon-
strated that the sequencing depth in the cross-sectional 
study reached plateau, indicating adequate capture of 
the microbial composition (Figure S3). The α diversity 
(including ace, chao, shannon, and simpson indexes) 
showed no significant difference in the richness and 
diversity of the salivary microbiota between the AVI/AVI 
and non-AVI/AVI genotypes (Figure S4). Furthermore, 
principal coordinate analysis (PCoA) showed no signifi-
cant difference in β diversity between the AVI/AVI and 
non-AVI/AVI groups (P = 0.272) (Figure S5).

We further compared the microbial compositions 
between the AVI/AVI and non-AVI/AVI genotypes at 
genus level (Fig.  2A). DESeq2 analysis indicated that 
Prevotella (P = 0.00004, Padj = 0.0027) was over-rep-
resented in the saliva of AVI/AVI group, while Agro-
bacterium, Leptothrix, Oryzomicrobium, Brucella, 
unclassified_f__Bradyrhizobiaceae, Pseudomonas and 

Brevundimonas were under-represented in this group 
(Fig. 2B and Table S11). Further LEfSe analysis indicated 
Prevotella, Schaalia, Caldilinea, Neisseriaceae, Propioni-
bacteriaceae, and Peptostreptococcaceae as the signature 
salivary microbiota in AVI/AVI group, while Oryzomi-
crobium were more abundant in non-AVI/AVI group 
(Fig. 2C). We further used ANCOMBC2 analysis to iden-
tify differentially represented genera between AVI/AVI 
and non-AVI/AVI groups. The over-represented gen-
era in the AVI/AVI group included Prevotella, Ottowia, 
Enterobacter, Bacteroidales, g__unclassified_c__Betapro-
teobacteria, g__unclassified_f__Lachnospiraceae, and 
g__unclassified_p__Bacteroidetes, while Pedobacter, 
Erysipelotrichaceae, Sphingomonas, Veillonellaceae, 
Pseudomonas, Mycolicibacterium, Acinetobacter, g__
unclassified_o__Enterobacterales, g__unclassified_o__
Hyphomicrobiales, and g__unclassified_p__Proteobacteria 
were more abundant in non-AVI/AVI group (P < 0.05, 
Figure S6 and Table  S12). Combining the results from 
DESeq2, LEfSe, and ANCOMBC2 analyses, we specu-
late that the over-representation of Prevotella genus in 
the AVI/AVI population may contribute to the increased 
risk of halitosis. As P. intermedia of the Prevotella genus 
is known as putative periodontal pathogen associated 

Fig. 2  Oral microbiota composition of the AVI/AVI and non-AVI/AVI groups in the cross-sectional study. A Bar plot of salivary microbiota 
composition at genus level in non-AVI/AVI and AVI/AVI groups. B Heat map of genus with different abundance in AVI/AVI group compared 
with non-AVI/AVI group (Padj< 0.05 by Benjamini–Hochberg FDR method). C LEfSe analysis and LDA scores for salivary microbiota in AVI/AVI 
and non-AVI/AVI individuals. D Relative abundance of P. intermedia determined by qPCR (Data are presented as mean ± SD. Statistical comparisons 
were performed using two-tailed unpaired student’s t-test. ***, P < 0.001.)
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with halitosis, gingivitis and periodontitis [5, 48], we fur-
ther quantified the relative abundance of P. intermedia in 
the saliva of AVI/AVI and non-AVI/AVI individuals by 
qPCR. The results confirmed the enrichment of P. inter-
media in the AVI/AVI group as compared to the non-
AVI/AVI group (P < 0.0001, Fig. 2D).

AVI homozygotes have poor treatment outcome 
of halitosis
The cross-sectional study results indicated that indi-
viduals with the AVI/AVI genotype were predisposed to 
halitosis. To further elucidate the association between 
hTAS2R38 polymorphisms and halitosis, we conducted 
a prospective study to investigate the treatment out-
come of halitosis in individuals with different hTAS2R38 
genotypes. A prospective study of 60 halitosis patients 
(including 40 non-AVI/AVI genotypes and 20 AVI/AVI 
genotypes) were established from the participants of the 
cross-sectional study.

