Original research

» Additional supplemental
material is published online
only. To view, please visit
the journal online (http://dx.
doi.org/10.1136/jim-2021-
002119).

"Department of Technology
Center, China Tobacco
Yunnan Industrial
Corporation, Kunming,
Yunnan, China

%School of Pharmacy and
Yunnan Key Laboratory

of Natural Medicine
Pharmacology, Kunming
Medical University, Kunming,
China

Correspondence to
Qian Gao, Technology
Center, China Tobacco
Yunnan Industrial
Corporation, Kunming,
Yunnan, China;
gaoqian840905@hotmail.
com

Dr Xuemei Li;
lixuem@ynzy-tobacco.com

XW and NL contributed
equally.

Accepted 20 October 2021

| '.) Check for updates

© American Federation for
Medical Research 2021.
No commercial re-use. See
rights and permissions.
Published by BMJ.

To cite: Wang X, Luo N,
Mi Q, et al. J Investig Med
Epub ahead of print:
[please include Day Month
Year]. doi:10.1136/jim-

2021-002119

Influence of cigarette smoking on oral microbiota
in patients with recurrent aphthous stomatitis

Xue Wang,"? Na Luo, " Qili Mi," Weisong Kong,' Wei Zhang," Xuemei L’

Qian Gao @'

ABSTRACT

Recurrent aphthous stomatitis (RAS) is a common
recurrent ulcerative disease of the oral mucosa which
is closely related to oral microbial composition.
However, the specific effect and the mechanism of
smoking in RAS are unclear. In this study, 165 rRNA
sequencing technology was used to compare the
differences in saliva microbial community between
28 non-smoking healthy controls (NSctrl), 31 non-
smoking RAS patients (NSras), and 19 smoking RAS
patients (Sras). The results showed that the bacterial
community diversity in patients with RAS (NSras and
Sras) was lower than that of NSctrl. The microbial
community in smoking-associated RAS is less diverse
and distinct from that of non-smokers. The RAS
groups have higher abundance of Veillonella, Rothia,
and Sneathia and lower abundance of Bacteroidales,
Bacteroides, Wolinella, Moryella, Pyramidobacter,
and Christensenellaceae at the genera level. A
significantly different abundance of Anaerovorax,
Candidatus Endomicrobium, Lactococcus, Sneathia,
Veillonella, and Cloacibacterium was observed
between the Sras and the NSras group. Notably,
there was a significant difference in many species
from the genus Prevotella and Treponema between
the NSras and the Sras group. Further, the relative
abundance of several taxa is correlated with
smoking age or frequency, including Megasphaera,
Haemophilus, Leptotrichia, and Rothia at the genera
level, and Prevotella melaninogenica, Prevotella
salivae, Megasphaera micronuciformis, Haemophilus
parainfluenzae, Alloprevotella tannerae, Actinomyces
naeslundii, Lautropia mirabilis, and Capnocytophaga
sputigena at the species level. Among patients

with RAS, smoking aggravated the pathways of
respiration and human pathogens. Our results
suggest that smoking is closely related to changes

in the oral microbiota, which may contribute an
opposite effect to the pathogenesis of RAS. This
study provides new insight and theoretical basis

for the cause and pathogenesis of RAS and better
prevention and treatment.

INTRODUCTION

Recurrent aphthous stomatitis (RAS) is a
common and recurrent ulcerative disease of
the oral mucosa.' It has the characteristics of
periodicity, long disease course, and recurrent
attacks.” The pathogenesis of the disease is
complex and has many inducing factors, such as
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Significance of this study

What is already known about this subject?

» Recurrent aphthous stomatitis (RAS) is a
common and recurrent ulcerative disease of
the oral mucosa.

» There is a certain relationship between
change in the oral microbial flora and
occurrence of recurrent oral ulcers.

» Smoking is negatively related to the
occurrence of RAS.

What are the new findings?

» The microbial community of smoking-
associated RAS is less diverse and distinct
from that of non-smokers.

