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Articles

Oral fungal profiling and risk of nasopharyngeal carcinoma:a =
population-based case-control study
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Summary eBioMedicine
Background Dysbiosis of the oral mycobiome has been linked to some diseases, including cancers. However, the role 2023;96: 104813

of oral fungal communities in nasopharyngeal carcinoma (NPC) carcinogenesis has not previously been investigated. E“b'“h/e/‘; O”“”E/XXX
ttps://doi.org/10.

1016/j.ebiom.2023.

Methods We characterized the oral salivary fungal mycobiome in 476 untreated incident NPC patients and 537 4813

population-based controls using fungal internal transcribed spacer (ITS)-2 sequencing. The relationship between oral
fungal mycobiome and the risk of NPC was assessed through bioinformatic and biostatistical analyses.

Findings We found that lower fungal alpha diversity was associated with an increased odds of NPC [lower vs. higher:
observed features (adjusted odds ratio [OR] = 5.81, 95% confidence interval [CI] = 3.60-9.38); Simpson diversity (1.53,
1.03-2.29); Shannon diversity (2.03, 1.35-3.04)]. We also observed a significant difference in global fungal com-
munity patterns between cases and controls based on Bray—Curtis dissimilarity (P < 0.001). Carriage of oral fungal
species, specifically, Saccharomyces cerevisiae, Candida tropicalis, Lodderomyces elongisporus, Candida albicans, and
Fusarium poae, was associated with significantly higher odds of NPC, with ORs ranging from 1.56 to 4.66.
Individuals with both low fungal and low bacterial alpha diversity had a profoundly elevated risk of NPC.

Interpretation Our results suggest that dysbiosis in the oral mycobiome, characterized by a loss of fungal community
diversity and overgrowth of several fungal organisms, is associated with a substantially increased risk of NPC.

Funding This work was funded by the US National Institutes of Health, the Swedish Research Council, the High-level
Talents Research Start-up Project of Fujian Medical University, and the China Scholarship Council.
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Research in context

Evidence before this study

Dysbiosis of the oral mycobiome has been linked to head and
neck and oral cancers. Prior evidence and our recent data,
based on 16S rRNA gene amplicon sequencing, suggest that
oral bacterial dysbiosis is involved in nasopharyngeal
carcinoma (NPC) carcinogenesis. However, the role of the
mycobiome, another core component of the oral microbiome,
in NPC development has not yet been investigated in large-
scale epidemiological studies.

Added value of this study

Advances in sequencing allow the evaluation of the role of the
oral mycobiome in NPC development. We investigated the
relationship between the oral fungal mycobiome and risk of
NPC using fungal internal transcribed spacer (ITS)-2 sequencing

Introduction
The human oral cavity harbors our bodies’ most diverse
and complex microorganisms, which are referred to as
the oral microbiome.' As in other body sites, bacterial
and fungal communities are the primary members of
the oral microbiome, and the bacterial component is
predominant.** Although still markedly understudied
compared with the oral bacteriome, the oral mycobiome
has received increasing attention in recent years as high-
throughput sequencing technologies are developing.*
The complexity and biodiversity of the oral mycobiome
and its role in health have started to be uncovered, and
dysbiosis of the oral mycobiome has been linked to
several diseases, including periodontitis, oral squamous
cell carcinoma (OSCC), head and neck squamous cell
carcinoma (HNSCC), and oral tongue cancer.”"

Nasopharyngeal carcinoma (NPC) arises from the
epithelium of the nasopharynx and is responsible for
over 133,000 incident cases and 80,000 deaths annually
worldwide as of 2020."> Although it is rare in most areas
of the world, NPC is particularly common in some re-
gions including southern China, Southeastern Asia, and
northern and eastern Africa.” It is well accepted that
genetic susceptibility, environmental factors, and infec-
tion with Epstein—Barr virus (EBV) are involved in the
development of NPC."*'* EBV, as a known microbial
factor, is the most established and extensively studied
risk factor for NPC and plays a causal role in the etiology
of probably all NPC in endemic areas.'*'* However, apart
from EBV, the role of other common types of microbial
factors, including bacterial and fungal microbes, in NPC
pathogenesis remains poorly understood.

Poor oral hygiene is associated with an increased risk
of NPC,"” suggesting that the oral microbiome may play
a role in NPC development. Prior studies, including our

in a population-based case-control study with 476 untreated
incident NPC patients and 537 population controls. In addition,
we analysed interactions between fungal components and
bacterial components in relation to the risk of NPC.

Implications of all the available evidence

Our results suggest that dysbiosis in the oral mycobiome,
characterized by a loss of fungal community diversity and
overgrowth of several pathogenic or opportunistic pathogenic
fungal organisms, is associated with a substantially increased
risk of NPC. We observe strong additive interactions between
the fungal and bacterial microbiomes on NPC risk. These
findings, if confirmed by prospective studies, might offer
insights into NPC etiology and pave a potential way for NPC
prevention and control.

recent analysis based on 16S rRNA gene amplicon
sequencing, have shown significant differences in the
oral bacterial microbiome between pre-treatment NPC
patients and controls.”*" In addition, the oral bacterial
microbiome has been linked to NPC prognosis; evi-
dence from prospective cohort studies showed that
lower alpha diversity was related to higher all-cause
mortality?® and high bacterial load was associated with
poorer prognosis.”’ However, the existing microbiome
studies of NPC exclusively focused on the bacterial
component, while the role of the mycobiome, another
core component of the oral microbiome, in NPC has not
yet been investigated in large-scale epidemiological
studies.

Hence, using fungal amplicon sequencing and bio-
informatic/statistical analysis, we aimed to characterise
oral fungal profiles in untreated incident NPC cases and
population controls, and to evaluate the association be-
tween the oral mycobiome and NPC risk using a
population-based case—control study in an NPC-
endemic area of southern China.

Methods

Study population, participant data collection, and
sample collection

Recruitment of study participants has been described in
detail previously."”” In brief, incident NPC cases were
recruited between March 2010 and December 2013
through a rapid case ascertainment network at hospitals
in Zhaoqing of Guangdong Province and Wuzhou,
Guiping, and Pingnan of Guangxi Autonomous Region
in southern China. Controls frequency-matched to cases
on age and sex were randomly selected from the total
population in each study area and recruited between
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November 2010 and November 2014. All recruited par-
ticipants were aged 20-74 years, residing in the study
areas, and without a prior history of malignant diseases
or congenital or acquired immunodeficiency.