Halimeter test and saliva collection were conducted 
before and at 1, 3, and 6 months after treatment (Fig. 3A). 
The age, gender, PPD and halimeter scores at baseline 
were comparable between the non-AVI/AVI and AVI/
AVI groups, while significant difference in treatment out-
come was observed between the two groups (Table  2). 
Most individuals with AVI/AVI genotype experienced 
persistent halitosis, whereas most individuals with non-
AVI/AVI genotypes showed improvement in halito-
sis after treatment (RR = 2.077, 95% CI = 1.382 – 3.339, 

P = 0.0009). Further quantitative analysis revealed a 
significant decrease in halimeter scores after halitosis 
intervention in non-AVI/AVI group up to 6 months post-
treatment (Fig.  3B, C). Conversely, the halimeter scores 
of individuals with AVI/AVI genotype were not signifi-
cantly altered during the 6  months after intervention, 
although a slight decrease was observed at the 1st month 
(Fig. 3B, D).

We further compared the halimeter scores between the 
AVI/AVI and non-AVI/AVI groups during the 6 months 
post-treatment. There is no statistical difference in base-
line halimeter scores between the two groups. However, 
at 1-, 3-, and 6-month post-treatment, the halimeter 
scores of the AVI/AVI group were consistently higher 
than those of the non-AVI/AVI group (Fig. 3B), indicat-
ing poorer treatment outcome of halitosis in AVI/AVI 
group. Further linear regression analysis indicated that 
the PPD of the non-AVI/AVI group showed a down-
ward trend after halitosis intervention (R = −0.04165, 
P = 0.0148). In contrast, the PPD of the AVI/AVI group 
was unchanged during the 6 months after halitosis inter-
vention (R = −0.05781, P = 0.0536) (Figure S7).

We further compared the treatment outcome of PAV/
PAV and PAV/AVI genotypes. The chi-square test 
revealed significant difference in halitosis treatment 
outcome among the three genotypes (Table  S13). PAV/
PAV and PAV/AVI genotypes demonstrated significant 
reductions in halimeter scores as compared to the base-
line (Figure S8B, C). There is no difference in halimeter 

Fig. 3  Halimeter scores among individuals with different genotypes before and after intervention. A The schematic diagram of the prospective 
study. B Halimeter scores in halitosis patients with different genotypes at baseline and 1-, 3-, and 6-month after intervention. Data were 
presented as mean ± SD. ***, P < 0.001 as compared to the baseline. $$$, P < 0.001 as compared to non-AVI/AVI genotype at the same time point 
after treatment. C-D The changes of halimeter scores in non-AVI/AVI (C) and AVI/AVI (D) groups at 1, 3, and 6 months after treatment. The data are 
represented as individual symbols, and statistical analysis was conducted using paired samples t-tests. ***, P < 0.001
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scores between the PAV/PAV and PAV/AVI genotypes 
at 1, 3, and 6 months after intervention (Figure S8A and 
Table S14).

Dysbiotic oral microbiota in AVI homozygotes contributes 
to poor halitosis treatment outcome
As evidenced by the cross-sectional study, difference in 
the oral microbiota between AVI/AVI and non-AVI/AVI 
genotypes may contribute to the varied prevalence to 
halitosis. Therefore, we also analyzed the salivary micro-
biota in the 6-month longitudinal study. The rarefaction 
curves and rank-abundance curves indicated appropriate 
sequencing depth of all samples (Figure S9), except for 
one sample obtained from the 1-month post-treatment 
in the AVI/AVI group, which was then excluded for fur-
ther analyses. No significant differences were observed 
in the alpha diversity (chao, ace, shannon, and simpson 
indices) between the AVI/AVI and non-AVI/AVI groups 
throughout the 6-month follow-up period, except for 
the 1st-month post treatment (Fig.  4A and Figure S10). 
Difference in β diversity was observed in the non-AVI/
AVI group from baseline to the 6-month after interven-
tion (P = 0.09, Fig. 4B), while no significant difference was 
observed in the AVI/AVI group (Fig. 4C).