» Smoking significantly changed the relative
abundance of RAS-related microbiota.

» Among patients with RAS, smoking
aggravated the pathways of respiration and
human pathogens.

How might these results change the focus

of research or clinical practice?

» Significant changes in the oral microbial
structure may contribute to the negative
correlation between smoking and RAS.

bacterial infection, mental stress, trace element
deficiency, body immunity decline, etc. The
incidence of RAS in China is increasing year
by year.® Although RAS is not a fatal disease, it
can also cause physiological and psychological
discomfort, especially in patients with recur-
rent oral ulcer. At present, there is no radical
drug for treatment of RAS, and only a variety
of drugs have been developed to promote
its recovery. Interestingly, many studies have
reported that tobacco may be closely related to
the lower incidence of RAS, but the mechanism
is not yet clear.*®

The latest evidence shows that there is a
certain relationship between change in the oral
microbial flora and occurrence of recurrent
oral ulcers. The decrease in several common
oral bacteria, such as Streptococcus, Veillonella,
Neisseria, and Gram-negative bacilli, has been
linked to recurrent oral ulcers.”” Smoking
is a cause of oral dysbiosis that affects the
structure of the oral microbial. Yang et al'
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investigated and studied the relationship between smoking
and oral microbiotain 1616 African Americans (592 current
smokers, 477 former smokers, and 547 never smokers)
using 16S rRNA gene sequencing technology to analyze
the oral microbiota. The analysis shows that smoking has
a greater impact on the oral microbial community and that
the flora has significant differences. After quitting smoking,
the oral microbial community returns to normal, similar
to the oral microbial community of non-smoking popula-
tion. Existing literature shows that smoking is negatively
related to the occurrence of RAS. Studies by Mohamed
and Janakiram,"" Axéll et al,* and others have shown that
the incidence of RAS in the smoking population is signifi-
cantly lower than in the non-smoking population. Vaziri
et al'? found that using tobacco leaves as the main raw
material to make mouthwash is effective in treating recur-
rent oral ulcers. Given that smoking may have an impact
on the oral environment and the microbiome itself, it may
have an important impact on host-microbe interactions.
However, little is known about the effects of smoking on
RAS-associated microbiota.

In this study, we employed the V3+V4 region of sali-
vary micro-organism 16S rRNA gene sequencing between
smoking and non-smoking RAS population and healthy
population to conduct an oral microbial study. We aimed to
analyze the difference in microbial community in the saliva
and to explore the impact of smoking on the diversity of
bacterial communities associated with RAS.

MATERIALS AND METHODS
Consent and permissions
Written informed consent was obtained from all subjects.

Study population

The RAS group met the following standards: (1) the
episodes of aphthous ulcers should occur at least once a
month; (2) subjects who had received antibiotics or steroid
or drugs for treatment of ulcers within the last month and
patients with xerostomia (unstimulated whole salivary flow
rate <0.1mL/min) were excluded; (3) subjects who had
excessive consumption of alcohol (alcohol intake more than
three times weekly) were excluded; and (4) subjects with
other types of oral mucosal diseases or systemic diseases
that involve RAS were also excluded.

A questionnaire survey was used to collect comprehen-
sive demographic and lifestyle information to determine
detailed data about the research subjects, including smoking
status (never, current), smoking amount, smoking dura-
tion, ulcer frequency, recovery and living habits, etc, and
follow-up. The final sample size was 78 patients and the
distribution of the groups was as follows:

» Non-smoking healthy controls (NSctrl): n=28.
» Non-smoking RAS patients (NSras): n=31.
» Smoking RAS patients (Sras): n=19.

The clinical characteristics of the 78 patients with RAS
and the control group are given in table 1. No significant
differences in age and body mass index were found among
the three groups. All enrolled subjects have no other inflam-
mation disorders, including chronic hypertension, diabetes
mellitus, and autoimmune disorders.