A structured electronic questionnaire interview was
administered to collect information covering de-
mographics, residential and occupational history, his-
tory of chronic ear, nose, and throat (ENT) diseases, oral
hygiene, family history of malignancies, cigarette
smoking, alcohol and tea consumption, dietary habits,
and use of Chinese herbal medicine. Saliva samples
were collected at the time of interview from 92.0% of
NPC cases and 94.6% of controls. Participants were
required not to eat or chew gum for 30 min before
sample collection. Two to four ml saliva from each
subject was collected into a 50-ml falcon tube containing
2.5 ml lysis buffer (pH 8.0, 50 mM Tris, 50 mM EDTA,
50 mM sucrose, 100 mM NaCl, 10% SDS) and stored
at —20 °C for less than 3 days before being long-term
stored at —80 °C.

In this analysis, we included saliva samples collected
from the Wuzhou site, as one subset of abovementioned
large case—control study.””” The Wuzhou region was
selected for this analysis due to its relatively high inci-
dence of NPC and low residential mobility. The four
residential communities included in this study (Wuz-
hou, Cangwu, Tengxian, and Cenxi) covered 95% of the
population in the Wuzhou region. In total 1081 samples
(542 cases, 539 controls) were sent for sequencing. We
excluded two samples that had ambiguous identifiers
and could not be mapped to the participant data, 4
samples with fewer than 1000 reads after denoising, and
62 cases’ samples that were collected after treatment,
leaving 1013 saliva samples for the final analysis (476
cases, 537 controls, comprising 76% [476/627] of all pre-
treatment cases and 81% [537/665] of all controls
enrolled from the Wuzhou study site) (Figure S1).

Ethics

The study was approved by the institutional review
boards of Harvard School of Public Health (reference no.
P16848-101), Sun Yat-sen University Cancer Center
(reference no. YP2008075), the Institute for Viral Disease
Control and Prevention of the Chinese Center for
Disease Control and Prevention (reference no. CCDC-
RO1CA115873), First Affiliated Hospital of Guangxi
Medical ~ University  (reference  no.  GXMU-
RO1CA115873), and the Stockholm ethical review board
(reference no. 2009/1293-31/3). Written or oral informed
consent was obtained from all study participants.

DNA extraction, PCR amplification, library
preparation, and sequencing

We extracted DNA from 1 ml solution of saliva sample
using a two-step protocol, including lysozyme lysis
preprocessing (lysozyme from chicken egg white;
Sigma-Aldrich) and mechanical bead beating, and
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followed by using the TIANamp blood DNA kit
(TIANGEN Biotech Co., Ltd, Beijing, China) per the
manufacturer’s instructions. Amplicon libraries were
constructed by targeting the fungal internal transcribed
spacer (ITS)-2 region, using the following primers***
ITS3ngsmixes: CANCGATGAAGAACGYRG; and
[TS4ngsUni: CCTSCSCTTANTDATATGC. We selected
the primers based on previous published work by
Tedersoo et al. illustrating that these primers are
modified to reduce mismatches and recommended
candidates for high-throughput sequencing analysis of
the ITS-2 region in fungi.* lllumina’s specific adapter
sequences were linked to the ITS-2 primer pairs per
Mumina’s Fungal Metagenomic Sequencing Demon-
strated Protocol.

First-stage PCR conditions and cycles were opti-
mized as follows: we added 5 pl of salivary DNA to
12.5 pl KAPA HiFi HotStart ReadyMix (Kapa Bio-
systems, Salt River, Cape Town, South Africa), 2 pl
(10 uM) of primers (1 pl forward and reverse each), and
5.5 pl PCR-grade water (total volume: 25 pl). Samples
underwent initial denaturation at 95 °C for 5 min, fol-
lowed by 30 cycles at 98 °C for 30°s, 57 °C for 30 s, and
72 °C for 30 s with a final extension step at 72 °C for
5 min. After amplification, the PCR products were
visualized using a 1.5% agarose gel to ensure successful
amplification and an appropriately sized band. PCR
products were then purified using AMPure XP beads
(Beckman Coulter Genomics) with a ratio of 1.8 for
volume of AMPure XP beads to PCR products, and a
final elution performed in 40 pl PCR-grade water.

Second-stage index PCR was performed to barcode
the samples with indexes (IDT® Illumina Nextera DNA
Unique Dual Indexes, Illumina, Inc.) and to add the
flow-cell attachment regions. We performed a second
cleanup with a beads ratio of 1.2:1. Final libraries were
quantified using a Qubit fluorometer 4.0 double-
stranded DNA (dsDNA) assay (Invitrogen, Carlsbad,
CA, USA), and the purity of libraries was measured on
an Agilent 2100 Bioanalyzer system. We pooled ampli-
con libraries at equimolar concentrations. Pooled li-
braries of 10 pM with 15% phiX were loaded and
sequenced on the Illumina MiSeq platform using the
MiSeq Reagent Kit (v.3, 600 cycles) following the
2 x 300-bp paired-end sequencing protocol. We divided
the samples into five batches for sequencing, and the
samples were randomly distributed in these batches.
Extraction blanks and respective positive and negative
controls for the various PCR steps were run in parallel
in each batch. A single-organism i.e. Candida albicans
(ordered from the Culture Collection University of
Gothenburg, CCUG Number: 44135) was used as the
positive control.

Sequence data processing
The Mlumina sequencing quality report indicated that
the quality of sequences was relatively high (overall run
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metrics: >Q30 = 80.5%, clusters PF = 90.4%). We pro-
cessed the Illumina-generated demultiplexed fungal ITS
sequences using QIIME2* (v. 2020.8.0). Primers’ and
adaptors’ sequences were trimmed using Cutadapt.”
Sequences were quality-filtered and denoised using
DADA2” with appropriate parameters (i.e., no bases
were trimmed from the beginning of the sequences;
trim lengths were 280 bases for forward and 210 bases
for reverse sequences, respectively) based on the Inter-
active Quality Plot to filter out any phiX and chimeric
sequences, and to construct an amplicon sequence var-
iants (ASVs) table. After quality filtering, an extremely
few reads were left for the blank and negative controls
[median reads (interquartile range) = 60 (21-427)], and
high consistency was achieved for the positive controls
across Dbatches (coefficient of variation = 0.95%)
(Table S1). In total, there were 76,369,485 raw reads,
and 32,665,463 high-quality reads were retained after
quality-filtering procedures for downstream analysis.
We performed taxonomic assignments with a naive
Bayesian classifier trained against the latest UNITE
reference database” (release for QIIME, v. 8.3). Low-
prevalence ASVs present in less than 2 samples were
removed from the ASV table (no samples were excluded
in this step). Finally, we used the quality-filtered ASV
and taxonomy tables for further analysis in R (version
4.1).” Participant data, ASV table, taxonomy table, and
representative sequences were integrated into one object
using the R package “Phyloseq” (v. 1.36).*