Taxa analysis by DESeq2 revealed that Filifactor was 
enriched in the AVI/AVI genotype as compared to the 
non-AVI/AVI genotype at 6-month after treatment 
(P = 0.000029, Padj = 0.00489, Fig.  4D, E  and Table  S15). 
LEfSe analysis highlighted enrichment of Tannerella 
in the saliva of AVI/AVI group 6  months after treat-
ment. Mobiluncus and Lancefieldella were enriched in 
non-AVI/AVI group (Fig.  4F). ANCOMBC2 further 
identified over-represented taxa in the AVI/AVI group, 
including Tannerella, Catonella, Ruminococcaceae, 
Sphingomonas, Delftia, Mycoplasma, Weeksellaceae, Pep-
toniphilaceae, and g__unclassified_f__Lachnospiraceae. 

The over-represented taxa at 6-month in the non-AVI/AVI 
group included Megasphaera, Alloprevotella, Bacteroides, 
Stenotrophomonas, Lancefieldella, Peptoniphilaceae, 
Mobiluncus, Phocaeicola, and g__unclassified_o__Eubac-
teriales (P < 0.05, Figure S11 and Table S16).

We further employed MaASLin analysis to iden-
tify genera that exhibited temporal changes in the AVI/
AVI and non-AVI/AVI groups after treatment (screen-
ing parameters: P < 0.05, Padj < 0.15) [44]. There was no 
genus correlated with treatment duration in the AVI/
AVI group, while 7 genera were positively correlated, 
and 14 genera were negatively correlated with treat-
ment duration in the non-AVI/AVI group (Table  S17). 
Among these genera, we focused on 7 genera that also 
exhibited significant alterations between the AVI/AVI 
and non-AVI/AVI groups at 6-month post-treatment, as 
identified by LEfSe, DESeq2, and ANCOMBC2 analyses. 
Specifically, Tannerella, Filifactor, Alloprevotella, Phocae-
icola, Mycoplasma, and unclassified_f__Lachnospiraceae 
showed negative correlations over time (Fig. 5A-F), while 
Lancefieldella is positively correlated with time in the 
non-AVI/AVI group by MaASLin analysis (P = 0.0133, 
Padj = 0.0871, Fig.  5G). Taken together, these results 
indicate that halitosis interventions lead to a dynamic 
compositional alteration in the oral microbiome of the 
non-AVI/AVI genotype, whereas the oral microbiome of 
the AVI/AVI group was less perturbed by the same inter-
ventions. This may explain why individuals in the AVI/
AVI group tend to experience more persistent halitosis. 
As Tannerella, Filifactor, and Mycoplasma were identi-
fied over-represented in the saliva of AVI/AVI group 
at the 6-month post-treatment by LEfSe, DESeq2, and 
ANCOMBC2 analyses, we speculate that the persistence 
of these genera was a significant factor contributing to 
the poor treatment outcome of halitosis in the AVI/AVI 
genotype group.

Table 2  Demographic, genotype distribution and treatment outcome of halitosis patients in the prospective study (n = 60)

a unpaired student’s t test
b Continuity corrected chi-square test

Characteristics Genotypes

Non-AVI/AVI
(n = 40)

AVI/AVI
(n = 20)