Table 1  Descriptive characteristics of the study population
NSctrl NSras
(n=28) (n=31) Sras (n=19) P value
Age (years) 36.64+10.00 31.55+9.36 31.89+8.21 0.085
Sex (male/female) 1414 15/16 11/8 0.797
Body mass index 20.86+0.37  21.37+1.03 21.48+0.86 0.736

Medical history

Chronic 0 0 0 0
hypertension

Diabetes mellitus 0 0

Autoimmune 0 0

disease

Smoking age (years)

<10 9

11-20

>20 3
Frequency (per day)

<10 9

11-20

>20 1

P value was computed by one-way analysis of variance with Bonferroni test.
NSctrl, non-smoking healthy control; NSras, non-smoking RAS patients; RAS,
recurrent aphthous stomatitis; Sras, smoking RAS patients.

Saliva sample collection, genomic DNA extraction, and
PCR amplification

Saliva sample collection followed the following standards:
the subjects did not eat or smoke within 60 min before
saliva sample collection and no oral cleaning measures were
taken within 12 hours. At the time of sampling, the subjects
collected 7mL of non-irritating saliva in a 15mL sterile
centrifuge tube and immediately placed in dry ice for later
use.

After sampling, the genomic DNA of the sample was
isolated using the Genomic DNA Purification from Saliva
Kit (New England BioLabs, Carlsbad, California, USA), and
the diluted genomic DNA was used as a template. Based
on the selection of sequencing region, the specific primers
with Barcode, Phusion High-Fidelity PCR Master Mix with
GC Buffer and high efficiency and high fidelity enzyme
were used for PCR. According to the concentration of PCR
products, an equal amount of samples was mixed, and the
PCR products were purified by electrophoresis after full
mixing. The products were recovered by the Gene]JET Gel
Recovery Kit. Then the library was constructed with ITon
Plus Fragment Library Kit (Thermo Scientific, USA). After
Qubit quantification and library detection, the library was
sequenced by Ion S5 XL from ThermoFisher. The data
were deposited in the Genome Sequence Archive of the
National Genomics Data Center (https://ngdc.cncb.ac.cn/),
the Beijing Institute of Genomics (China National Center
for Bioinformation), and the Chinese Academy of Sciences,
under accession number CRA005099.

Data processing and analysis

Quantitative Insights Into Microbial Ecology (QIIME)
quality-controlled process was employed to filter and
collect clean reads of high quality from raw sequencing
data. UPARSE (V.7.0.1001)"® was used to cluster the effec-
tive reads with more than 97% similarity into operational
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taxonomic units (OTUs). Species annotation analysis was
performed using the Mothur method and small sub-unit
rRNA database of SILVA132' to obtain the taxonomic
information and community composition at each taxo-
nomic level. The threshold 0.8-1 was applied for anno-
tation of the genera at each taxonomic rank. The OTUs
with the highest frequencies were selected as representative
sequences. The MUSCLE software (V.3.8.31)" was used
for fast multisequence alignment to obtain the phylogenetic
relationships of all OTU sequences. The data of each sample
were then homogenized to calculate the alpha diversity
(Chaol index and Shannon diversity index) using QIIME
software (V.1.9.1). Rarefaction curves were constructed
using the rarefaction curve tool of R software (V.2.15.3).
Calculation of unweighted UniFrac distance for beta diver-
sity analysis was performed by QIIME software (V.1.9.1).

Quality control

Blind quality control samples were used in each data set of all
sequencing batches. The quality control samples have good
reliability. SPSS V.22.0 removed the abnormal samples from
the Chaol index and Shannon index by three times the SD.