Diversity analyses
To avoid deviation caused by effects of different
sequencing depths, we rarefied sequencing depth to
5000 reads per sample without replacement for diversity
analysis; 3.9% (40/1013) samples with <5000 reads were
removed, leaving samples of 450 cases and 523 controls.
Alpha diversity refers to the variation of microbes within
a sample or microbial ecosystem. We used observed
ASVs, Simpson diversity, and Shannon diversity to
indicate alpha diversity. Specifically, observed ASVs
provide a measure of richness, i.e., the number of dif-
ferent sequence variants in the sample; Simpson di-
versity measures evenness, i.e., the relative abundance of
different sequence variants in the sample; and Shannon
diversity measures both richness and abundance. Each
indicator of alpha diversity was expressed as a contin-
uous variable or categorized into low, medium, or high
diversity by tertiles of the distribution among controls.
Beta diversity describes the variation of microbial
communities between samples or microbial ecosystems.
To evaluate beta diversity, we computed Bray-Curtis
dissimilarity, which considers relative abundance, us-
ing the R package “Vegan” (v. 2.5-7).**? We performed
permutational multivariate analysis of variance (PER-
MANOVA) (Adonis test in “Vegan”) to calculate the
variation explained by each of our collected host factors.
In each Adonis test, we minimally adjusted for age, sex,

and sequencing run, and P values were generated based
on 9999 permutations. All P values were then adjusted
for false discovery rate (FDR) using the Benjamini-
Hochberg method.**** We used principal coordinates
analysis (PCoA) on Bray—Curtis dissimilarity to visualise
beta diversity by disease status.

Differential abundance analysis

We performed a differential abundance analysis on
unrarefied data using the R package Analysis of Com-
positions of Microbiomes with Bias Correction
(ANCOMBC, v. 1.2.2)* to identify differentially abun-
dant taxa between NPC cases and controls, adjusting for
potential covariates that contribute to fungal composi-
tion. These covariates were selected based on a statisti-
cally significant influence on alpha and/or beta diversity
(see Table S2 and Fig. 1b) and included age, sex,
sequencing run, EBV infection status, residential com-
munity, educational level, current occupation, tooth
loss, tooth brushing frequency, cigarette smoking, and
tea drinking. For fungal species that were found to be
differentially abundant by disease status, we classified
the carriage of each species as no carriage (i.e., where
relative abundance was equal to zero), low, or high
carriage, with the cutoff between low and high based on
the median abundance among controls.

Statistical analysis

We compared the distribution of demographics and
other potential confounders between NPC cases and
controls using the Chi-squared test for categorical
covariates and Student’s t test for continuous variables.
For between-group comparisons on alpha diversity, we
used Wilcoxon and Kruskal-Wallis sum rank tests,
where appropriate. Potentially significant alpha diversity
predictors were identified based on a P value < 0.05 for
inclusion in a subsequent regression model.

Odds ratios (ORs) with 95% confidence intervals
(CIs) were calculated using multivariate logistic regres-
sion to estimate associations of categorical alpha di-
versities with risk of NPC, adjusted for age, sex,
sequencing run, EBV infection status, and residential
community. For species enriched in NPC cases and
controls, we also used multivariate logistic regression to
evaluate associations between carriage of these species
and risk of NPC, adjusting for the potential confounders
included in the differential abundance analysis
described above. We conducted linear trend tests by
treating categorical variables as ordinal. In addition, for
the associations of carriage of fungal species with NPC
risk, we performed subgroup analysis by cigarette
smoking, alcohol drinking, consumption of herbal
medicine or salted fish, body mass index (BMI), tooth
loss, tooth brushing frequency, family history of NPC,
and history of ENT disease. We used likelihood ratio
tests to assess heterogeneity of estimates by introducing
an interaction term to the logistic models.

www.thelancet.com Vol 96 October, 2023
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Fig. 1: Comparison of the oral fungal microbiome between nasopharyngeal carcinoma cases and controls. (a) Cases harboured significantly
lower fungal richness (observed amplicon sequence variants [ASVs]) and diversity (Shannon and Simpson indexes) than controls (Wilcoxon
tests, P < 0.01). (b) Adonis test (based on Bray-Curtis dissimilarity) adjusted for age, sex, and sequencing run, showed that there was a
significant difference in fungal community structure by residential community, disease status, current occupation, Epstein-Barr virus infection
status, educational level, tooth loss, cigarette smoking, tooth brushing frequency, and tea drinking. For 9999 permutations, ***, FDR-adjusted
P < 0.001; **, P < 0.01; *, P < 0.05. (c) Bray-Curtis dissimilarity-based principal coordinates analysis (PCoA) plot revealed a separation in fungal
community structure between NPC cases and controls along PC1 and PC2. The axes are labelled with the variation explained, i.e., PC1 explained
16.5% and PC2 explained 7.7% of the variation. (d) The average Bray-Curtis dissimilarity in NPC cases was lower than that in controls (Wilcoxon

test, P < 0.001).

In our previous study' using the same study sam-
ples, we noted that bacterial alpha diversity and three
bacterial ASVs [ie., Gran-7770 and Lact-ecat9 (more
enriched in cases), and Gran-5a37 (more prevalent in
controls)] were strongly associated with NPC risk.
Therefore, using our previous 16S rRNA gene
sequencing data,” we examined possible interactions
between the fungal microbiome and these significant
bacterial signals on the risk of NPC. Interactions were
estimated on both the multiplicative and additive scales,

www.thelancet.com Vol 96 October, 2023

with the former reflecting etiological relevance and the
latter reflecting public health relevance.’* We defined
OR;11/(OR19*ORgy;) > 1 as positive, <1 as negative,
and = 1 as no multiplicative interaction, respectively;
and we defined relative excess risk due to interaction
(RERI) > 0 as positive, <0 as negative, and = 0 as no
additive interaction, respectively.*®

We conducted two sensitivity analyses to assess the
robustness of our primary findings: a) we excluded
study subjects (66 cases, 18 controls) who had taken
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antibiotics within one week before sample collection or
had a chronic infectious disease; and b) we restricted to
early-stage/localized NPC cases (i.e., AJCC 7th edition”
stages I, II, and III; 232 cases). In addition, we explored
the oral fungal microbiome by cancer stage among NPC
cases.

A diagrammatic workflow for sequence data pro-
cessing and bioinformatic and statistical analyses in this
study is shown in Figure S2.

All statistical tests were two-sided, and P values < 0.05
were considered statistically significant. All analyses
were conducted using R (version 4.1, R Foundation for
Statistical Computing, Vienna, Austria).”