P value

Demographic Age, mean ± SD, y 33.83 ± 6.64 35.90 ± 7.01 0.2757 a

Male sex, n (%) 16 (40.0%) 9 (45.0%) 0.7111 b

PPD (mm) Baseline 2.41 ± 0.47 2.57 ± 0.74 0.3076 a

1-month 1.84 ± 0.38 2.01 ± 0.50 0.2349 a

3-month 1.88 ± 0.39 1.87 ± 0.46 0.9360a

6-month 2.00 ± 0.52 2.09 ± 0.46 0.5520 a

Treatment outcome Improved 27 2 0.0009 b

Persistent 13 18
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hGFs with AVI/AVI genotype exhibit lessened inhibition 
against the growth and VSCs production of oral anaerobes
As hTAS2R38 polymorphisms are associated with host-
microbial interactions, we further conducted in  vitro 
experiments to investigate the inhibitory effects of hGFs 
with different hTAS2R38 genotypes against the growth 
and VSCs production of oral anaerobes (Fig.  6A). The 
conditional media collected from LPS-stimulated hGFs 
inhibited the growth of F. nuleatum and P. gingivalis. 
Notably, conditioned media obtained from hGFs with 
AVI/AVI genotype exhibited lessened inhibition as com-
pared to the other two genotypes (PAV/AVI and PAV/
PAV) (Fig.  6B-E). Consistently, after co-cultured with 
hGFs, F. nuleatum and P. gingivalis produced less VSCs 
(including H2S and CH3SH) (Fig.  6F-I). hGFs with the 
PAV/PAV genotype showed the strongest inhibition 
of H2S production by P. gingivalis, while hGFs with the 
AVI/AVI genotype exhibited the weakest inhibition 
(19.5 ± 1.8% vs 9.2 ± 1.9%) (Fig.  6F). hGFs with the PAV/

PAV genotype also showed the strongest inhibition of 
CH3SH production by P. gingivalis, with inhibition effi-
ciencies of 12.7 ± 0.9%, 9.9 ± 1.6%, and 4.9 ± 2.4% in the 
PAV/PAV, PAV/AVI, and AVI/AVI groups, respectively 
(Fig. 6G). Consistently, hGFs with the AVI/AVI genotype 
showed the weakest inhibition on both H2S and CH3SH 
production by F. nuleatum as compared to the other two 
genotypes (Fig. 6H-I).

Discussion
The polymorphisms of bitter taste receptor encoding 
gene, hTAS2R38, have shown association with the sus-
ceptibility and/or treatment outcome of infectious dis-
eases such as cystic fibrosis, chronic rhinosinusitis [30, 
49, 50]. Increasing evidence has shown the presence of 
T2R38-expressing extra-gustatory cells that function as 
an immune sentinel, mediating innate immunity in upper 
respiratory, intestinal, myeloid cells and oral infections 
[34, 35, 51, 52]. The present study advanced the role of 

Fig. 4  The oral microbiota of halitosis patients with different genotypes during the 6-month follow-up. A Shannon index of individuals 
with different genotypes. Data are presented as mean ± SD. **, P < 0.01. B-C β diversity comparison between baseline and 6-month after treatment 
in the non-AVI/AVI group (B) and AVI/AVI group (C), respectively. Statistical analysis of β diversity was performed using adonis. The bar plots illustrate 
the PCoA1 and PCoA2 dimensions of β diversity, respectively. D-E Volcano plot (D) and heat map (E) of genera with deferential expression pattern 
in AVI/AVI genotype compared with non-AVI/AVI genotype at 6th-month post-treatment (Padj< 0.05 by Benjamini–Hochberg FDR method). F LEfSe 
analysis and LDA scores for representative microbiota in AVI/AVI genotype and non-AVI/AVI genotype at 6th-month post-treatment
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hTAS2R38 polymorphisms in microbiota-associated oral 
diseases, and confirmed that individuals carrying non-
functional hTAS2R38 polymorphisms (AVI/AVI) lead to 
higher prevalence and more persistence of halitosis.