Statistical analysis

A one-way analysis of variance with Bonferroni test and * test
were used to examine the significance of differences in pairwise
comparisons of the samples. Linear discriminate analysis (LDA)
effect size (LEfSe) by non-parametric factorial Kruskal-Wallis

test based on LEfSe software was used to compare the rela-
tive abundance of the bacterial groups in different categories
of smoking status. We also tested the differences in microbial
diversity between the samples using the Metastats (permuted
t-statistics or Fisher’s exact test). Spearman’s correlation coeffi-
cient was used to test the correlation between smoking-related
variables (the number of cigarettes per day and smoking age)
and the relative abundance of the selected taxa. All statistical
tests were double-tailed, and p values less than 0.05 (or false
discovery rate (FDR) q less than 0.05) were considered statis-
tically significant. All analyses were performed using SPSS
V.22.0.

RESULTS

Differences in oral microbial diversity among the three
groups

The rarefaction curves for the RAS groups stabilized
at <500 OTUs, showing greater bacterial diversity than
that observed for NSctrl (565 OTUs at 48082 sequences).
The Sras group had similar bacterial diversity to the NSras
group (approximately 497 OTUs vs 508 OTUs at 48082
sequences) (figure 1A). These results were confirmed
by Chao richness and Shannon diversity indexes for the
different groups (figure 1B). Principal coordinates analysis
(PCoA) showed that subjects from each study group tended
to cluster together, with significant differences among the
three groups (UniFrac distance, p=0.037) (figure 1C).
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Figure 1

Bacterial diversity and community structure. (A) Rarefaction curves of all the saliva samples by study group. (B) The microbiota

from Sras showed statistically significantly lower diversity and evenness similar to NSras. (C) PCoA of all 78 saliva samples according

to bacterial composition, including NSctrl, NSras, and Sras. PCoA was performed with weighted UniFrac analysis with clustering at 97%
sequence identity. NSctrl, non-smoking healthy controls; NSras, non-smoking RAS patients; OTUs, operational taxonomic units; PC, principal
component; PCoA, principal coordinates analysis; RAS, recurrent aphthous stomatitis; Sras, smoking RAS patients.
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Figure 2 Multivariate analyses to identify the genera and species which presented statistically significant differences among the three
study groups. (A) Genera abundance and (B) species abundance of each group. (C) LEfSe analysis by non-parametric factorial Kruskal-
Wallis rank-sum test was performed to distinguish among the NSctrl, NSras, and Sras groups. LDA score higher than 3 was displayed

from the phylum to the species level. (D) Evolutionary cladistics (phylogenetic distribution). LDA, linear discriminate analysis; LEfSe, LDA
effect size; NSctrl, non-smoking healthy controls; NSras, non-smoking RAS patients; RAS, recurrent aphthous stomatitis; Sras, smoking RAS
patients.

Microbiota composition and taxonomy in the three has the highest content among the three groups (NSctrl
groups accounted for 12.84%, NSras accounted for 16.67%, and
A total of 3363 OTUs were detected, which were classi- Sras accounted for 12.12%), followed by Streptococcus
fied into 11 phyla, 41 classes, 74 orders, 133 families, and mitis, Prevotella melaninogenica, and Fusobacterium peri-
278 genera. The common dominant phyla were Bacteroi- odonticum (figure 2B).

detes (33.3%), Proteobacteria (29.3%), Firmicutes (24.6%),
Fusobacteria (8.30%), and Actinobacteria (2.19%). In all

samples, a total of 115 bacterial genera were identified. Significant difference in the microbiota between the

The main genera consists of characteristic oral bacteria, NSctrl and the RAS (NSras and Sras) group

including Neisseria (21.8%), Prevotella (16.2%), Strepto- ~ We performed Metastats analysis (permuted t-statistics

coccus (10.1%), Veillonella (7.5%), Fusobacterium (5.3%), or Fisher’s exact test) to reveal the characteristic flora of

and Leptotrichia (5.5%). the three groups. The results showed that there were 71
At the genus level, the predominant genera in non- different genera between the NSctrl and the NSras group,