Role of the funding source

The funding sources had no role in the study design; in
the collection, analysis, and interpretation of data; in the
writing of the report; or in the decision to submit the
paper for publication. This work did not receive any
support by a pharmaceutical company or other agency.

Results

Demographics of study population and sequencing
summary

After denoising and quality filtering, 1013 subjects (476
pre-treatment cases, 537 controls) had both sufficiently
high-quality sequences and participant data to be
retained for analysis. The distributions of demographic
characteristics and other covariates among the NPC
cases and controls are summarized in Table 1. The
majority (62%) of NPC cases’ saliva samples were
collected within one day after disease diagnosis, and
over 95% were collected within 30 days after diagnosis;
all controls’ samples were collected on the date of
interview. Nearly half of NPC cases (49%) were early-
stage or localized at the time of diagnosis. Cases were
more likely than controls to be less educated, live in a
cottage (clay brick structure) or boat, have blue-collar
jobs, consume herbal medicine, have a family history
of NPC, have a lower frequency of brushing teeth, and
have positive IgA antibodies against the EBV viral capsid
antigen.

ITS-2 amplicon sequencing yielded an average of
32,246 reads per sample (cases vs. controls: 29,506 vs.
28,722 reads; range: 1122-137,861; median: 29,053)
(Figure S3). In total, 9058 ASVs were identified from the
1013 participants.

Alpha diversity and beta diversity by disease status
Fig. 1a shows the average alpha diversity in NPC cases
and controls. NPC cases exhibited significantly fewer
observed ASVs, lower Simpson diversity, and lower
Shannon diversity than controls (Wilcoxon tests, P
values < 0.01). Compared with those harboring higher

Characteristics Cases Controls P
(n =476) (n=537) value®
N (%) N (%)

Saliva collection after diagnosis/interview (days)

Median (5%-95%) 1(0-29) 0 (0-0)

Age (years) 0.02
Mean (SD) 485 (10.7) 50.1 (10.7)

Sex 0.69
Male 344 (72.3) 394 (73.4)
Female 132 (27.7) 143 (26.6)

Residential community <0.001
Cangwu 133 (27.9) 97 (18.1)

Cenxi 161 (33.8) 177 (33.0)
Tengxian 6 (18.1) 158 (29.4)
Wuzhou 6 (20.2) 105 (19.6)

Educational level (years) <0.001
<7 206 (433) 142 (26.4)

7-9 164 (34.5) 217 (40.4)
10-12 88 (18.5) 128 (23.8)
>12 18 (38) 50(93)

BMI (10 years ago) 0.04
Underweight 54 (113) 57 (10.6)
Normal 320 (67.2) 323 (60.1)
Overweight 91 (19.1) 137 (25.5)

Obese 11 (2.3) 20 (3.7)

Housing type <0.001
Building (concrete structure) 306 (64.3) 416 (77.5)
Cottage (clay brick structure) or 170 (35.7) 121 (22.5)
boat

Job category <0.001
Farmer 142 (29.8) 204 (38.0)

Blue collar 197 (41.4) 144 (26.8)
White collar 3 (15.3) 116 (21.6)
Unemployed/others 4 (13.4) 3 (13.6)

Cigarette smoking 0.18
Never 215 (45.2) 274 (51.0)
Former 27 (57)  28(52)

Current 234 (49.2) 235 (43.8)

Alcohol drinking 0.22
Never 321 (67.4) 389 (72.4)
Former 21 (4.4) 20 (3.7)

Current 134 (28.2) 128 (23.8)

Tea drinking 0.42
Never 339 (71.2) 370 (68.9)

Ever 137 (28.8) 167 (31.1)

Salted fish consumption in adulthood 0.21
Never 385 (80.9) 436 (81.2)

Yearly 64 (13.4) 82 (153)
Monthly or more 27 (5.7) 19 (3.5)

Herbal medicine consumption 0.04
Never 403 (84.7) 480 (89.4)

Ever 61 (12.8) 52 (9.7)
Unknown 12 (2.5) 5(0.9)

(Table 1 continues on next page)
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Characteristics Cases Controls P
(n =476) (n=537) value®
N (%) N (%)
(Continued from previous page)
Tooth loss after age 20 years 0.46
No 237 (49.8) 255 (47.5)
Yes 239 (50.2) 282 (52.5)
Filled teeth after age 20 years 0.05
No 375 (78.8) 449 (83.6)
Yes 101 (21.2) 88 (16.4)
Frequency of brushing teeth, times/d <0.001
<1 316 (66.4) 242 (45.1)
>2 160 (33.6) 295 (54.9)
Family history of NPC <0.001
No 412 (86.6) 515 (95.9)
Yes 52 (10.9) 20 (3.7)
Unknown 12 (2.5) 2 (0.4)
History of ENT disease 0.36
Never 432 (90.8) 496 (92.4)
Ever 44(92) 41 (7.6)
Serum EBV status” <0.001
Negative 14 (2.9) 309 (57.5)
Positive 388 (81.5) 187 (34.8)
Unknown 74 (15.5) 41 (7.6)
Cancer stage®
| 10 (2.1)
Il 28 (5.9)
1T 194 (40.8)
\Y 230 (48.3)
Unknown 14 (2.9)
Abbreviations: SD, standard deviation; BMI, body mass index; NPC,
nasopharyngeal carcinoma; ENT, ear, nose, and throat; EBV, Epstein-Barr virus.
“P value for age comparison was determined by a 2-sided Student's t test. Other
P values were determined by Chi-squared test. "EBV status was determined by
IgA antibodies against the EBV viral capsid antigen. “Cancer stage was classified
according to the 7th AJCC version.
Table 1: Demographic characteristics of study population.

alpha diversity, the odds of NPC was significantly
greater for those with low observed ASVs (adjusted
OR =5.81, 95% CI = 3.60-9.38), low Simpson diversity
(OR = 1.53, 95% CI = 1.03-2.29), or low Shannon di-
versity (OR = 2.03, 95% CI = 1.35-3.04). Odds of NPC
also increased with reduced alpha diversity (Pienq < 0.05
for all three alpha diversity indexes) (Table 2).

Adonis models (9999 permutations, based on Bray—
Curtis dissimilarity) minimally adjusted for sex, age,
and sequencing run revealed a significant difference in
fungal community pattern (beta diversity) by residential
community, disease status, EBV infection status,
educational level, BMI, tooth loss, housing type, history
of rhinitis, and tea drinking (FDR-adjusted P < 0.05),
with residential community and disease status ac-
counting for the top two strongest explanatory factors
for Bray-Curtis dissimilarity (Fig. 1Db). Although there
was some overlap, the PCoA plot illustrated that
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controls’ fungal communities clustered separately from
NPC cases’ fungal communities (Adonis test, FDR-
adjusted P < 0.001, Fig. 1c). Accordingly, the average
Bray—Curtis dissimilarity in cases was significantly
lower than that in controls (Wilcoxon test, P = 0.001,
Fig. 1d). Similar results were obtained based on Jaccard
dissimilarity (data not shown).