Numerous studies have delved into the pathogenesis of 
halitosis, with a particular focus on oral microbiota. Our 
investigation identified a significant increase of Prevo-
tella in individuals with AVI/AVI genotype. The relative 
abundances of Prevotella in saliva and tongue coating 

Fig. 5  Temporal change of specific genera after halitosis treatment in patients with different hTAS2R38 genotypes. A-G MaASLin analysis 
of correlation coefficients between the Tannerella (A), Filifactor (B), unclassified_f__Lachnospiraceae (C), Mycoplasma (D), Phocaeicola (E), 
Alloprevotella (F), and Lancefieldella (G) abundance and time interval (P < 0.05, Padj < 0.15) in AVI/AVI and non-AVI/AVI groups
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was higher in the halitosis group and was correlated with 
elevated levels of VSCs [14, 15, 53, 54]. Consistently, the 
present study also identified an enrichment of P. inter-
media particularly in the saliva of AVI homozygotes. P. 
intermedia possesses both L-cysteine desulfhydrase (CD) 
and L-methionine-α-deamino-γ-mercaptomethane-lyase 
(METase), which degrade sulfur-containing peptides 
and amino acids into H2S and CH3CH respectively that 
contribute to oral malodor [7, 55]. Clinical study has also 

shown that the reduction of P. intermedia is positively 
correlated with the reduction of organoleptic scores of 
halitosis [5, 48]. The enrichment of P. intermedia identi-
fied in the saliva of AVI/AVI individuals may explain the 
higher prevalence of halitosis.

In the prospective study, we observed the persistence of 
Tannerella, Filifactor and Mycoplasma in AVI/AVI halito-
sis patients during 6 months after treatment as compared 
to non-AVI/AVI patients. Tannerella is a well-recognized 

Fig. 6  hGFs with different hTAS2R38 genotypes showed varied inhibition on the growth and VSCs production of representative oral anaerobes. 
A Scheme of in vitro experiments. B Effect of supernatants from hGFs with different hTAS2R38 genotypes on the growth of P. gingivalis. C Relative 
growth of P. gingivalis in the conditioned media of hGFs with different genotypes. D Effect of supernatants from hGFs of different genotypes 
on the growth of F. nuleatum. E Relative growth of F. nuleatum in the conditioned media of hGFs with different genotypes. F-G Effects of hGFs 
with different genotypes on H2S (F) and CH3SH (G) production by P. gingivalis. H-I Effects of hGFs with different genotypes on H2S (H) and CH3SH (I) 
production by F. nuleatum, respectively. Data are presented as mean ± SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001
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periodontal pathogen associated with halitosis, contrib-
uting to halitosis by breaking down L-cysteine and gen-
erating VSCs [56, 57]. Filifactor is closely associated with 
a deteriorated oral health and are regarded as emerging 
diagnostic indicators of periodontal disease [58]. Myco-
plasma is a common microorganism found in dental 
plaque, and its abundance has been shown to be posi-
tively correlated with the depth of periodontal pockets 
and progression of periodontal diseases [59, 60]. Consid-
ering results obtained from compositional comparison 
and MaASLin analyses over time, we believe that halito-
sis intervention was unable to effectively reduce putative 
pathogens (particularly Tannerella, Filifactor and Myco-
plasma) in the AVI/AVI patients, which may explain the 
poorer treatment outcome/persistence of halitosis in this 
genotype.

Cells expressing T2R38 can be activated by quorum-
sensing molecules AHLs and other microbial metabo-
lites, inducing cell migration, expression of adhesion 
receptors and phagocytosis of neutrophils [61, 62]. 
hTAS2R38 polymorphisms have shown influence on host 
response to infectious diseases. Gram-negative quorum-
sensing molecules can elicit enhanced intracellular Ca2+ 
and NO signaling pathway in sinonasal ciliated epithelial 
cells of PAV/PAV genotype, resulting in increased muco-
ciliary clearance and antimicrobial properties. However, 
this effect cannot be observed in cells of nonfunctional 
AVI/AVI genotype [34]. Consistently, our in  vitro data 
showed that gingival fibroblasts from individuals of dif-
ferent hTAS2R38 genotype exhibited varied inhibitory 
effects against the growth and VSCs production of oral 
anaerobes including P. gingivalis and F. nucleatum, fur-
ther supporting the critical role of hTAS2R38 polymor-
phisms in host-microbial interactions.