smokers was Neissseria (22.52% in the NSctrl group, while there were 55 different genera between the NSctrl
21.52% in the NSras group, and 16.44% in the Sras group). and the Sras group (p<0.05; online supplemental table S1).
The most predominant genera in Sras was Prevotellaceae Most genera were also identified by LEfSe analysis (the LDA
(20.73%) (figure 2A). At the species level, Neisseria subflava score was set to >3) (figure 2C,D). After adjusting for p
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Figure 3  Significant difference in RAS-associated microbiomes in non-smokers and smokers. (A) Percentages of taxa by genera
presented statistically significant differences between the NSctrl and the RAS (NSras and Sras) group (q<0.05). (B, C) Percentages of taxa
by species presented statistically significant differences between the NSctrl and the RAS (NSras and Sras) group (q<0.05). After screening
for differential genera or species between the NSras and the NSctrl group, the genera (D) and species (E) were identified with differential
abundance between the NSras and the Sras group. NSctrl, non-smoking healthy controls; NSras, non-smoking RAS patients; RAS, recurrent

aphthous stomatitis; Sras, smoking RAS patients.

value, Bacteroidales, Bacteroides, Wolinella, Moryella, Pyra-
midobacter, Christensenellaceae, and Moraxella were all
observed to be different between the NSctrl and the NSras
or Sras group, with higher abundance in the NSctrl group
(9<0.05; figure 3A). Compared with NSctrl, the NSras and
Sras groups have higher abundance of the genera Rothia
and Sneathia (q<0.05; figure 3A).

There were 110 species identified between the NSctrl
and the NSras group and 99 species between the NSctrl
and the Sras group (p<0.035; online supplemental table S2).
There were 24 co-different species identified among the
three groups (q<0.05), including 12 species with <0.5%
abundance (figure 3B) and 12 species with >0.5% abun-
dance (figure 3C). LEfSe analysis (the LDA score was set
to >3) also revealed high abundance of species from Bacte-
roidales and Moraxella in the NSctrl group, high abundance
of Leptotrichia in the NSras group, and an abundance
of Porphyromonas endodontalis, Prevotella salivae, and
Prevotella bisticola in the Sras group (figure 2C,D).

Relationship between smoking and RAS-associated
microbiomes

Regarding the effects of smoking, we first screened the
different classes between NSctrl and NSras and investigated
whether changes were associated with smoking. Among 71
different genera between the NSctrl and the NSras group

(p<0.05), 18 genera were observed between Sras and NSras
(p<0.03; table 2). Comparing with the NSras group, Rick-
ettsiales and Rhodospirillales decreased in the Sras group,
while Candidatus Endomicrobium, Sediminispirochaeta,
and Ignavibacteria increased in the Sras group (q<0.05;
figure 3D).

Among 110 different species between the NSctrl and the
NSras group (p<0.05), 23 species demonstrated differ-
ential abundance between the Sras and the NSras group
(p<0.05; table 2). After adjusting for p value, eight species
showed significant differential abundance: Treponema
sp_I:C:BA223, Chlorobi bacterium_COT _046, Spirochaeta
sp_COT 314, Deinococcus geothermalis, Alphaproteobac-
teria bacterium_COT 081, Mycoplasma spermatophilum,
Eubacterium sp_oral_clone_FX028, and Peptostreptococca-
ceae bacterium_FOT 028 (figure 3E).

The data suggest that smoking may have altered these
RAS-related genera or species.

Influence of smoking habit

We further examined whether genus-level or species-level
bacterial relative abundances differed according to smoking
age and number of cigarettes smoked per day. We observed
the relative abundance of Megasphaera was positively
correlated with smoking age (r=0.580, p=0.009) (table 3).
The relative abundance of Haemophilus, Leptotrichia,
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Table 2 Identified co-different genus and species associated with RAS which showed a positive difference equal to or higher than 10%

(in terms of relative abundance)