Relative abundance of fungal communities by
disease status
We further filtered out ASVs with ambiguous (missing
or unclassified) taxa annotations at each taxon level
before taxonomic assignment. Subsequently, we classi-
fied the filtered ASVs into 6 phyla, 25 classes, 78 orders,
195 families, 377 genera, and 555 species. The distri-
butions of relative abundance of the 10 most predomi-
nant fungal genera and the top 5 abundant fungal
organisms on other taxonomic levels by disease status
are presented in Fig. 2 and Figure S4. The top 2 most
abundant phyla accounting for 99.6% of the total
abundance in both NPC patients and controls were
Ascomycota (mean relative abundance, 86.5%) and
Basidiomycota (13.1%). The 5 most abundant genera
were Malassezia (21.2%), Candida (17.6%), Blumeria
(10.5%), Cladosporium (10.2%), and Aspergillus (6.3%).
To determine which fungal organisms distinguished
between NPC cases and controls, we used ANCOMBC
analyses adjusting for multiple confounders. In total, we
identified 9 classes, 13 orders, 13 families, 14 genera,
and 11 species that differed significantly between cases
and controls (FDR-adjusted P < 0.05) (Fig. 3). For
instance, the fungal species Saccharomyces cerevisiae,

Alpha diversity”  Cases (n = 450) Controls (n = 523) OR (95% Cl)

N (%) N (%) Crude Adjusted”

Observed ASVs
High 50 (11.1) 171 (32.7) 1.00 (Ref.) 1.00 (Ref.)
Medium 143 (31.8) 176 (337) 2.78 (1.89-4.08) 2.71 (1.68-4.36)
Low 257 (57.1) 176 (33.7) 4.99 (3.45-7.22) 5.81 (3.60-9.38)
P trend <0.001 <0.001

Simpson diversity
High 120 (26.7) 175 (33.5) 1.00 (Ref.) 1.00 (Ref.)
Medium 156 (34.7) 173 (33.1) 132 (0.96-1.81) 1.22 (0.83-1.81)
Low 174 (38.7) 175 (33.5) 1.45 (1.06-1.98)  1.53 (1.03-2.29)
P trend 0.02 0.04

Shannon diversity
High 99 (22.0) 175 (33.5) 1.00 (Ref.) 1.00 (Ref.)
Medium 154 (34.2) 174 (33.3) 156 (1.13-217)  1.55 (1.03-2.32)
Low 197 (43.8) 174 (333) 2.00 (1.45-2.76)  2.03 (135-3.04)
P trend <0.001 <0.001

Abbreviation: OR, odds ratio; Cl, confidence interval; ASVs, amplicon sequence variants. *Samples (26 cases and
14 controls) with fewer than 5000 reads were not included in the diversity analysis. Alpha diversity was
categorized by tertiles of the distribution among controls. Linear trend tests were conducted by treating the
categorical variable as an ordinal variable. °Estimates were calculated using logistic regression models adjusted
for age, sex, sequencing run, Epstein-Barr virus infection status, and residential community.

Table 2: ORs and 95% Cls for nasopharyngeal carcinoma in relation to oral fungal alpha diversity.
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Fig. 2: Distribution of relative abundance of predominant oral fungal genera in nasopharyngeal carcinoma cases and controls.
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Fig. 3: Differentially abundant oral fungal organisms on corresponding taxonomic levels in nasopharyngeal carcinoma cases and con-
trols. R package ANCOMBC (v. 1.2.2) was used for the differential abundance analysis, adjusted for age, sex, sequencing run, residential
community, Epstein-Barr virus infection status, current occupation, educational level, tooth loss, cigarette smoking, tooth brushing frequency,
and tea drinking. Horizontal dashed line indicates significance at FDR-adjusted P < 0.05. Only fungal organisms with FDR-adjusted P < 0.05 are
shown. Fungal organisms enriched in NPC cases are shown on the left side of the vertical dashed line; those enriched among controls are shown
on the right side of the vertical dashed line.
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Candida tropicalis, Lodderomyces elongisporus, Candida
albicans, Fusarium poae, Malassezia arunalokei, Malasse-
zia restricta, Malassezia globosa, and Aureobasidium pul-
lulans were significantly enriched in NPC patients,
whereas Cladosporium halotolerans and Aspergillus pen-
icillioides were significantly more abundant in controls.

For the differentially enriched fungal species, we
further assessed associations between carriage of these
species and risk of NPC. Among the nine species
enriched in NPC cases, except for the three Malassezia
species and Aureobasidium pullulans, carriage of the
other five species was associated with a 1.6- to 4.7-fold
elevated odds of NPC, compared with no carriage
(Table 3). For example, the fully adjusted OR for low
carriage of Saccharomyces cerevisae vs. none was 2.25
(95% CI = 1.29-3.91), and that for high carriage was
4.66 (95% CI = 2.78-7.81) (Pyena < 0.001). In contrast,
compared with no carriage, carriage of Cladosporium
halotolerans and Aspergillus penicillioides was associated
with a 81% and 64% lower odds of NPC, respectively.
The OR estimates increased profoundly with carriage of
more types of high-risk species, and the estimates ten-
ded to be lower with carriage of more types of low-risk
species (Table S3). We found little evidence of hetero-
geneity in the associations with carriage of these fungal
species by cigarette smoking, alcohol drinking, con-
sumption of herbal medicine or salted fish, BMI, tooth
loss, tooth brushing frequency, family history of NPC,
or history of ENT disease (data not shown). However,
the associations with some species appeared to be
modified by current occupation and tea drinking
(Table S4). For example, the associations with high-risk
species were stronger among non-farmers and non-tea
drinkers, compared with farmers and tea drinkers,
respectively.

Interaction of mycobiome and bacteriome

We observed significant positive additive interactions of
fungal alpha diversity and bacterial alpha diversity on
NPC risk (Table 4). For instance, individuals with both
low fungal and low bacterial alpha diversities had a
markedly elevated odds of NPC compared with those
with both high alpha diversities (measures by observed
ASVs: OR=12.9,95% CI = 7.41-22.5; RERI = 7.34, 95%
CI = 2.23-12.5). Positive multiplicative interaction was
detected between fungal Shannon diversity and bacterial
observed ASVs or Faith’s phylogenetic diversity.