Cautions should be taken when interpreting data from 
the current study. Firstly, our study focused solely on 
the impact of hTAS2R38 polymorphisms on the salivary 
microbiota and halitosis. Although there still lack direct 
genetic findings underlying the susceptibility of halitosis, 
genetic factors that influence host-microbial interactions 
and thus predispose periodontitis may also be associated 
with halitosis. Data obtained from previous single nucle-
otide polymorphisms-based studies have shown that 
polymorphisms of inflammation-related genes, includ-
ing those encoding interleukins (e.g. IL-1α/β, 4, 6, 8, 10), 
TNF-α, Toll-like receptors, and matrix metalloprotein-
ases, are closely linked to periodontitis [63–69]. Genome-
wide association studies (GWAS) have also revealed 
multiple loci that are associated with the susceptibility 
of periodontitis, including GLT6D1 (glycosyltransferase), 
SIGLEC5 (Recombinant Sialic Acid Binding Ig Like Lec-
tin5), DEFA1A3(Defensin α1 and α3), Neuropeptide Y, 
and AIM2 (Absent in melanoma 2), etc. [70–75]. Given 

the common concurrency and interplays of periodontitis 
and halitosis, further studies are still needed to validate 
the involvement of these genes in halitosis, and to explore 
on a broad genetic/epigenetic background to yield a 
more comprehensive understanding of genotype-driven 
microbiome variations associated with halitosis. Sec-
ondly, not all saliva samples (290/689) were sequenced in 
the cross-sectional study. Although we believe this sub-
set was representative of the entire population regarding 
demographic data, halimeter scores, genotype distri-
bution and periodontal conditions, the strength of evi-
dence is not as solid as results from the entire population. 
Additionally, the AVI/AVI individuals included in this 
study were less than those with non-AVI/AVI genotypes 
due to the relative rare incidence of this polymorphism. 
Enlarged sample size to include more AVI/AVI individu-
als is considered in the future. Finally, while this study 
revealed correlations among hTAS2R38 polymorphisms, 
oral microbiota and the prevalence/prognosis of halito-
sis, further study is still needed to explore the causality 
among these factors.

Based on differences in bitterness perception and 
innate immunity determined by hTAS2R38 polymor-
phisms, studies have shown distinct sensitivity to bit-
terness (e.g. Phenylthiourea) between the chronic 
sinusitis group and healthy individuals [76]. Here, we 
demonstrated that individuals with non-taster genotype 
(AVI/AVI) exhibit a higher prevalence of halitosis and 
experience poorer treatment outcomes. Therefore, non-
invasive chairside bitter taste detection holds promising 
prospects for susceptibility screening, auxiliary diagno-
sis, and treatment outcome prediction of halitosis, and 
future study is warranted to explore the clinical transla-
tion of our findings.

Conclusion
This clinical study is the first attempt to explore the inter-
correlations between hTAS2R38 polymorphisms and the 
prevalence/treatment outcome of halitosis, with a par-
ticular focus on dynamic alterations of oral microbiota. 
The enrichment of oral anaerobes such as Prevotella in 
the AVI/AVI genotype may contribute to the increased 
risk of halitosis. More importantly, individuals with AVI/
AVI genotype have poorer treatment outcomes for hali-
tosis relative to the non-AVI/AVI genotype, likely due 
to the persistence of Tannerella, Filifactor, and Myco-
plasma in AVI/AVI individuals. The differed host defense 
responses against oral anaerobes may explain the critical 
role hTAS2R38 polymorphisms in the onset and prog-
nosis of halitosis. Our data may provide a chair-side 
approach to the susceptibility screening and outcome 
prediction of halitosis via bitter taste testing.
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