Contributing OTU NSctrl (n=28) NSras (n=31) Sras (n=19) P1 value P2 value

Genera
Aeromonas 0.0001+0.0001 0.0007+0.0007 0+0 0.025 0.009
Anaerovorax 0.0014+0.0011 0+0 0.0004+0.0004 0 0.021
Candidatus Endomicrobium 0.0032+0.0012 0.0002+0.0002 0.0015+0.0011 0.005 0
Deinococcus 0.0004+0.0004 0.0011+0.0011 0+0 0.03 0.001
Elizabethkingia 00 0.0006+0.0004 0+0 0.004 0.016
Ezakiella 0.014+0.0042 0.0007+0.0004 0.0091+0.0053 0.001 0.036
Fretibacterium 0.2809+0.0971 0.0685+0.0154 0.164+0.0369 0.002 0.025
Geobacter 0.0001+0.0001 0.0007+0.0005 0+0 0.025 0.009
Ignavibacteria 0.0035+0.0026 0+0 0.0016+0.0014 0.001 0
Lactococcus 0.0014+0.0006 0.0006+0.0003 0+0 0.037 0.016
Parascardovia 0+0 0.0008+0.0005 0+0 0.001 0.005
Phocaeicola 0.0241+0.0036 0.005+0.001 0.0161+0.0071 0.001 0.048
Rhodospirillales 0.0055+0.0019 0.0001+0.0001 0.00180.001 0.002 0
Rickettsiales 0.0001+0.0001 0.0017+0.0015 0.0002+0.0002 0 0
Rikenellaceae 0.1195+0.0232 0.0205+0.0052 0.0675+0.0212 0.001 0.033
Roseburia 0.0759+0.0124 0.0077+0.0021 0.042+0.0151 0.001 0.007
Sediminispirochaeta 0.0058+0.0026 0.0001+0.0001 0.0012+0.0012 0.004 0
Sneathia 0+0 0.0006+0.0006 0.0019+0.0011 0.004 0.007

Species
Acholeplasmatales bacterium_COT_172 0.0544+0.0186 0.0015+0.001 0.0298+0.0144 0.002 0.007
Actinomyces sp_OT_414 0.0027+0.0009 0.0005+0.0002 0.0013+0.0009 0.013 0.032
Aeromonas veronii 0.0001+0.0001 0.0007+0.0007 0+0 0.025 0.009
Alphaproteobacteria bacterium_COT_081 0.0055+0.0019 0.0001+0.0001 0.0018+0.001 0.004 0
Bacteroidales OT_MCE7_164 0.0592+0.0136 0.0131+0.0034 0.0531+0.0186 0.001 0.04
Chlorobi bacterium_COT_046 0.0035+0.0026 00 0.0016+0.0014 0.001 0
Deinococcus geothermalis 0+0 0.0011+0.0011 0+0 0.001 0.001
Eubacterium sp_OT_FX028 0.0009+0.0004 0+0 0.0009+0.0009 0 0
Geobacter soli 0.0001+0.0001 0.0007+0.0005 0+0 0.025 0.009
Lachnospiraceae bacterium_FOT_021 0.0759+0.0124 0.0077+0.0021 0.042+0.0151 0.001 0.004
Mycoplasma spermatophilum 0.0001+0.0001 0.0009+0.0008 0+0 0.005 0.002
Peptostreptococcaceae bacterium_COT_221 0.0249+0.0085 0.0046+0.0011 0.0181+0.0068 0.004 0.033
Peptostreptococcaceae bacterium_FOT_028 0.0019+0.0007 0.0001+0.0001 0.0013+0.0009 0 0
Phocaeicola abscessus 0.0241+0.0036 0.005+0.001 0.0161+0.0071 0.001 0.035
Sneathia amnii 0+0 0.0006+0.0006 0.0019+0.0011 0.004 0.007
Spirochaeta sp_COT_314 0.0035+0.0026 0.0001+0.0001 0.0012+0.0012 0.001 0
Synergistetes bacterium_OT_363 0.0544+0.0186 0.0137+0.0031 0.0395+0.0081 0.002 0.006
Tissierella sp_feline_OT_025 0.014+0.0042 0.0007+0.0004 0.0088+0.0053 0.001 0.036
Treponema parvum 0.0029+0.0008 0.0005+0.0003 0.0014+0.0005 0.001 0.019
Treponema sp_5:C:AT040 0.1703+0.0716 0.0254+0.009 0.0605+0.015 0.003 0.044
Treponema sp_9:A:D01 0.0072+0.0016 0.0011+0.0004 0.0036+0.0012 0.002 0.05
Treponema sp_I:C:BA223 0.0115+0.0041 0+0 0.0015+0.0011 0.001 0
Treponema sp_OT_271 0.0544+0.0186 0.0015+0.001 0.0298+0.0144 0.001 0.003