In addition, we noted significant positive additive
and multiplicative interactions between Cladosporium
halotolerans and Gran-5a37. We found negative multi-
plicative interactions between Gran-7770 and Saccharo-
myces cerevisiae or Lodderomyces elongisporus, but little
evidence of additive or multiplicative interactions be-
tween other examined fungal species and bacterial ASVs
(Table 5).
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Fungal species®

Cases (n = 476) Controls (n = 537) OR (95% Cl)

P trend

N (%) N (%) Crude Adjusted”
Saccharomyces cerevisiae
No carriage 307 (64.5) 433 (80.6) 1.00 (Ref.) 1.00 (Ref.)
Low carriage 56 (11.8) 52 (9.7) 1.52 (1.01-2.28) 2.25 (1.29-3.91)
High carriage 113 (237) 52 (9.7) 3.06 (2.14-4.39) 4.66 (2.78-7.81)
P trend <0.001 <0.001
Candida tropicalis
No carriage 393 (82.6) 493 (91.8) 1.00 (Ref.) 1.00 (Ref.)
Low carriage 56 (11.8) 22 (4.1) 319 (1.92-5.32) 3.62 (1.76-7.46)
High carriage 27 (5.7) 22 (4.1) 1.54 (0.86-2.75) 1.50 (0.68-3.29)
P rend 0.001 0.009
Lodderomyces elongisporus
No carriage 417 (87.6) 492 (91.6) 1.00 (Ref.) 1.00 (Ref.)
Low carriage 34 (7.1) 22 (4.1) 1.82 (1.05-3.17) 2.64 (1.21-5.77)
High carriage 25 (5.3) 23 (43) 1.28 (0.72-2.29) 1.40 (0.65-3.01)
P rend 0.09 0.07
Candida albicans
No carriage 261 (54.8) 297 (50.4) 1.00 (Ref.) 1.00 (Ref.)
Low carriage 81 (17.0) 120 (22.3) 0.76 (0.54-1.02) 0.76 (0.48-1.19)
High carriage 134 (28.2) 120 (22.3) 1.36 (1.00-.84) 1.56 (1.02-2.40)
P trend 0.15 0.08
Fusarium poae
No carriage 414 (87.0) 469 (87.3) 1.00 (Ref.) 1.00 (Ref.)
Low carriage 39 (8.2) 34 (6.3) 1.30 (0.81-2.10) 3.03 (1.50-6.14)
High carriage 23 (4.8) 34 (6.3) 0.77 (0.44-1.32) 0.67 (0.32-1.41)
P iz 0.73 0.60
Malassezia arunalokei
No carriage 145 (30.5) 187 (34.8) 1.00 (Ref.) 1.00 (Ref.)
Low carriage 157 (33.0) 175 (32.6) 116 (0.85-1.57) 1.35 (0.90-2.04)
High carriage 174 (36.6) 175 (32.6) 1.28 (0.95-1.73) 1.48 (0.98-2.22)
P trend 0.11 0.06
Malassezia restricta
No carriage 80 (16.8) 102 (19.0) 1.00 (Ref.) 1.00 (Ref.)
Low carriage 164 (34.5) 217 (40.4) 0.96 (0.68-1.38) 0.87 (0.53-1.43)
High carriage 232 (48.7) 218 (40.6) 136 (0.96-1.92) 1.38 (0.84-2.27)
P trend 0.03 0.06
Malassezia globosa
No carriage 199 (41.8) 246 (45.8) 1.00 (Ref.) 1.00 (Ref.)
Low carriage 144 (30.3) 146 (27.2) 1.22 (0.91-1.64) 1.18 (0.79-1.78)
High carriage 133 (27.9) 145 (27.0) 1.13 (0.84-1.53) 1.30 (0.86-1.96)
P rrend 034 021
Aureobasidium pullulans
No carriage 384 (80.7) 433 (80.6) 1.00 (Ref.) 1.00 (Ref.)
Low carriage 50 (10.5) 52 (9.7) 1.08 (0.72-1.64) 1.29 (0.74-2.27)
High carriage 42 (8.8) 52 (9.7) 0.91 (0.59-1.40) 1.06 (0.61-1.84)
P trend 0.82 0.61
Cladosporium halotolerans
No carriage 285 (59.9) 197 (36.7) 1.00 (Ref.) 1.00 (Ref.)
Low carriage 126 (26.5) 170 (31.7) 0.51 (0.38-0.69) 0.39 (0.26-0.59)
High carriage 65 (13.7) 170 (31.7) 0.26 (0.19-0.37) 0.19 (0.12-0.30)

<0.001 <0.001

(Table 3 continues on next page)
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Fungal species®

Cases (n = 476) Controls (n = 537) OR (95% Cl)

N (%) N (%) Crude Adjusted”
(Continued from previous page)
Aspergillus penicillioides
No carriage 325 (68.3) 288 (53.6) 1.00 (Ref.) 1.00 (Ref.)
Low carriage 107 (22.5) 124 (23.1) 0.77 (0.57-1.04) 0.73 (0.49-1.08)
High carriage 44 (9.2) 125 (23.3) 0.31 (0.21-0.46) 0.36 (0.22-0.58)

Abbreviation: OR, odds ratio; Cl, confidence interval. “Selected oral fungal species were significantly enriched in
nasopharyngeal carcinoma cases (first 9 species) or controls (latter 2 species). Abundance of selected species was
classified as no carriage (relative abundance was zero), low carriage, or high carriage (categorized by median
abundance of the distribution among controls who carried the species). Linear trend tests were conducted by
treating the categorical variable as an ordinal variable. "Estimates were calculated using logistic regression
models adjusted for age, sex, sequencing run, EBV infection status, residential community, current occupation,
educational level, tooth loss, tooth brushing frequency, cigarette smoking, and tea drinking.

P trend

<0.001 <0.001

Table 3: ORs and 95% Cls for nasopharyngeal carcinoma in relation to carriage of selected oral

fungal species.

10

Sensitivity analyses

The results were almost unchanged after we excluded
those who used antibiotics within one week before saliva
collection or had a chronic infectious disease (Tables S5
and S6). Restricting the analysis to early-stage or local-
ized NPC cases yielded similar but slightly attenuated
associations compared with the primary analysis
(Tables S7 and S8). Among the NPC cases, we found
that patients with lower alpha diversity were more likely
to be diagnosed at an advanced cancer stage (Table S9);
no significant associations with stage at diagnosis were
observed for beta diversity or differential abundance
(data not shown).