P1 value: NSctrl vs NSras.
P2 value: NSras vs Sras.

NSctrl, non-smoking healthy controls; NSras, non-smoking RAS patients; OTU, operational taxonomic unit; RAS, recurrent aphthous stomatitis; Sras, smoking RAS patients.

Lautropia, Aggregatibacter, Rothia, Bergeyella, and Atopo-
bium was correlated with smoking frequency (table 3).
At the species level, the relative abundance of P melani-
nogenica, P. salivae, and Megasphaera micronuciformis was
positively correlated with smoking age (r=0.444, p=0.057;
r=0.507, p=0.027; r=0.580, p=0.009) (table 3). The
relative abundance of Haemophilus parainfluenzae, Allo-
prevotella tannerae, Actinomyces naeslundii, Lautropia
mirabilis, and Capnocytophaga sputigena was negatively
correlated with smoking frequency (r=—0.498, p=0.030;

r=-0.470, p=0.042; r=—-0.471, p=0.042; r=—0.752,
p=0.000;and r=—0.633, p=0.004) (table 3).

Correlation between microbial function and functional
signaling pathway

To explore the functional pathways of related genes in
smoking-related bacterial taxa, the FAPROTAX algorithm
was used to infer the bacterial gene function based on the
microbial composition of the 16S rRNA gene from the
prokaryotic function database. The genus count matrix was
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Table 3 Correlation between genus level and number of cigarettes smoked per day or smoked time in current smokers

Smoking time Frequency (per day)

Levels r P value r P value

Genera
Haemophilus -0.278 0.250 -0.513 0.025
Leptotrichia 0.212 0.385 -0.470 0.042
Lautropia -0.103 0.675 -0.584 0.009
Aggregatibacter —0.433 0.064 —-0.533 0.019
Megasphaera 0.580 0.009 0.328 0.171
Rothia -0.316 0.188 -0.549 0.015
Bergeyella -0.344 0.149 —0.669 0.002
Actinobacillus 0.109 0.657 -0.469 0.043
Atopobium 0.262 0.279 0.465 0.045

Species
Prevotella melaninogenica 0.464 0.045 0.120 0.623
Prevotella salivae 0.507 0.027 0.344 0.150
Haemophilus parainfluenzae -0.363 0.126 -0.498 0.030
Alloprevotella tannerae —0.365 0.124 —0.470 0.042
Megasphaera micronuciformis 0.580 0.009 0.328 0.171
Lautropia mirabilis -0.237 0.329 -0.752 0.000
Capnocytophaga sputigena -0.422 0.072 —0.633 0.004

P value is based on Spearman’s correlation coefficient for ranked data.

normalized across samples using the DESeq2 size factors.
The results showed that there were 20 gene pathways with
different abundances among the three groups (p<0.05).
Comparing with NSctrl, the pathways of human patho-
gens for pneumonia significantly decreased, while those of
human pathogens for gastroenteritis significantly increased
in the oral microbiota in RAS. The oral microbiota in RAS
had significantly lower fumarate/nitrogen/nitrate respi-
ration and phototrophy, photoautotrophy, and oxygenic
photoautotrophy. In patients with RAS, comparing with
non-smokers (NSras), the oral microbiota of smokers (Sras)
had significantly less abundant genes that are involved in
the pathogenesis of septicemia/pneumonia and in fumarate/
nitrogen/nitrate respiration. Interestingly, compared with
the NSras group, the Sras group had more genes for gastro-
enteritis and intestinal pathway enrichment (figure 4).