Discussion
In this large, population-based study, NPC patients
harboured fewer and less diverse oral fungal commu-
nities than controls, and lower alpha diversity was
associated with increased risk of NPC in a dose-
response manner. Beta diversity—that is, fungal com-
munity patterns measured by Bray—Curtis dissimilarity
—also differed by disease status. Furthermore, we
identified a number of differentially abundant oral
fungal organisms between NPC cases and controls,
including five species that were associated with higher
risk of NPC, and two species that were associated with
lower NPC risk. In addition, we noted an additive
interaction between fungal alpha diversity and bacterial
alpha diversity, which contributed to profoundly
increased risk of NPC. These findings suggest a po-
tential role of the oral fungal community, as a distinct
component of the oral microbiome, in NPC aetiology.
Our results indicate that both the richness and
evenness of the oral fungal community were signifi-
cantly lower in NPC patients; individuals with low alpha
diversity had up to a 5.8-fold higher risk of NPC after
adjustment for confounders. These findings suggest a
significant reduction in fungal microbiome diversity that
might have a link with NPC development. Similar ob-
servations were noted in studies that investigated the
oral mycobiome in patients with OSCC, oral tongue
cancer, and HNSCC, which also reported reduced alpha
diversity in cancer patients compared with controls.”**
In addition, our multivariate Adonis models and
PCoA plot showed a significant difference in fungal

Bacterial alpha diversity Fungal alpha diversity

Observed ASVs

Shannon diversity

RERI for additive interaction 7.34 (2.23-12.5)

P for multiplicative interaction 0.57
Shannon diversity
High 1.00 (Ref.)
Low 1.75 (1.01-3.03)

RERI for additive interaction 3.81 (1.21-6.40)

P for multiplicative interaction 0.18
Faith’s phylogenetic diversity
High 1.00 (Ref.)
Low 2.47 (1.41-4.34)

4.46 (1.32-7.59)
0.46

RERI for additive interaction

P for multiplicative interaction

residential community.

High High Low
Observed ASVs
High 1.00 (Ref.) 2.68 (1.47-4.89) 1.00 (Ref.) 0.87 (0.49-1.54)
Low 3.88 (2.16-6.98) 12.9 (7.41-22.5) 2.86 (1.69-4.84) 6.55 (3.85-11.1)

2.50 (1.46-4.28)
7.05 (4.23-11.8)

2.64 (1.50-4.65)
8.57 (5.09-14.4)

Abbreviation: ASVs, amplicon sequence variants; RERI, relative excess risk due to interaction. “Fungal or bacterial alpha diversity was categorized by median of the
distribution among controls. Estimates were calculated using logistic regression models adjusted for age, sex, sequencing run, Epstein-Barr virus infection status, and

3.82 (1.30-6.34)
0.007

1.00 (Ref)

217 (1.32-3.57)
1.31 (-0.10 to 2.72)
0.45

137 (0.82-2.28)
3.86 (2.37-6.27)

1.00 (Ref.)

1.95 (1.18-3.23)
2.61 (0.98-4.24)
0.007

0.89 (0.52-1.53)
4.45 (2.69-7.37)

Table 4: Interaction between oral fungal alpha diversity and bacterial alpha diversity on nasopharyngeal carcinoma®.
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Case enriched fungal species and bacterial ASVs”

Fungal species

Bacterial ASVs

Gran-7770 Lact-ecat9
No carriage Carriage No carriage Carriage
Saccharomyces cerevisiae
No carriage 1.00 (Ref.) 2.22 (1.45-3.40) 1.00 (Ref.) 1.63 (0.92-2.87)
Carriage 7.79 (3.68-16.47) 5.09 (2.97-8.74) 3.38 (2.18-5.25) 5.70 (2.22-14.7)

RERI for Additive interaction

P for multiplicative interaction
Candida tropicalis

No carriage

Carriage

RERI for additive interaction

P for multiplicative interaction
Lodderomyces elongisporus

No carriage

Carriage

RERI for additive interaction

P for multiplicative interaction
Candida albicans

No carriage

Carriage

RERI for additive interaction

P for multiplicative interaction
Fusarium poae

No carriage

Carriage

RERI for additive interaction

P for multiplicative interaction

-3.92 (-9.70 to 1.87)
0.006

1.00 (Ref.)

4.40 (1.39-13.92)
-171 (-7.07 to 3.65)
0.22

1.00 (Ref)

5.65 (1.66-19.24)
-4.12 (-11.2 to 2.93)
0.04

1.00 (Ref.)

1.05 (0.58-1.92)
0.11 (-0.83 to 1.06)
0.91

1.00 (Ref.)

133 (0.54-3.27)
0.88 (-1.22 to 2.99)
0.65

Control enriched fungal species and bacterial ASVs®

1.80 (1.23—2.64)
3.49 (1.82-6.71)

1.94 (1.33-2.83)
2.46 (1.24-4.88)

171 (1.08-2.72)
1.88 (1.15-3.07)

1.71 (1.16-2.51)
2.92 (1.47-5.81)

1.69 (-3.72 to 7.11)
0.95

1.00 (Ref.)

2.81 (1.53-5.17)
-1.19 (-4.34 to 1.96)
0.28

1.00 (Ref))

1.51 (0.83-2.74)
12.5 (-12.8 to 37.7)
0.05

1.00 (Ref.)

115 (0.78-1.7)
-1.32 (-3.8 to 1.15)
018

1.00 (Ref.)

1.39 (0.79-2.46)
1.86 (-2.81 to 6.54)
0.42

1.77 (1.04-3.01)
239 (0.81-7.03)

1.37 (0.83-2.28)
14.3 (2.46-83.6)

2.65 (1.09-6.44)
1.48 (0.83-2.65)

1.51 (0.90-2.53)
3.76 (1.10-12.9)

Fungal species

Bacterial ASV Gran-5a37

Carriage No carriage
Cladosporium halotolerans
Carriage 1.00 (Ref.) 1.57 (0.98-2.52)
No carriage 2.87 (1.88-4.37) 12.1 (6.08-24.2)

RERI for additive interaction

P for multiplicative interaction
Aspergillus penicillioides

Carriage

No carriage

RERI for additive interaction

P for multiplicative interaction

8.68 (0.76-16.6)
0.02

1.00 (Ref.)
1.90 (1.25-2.89)

1.43 (-0.72 to 3.59)

0.73

2.01 (1.16-3.48)
434 (2.46-7.63)

Abbreviation: ASVs, amplicon sequence variants; RERI, relative excess risk due to interaction. “Estimates were calculated using logistic regression models adjusted for age,

sex, sequencing run, EBV infection status, residential community, current occupation, educational level, tooth loss, tooth brushing frequency, cigarette smoking, and tea
drinking. "Carriage of neither fungal species nor bacterial ASV was classified as the reference category. “Carriage of both control enriched fungal species and bacterial ASV as

the reference category.

Table 5: Interaction between oral fungal species and bacterial ASVs on nasopharyngeal carcinoma®.

composition and structure between cases and controls.
Because NPC cases were newly diagnosed and samples
were collected prior to radiotherapy or chemotherapy
treatment, it is unlikely that the observed reduction in
fungal microbiome diversity and difference in compo-
sition are treatmentrelated.”®* However, our
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retrospective study design was unable to determine
whether these changes preceded NPC diagnosis; there-
fore, how these changes in the oral mycobiome might
contribute to the aetiology of NPC needs to be further
studied. Established evidence shows that balanced mi-
crobial community structure can prime the immune
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system and provide colonization resistance against
exogenous pathogens and indigenous pathobionts,
whereas perturbation of stable states of commensal mi-
crobial communities, termed dysbiosis, could lead to
immune dysregulation.” Therefore, a causal role of
oral mycobiome dysbiosis in NPC onset is biologically
plausible.

We identified several oral fungi that were differen-
tially present between NPC patients and controls, char-
acterized by an increased abundance in pathogenic or
opportunistic pathogenic fungi and a decrease in sym-
biotic fungi in NPC patients. Carriage of certain fungal
species was associated with profoundly higher risk of
NPC. One possible mechanism for the increased
abundances in these species could be that the patients
might be already in an immune compromised or
immunosuppressed state before and/or at disease onset,
contributing to the overgrowth of these pathogenic or
opportunistic pathogenic species.

While Candida was the most common fungal genus
among both cases and controls, it was also one of the
most differentially abundant genera between NPC pa-
tients vs. controls, specifically including Candida albi-
cans and Candida tropicalis species. Overgrowth of
Candida albicans was previously reported in the biopsies
of OSCC and in the saliva of HNSCC patients.®’
Candida species infection has been implicated in carci-
nogenesis through multiple pathways.*“ Candida
species have the capacity to produce mutagenic acetal-
dehyde from alcohol and formation of the potent animal
carcinogen  N-nitrosobenzylmethylamine (NBMA);
certain Candida species have high nitrosation potential
to produce potentially carcinogenic nitrosamines;
Candida species may either induce dysplasia and colo-
nize existing premalignant lesions, or promote the
generation of precancerous conditions and their pro-
gression to cancer; and Candida species induce host
immune responses to produce proteinases and pro-
inflammatory mediators that may facilitate carcinogen-
esis. Thus, there are several biologically plausible
mechanisms through which higher abundance of
Candida might contribute to the aetiology of NPC.

We found that the species Saccharomyces cerevisiae,
Lodderomyces elongisporus, and Fusarium poae were also
over-represented in the oral cavity of NPC patients vs.
controls. Saccharomyces cerevisiae is typically used for
winemaking, baking, and brewing in the food industry,
although it has been regarded as an opportunistic hu-
man pathogen with relatively low virulence.” Lodder-
omyces elongisporus is a pathogen that can cause human
bloodstream infections,** while Fusarium poae is
known as a cause of Fusarium head blight in cereal
crops.”® Our stratified analysis showed stronger associ-
ations among non-farmers and non-tea drinkers, but no
evident heterogeneity by certain dietary factors, sug-
gesting that associations are not necessarily more

prominent among those with occupational (potentially
high-dose) exposure to these species. More evidence is
warranted to clarify whether these fungal species play a
role in NPC carcinogenesis.

In our study, the most significantly enriched species
among controls was from the genera Cladosporium and
Aspergillus. In prior studies, Cladosporium and Aspergillus
were core oral fungal taxa in healthy individuals.*”
Many species of Cladosporium are capable of produc-
ing secondary metabolites such as antibiotics, which are
inhibitors of Bacillus subtilis, Escherichia coli, and
Candida albicans.”> Therefore, carrying these species
may confer protective effects against the development of
NPC. Future studies to explore these mechanisms are
required to assess their potential for primary prevention
and control strategies.

Recent data have shown that gut bacterial-fungal
interactions may contribute to the pathogenesis of
colorectal cancer.”** Oral bacterial-fungal interactions
have also been noted in the head and neck cancer’ and
oral tongue cancer.® However, the interaction of oral
bacterial and fungal microbes in NPC carcinogenesis
has not been studied previously. Our finding for the first
time revealed a positive additive interaction between
fungal and bacterial alpha diversities that was associated
with remarkably increased NPC risk; and interactions
between some fungal species and bacterial ASVs also
resulted in much higher risk of NPC. Our study pro-
vides strong preliminary epidemiological evidence that
oral bacterial-fungal interactions might play an impor-
tant role in aetiology of NPC.

Furthermore, in addition to the dysbiosis of oral
mycobiome observed in NPC cases, we noted a higher
level of dysbiosis among cases with advanced cancer
stage compared to cases in early stage. These findings
suggest that applying anti-fungal treatment to modulate
the oral mycobiome from the dysbiosis state to a
balanced state might restore immune dysregulation,
enhance immunity, and reduce the risk of oral fungal
infection, thereby promoting the effect of NPC treatment
and improving patients’ prognosis and quality of life.

To our knowledge this is the largest population-based
study in an NPC-endemic region to assess the potential
association between oral mycobiome and NPC.
Strengths of our study include the large sample size,
stringent population-based study design, recruitment of
NPC cases soon after diagnosis and before disease
treatment, extensive quality control measures for
participant data and sequencing data, inclusion of
numerous covariates to adjust for confounding, and
analysis of the oral bacterial and fungal microbiomes
simultaneously.

However, some limitations must be acknowledged.
First, we were unable to establish the temporal rela-
tionship between oral mycobiome dysbiosis and NPC
risk due to the retrospective nature of the case—control
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study design. Therefore, prospective cohort studies are
required to verify and validate our observed associations.
Second, despite FDR correction, false-positive signifi-
cant findings might have arisen due to numerous sta-
tistical tests, particularly for the differential abundance
analysis. Third, our results may be affected by certain
unmeasured confounding, such as dietary factors.
Finally, our results may not be generalized outside
southern China, such as low-risk regions, given that the
oral microbiome community is strongly affected by
geographic region and dietary pattern.

In conclusion, our results reveal that a dysbiotic oral
mycobiome characterized by reduced community rich-
ness and diversity, as well as an increased abundance in
pathogenic or opportunistic pathogenic fungi and a
decrease in symbiotic fungi, might increase the risk of
NPC. We observed strong additive interactions between
the fungal and bacterial microbiomes in relation to NPC
risk. These findings, if confirmed by prospective
studies, might offer insights into the NPC aetiology and
pave a potential way for NPC prevention and control.
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