DISCUSSION

This is the first study to assess the impact of smoking on
RAS and associated oral flora and highlights the importance
of smoking as a clinical research factor for the microbiome.
Data on the 16S rRNA gene in the saliva samples showed
that smoking is significantly related to abundance of oral
microbes and composition of bacteria. This is a novel obser-
vation in RAS. These changes may result in functional differ-
ences in the host-microbial interface and ultimately related
to clinical progress in RAS. Based on the known effects of
smoking, including changes to the immune system'® and
direct antimicrobial activity,'” many hypotheses related to
this finding can be found, such as affecting the adaptive
immune cells,'® impairing the release of the antimicrobial
peptide,' as well as the observed changes in the composi-
tion of bacterial communities.

It is currently believed that a more diverse bacte-
rial community represents a more stable and healthy
ecosystem.?® In fact, many oral diseases are associated with
decreased bacterial diversity.?! Consistent with previous
studies,?® #? in this study, the bacterial diversity (richness

and uniformity) of patients with RAS was lower than that
of healthy subjects. However, the bacterial diversity in
patients with RAS increases with smoking habits. PCoA
showed significantly different microbial structures among
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fermentation 0.5
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human_gut 0
mammal_gut

chemoheterotrophy _05
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Figure 4 Annotation of gene function of the bacterial taxa
related to smoking status. The FAPROTAX algorithm was used
to infer the function of the bacterial genes composed of micro-
organisms based on 165 rRNA genes from the prokaryotic
database. NSctrl, non-smoking healthy controls; NSras, non-
smoking RAS patients; RAS, recurrent aphthous stomatitis; Sras,
smoking RAS patient.
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NSctrl, NSras and Sras. These results are consistent with the
results described by Yang et al.*® Using cluster analysis, Yang
et al* revealed differences in the microbiome structure
between the deep and shallow parts of patients with RAS.
Similarly, our data show that it is important to distinguish
taxa at the species level, as different species within the same
genus may be associated with health as well as a disease.
Most of the species related to RAS identified in this study
have been previously linked to oral health by other authors
using the Human Oral Microbiology Identification Chip or
16S pyrosequencing.** ** According to Metastats analysis
(permuted t-statistics or Fisher’s exact test), in the saliva
of smokers or non-smokers with RAS, the relative abun-
dance of Rothia, Bacteroidales, Wolinella, Moryella, Pyra-
midobacter, and Sneathia was significantly different from
the NSctrl group. Rothia has been reported to have higher
representation in the ulcerated mucosa of orally active
Behget’s syndrome in comparison with a healthy case.?
Hijazi et al*’ found higher levels of Bacteroidales in asso-
ciation with RAS, but this was not confirmed in our results
and Yang et al’s data.” An increased abundance of Bacteroi-
dales was shown in the NSras or the Sras group compared
with NSctrl. In addition, Megasphaera, Pyramidobacter, and
Moryella might be related to the pathogenesis and progres-
sion of dental caries.”*° The findings of this research are
consistent with these studies.

This study further investigated the association between
smoking and changes of oral flora in patients with RAS.
Among the RAS-associated microbiome (differential abun-
dance between NSctrl and NSras), Rothia, Lautropia, and
Leptotrichia have been previously identified to be associ-
ated with RAS.>'™* Moreover, 18 genera showed signifi-
cant differences between the Sras and the NSras group,
including Aeromonas, Anaerovorax, Ca. Endomicrobium,
Deinococcus, Elizabethkingia, Ezakiella, Fretibacterium,
Geobacter, Parascardovia, Ignavibacteria, Phocaeicola,
Rhodospirillales, Rickettsiales, Rikenellaceae, Roseburia,
and Sediminispirochaeta. They were first reported to be
associated with RAS in this study. Notably, Anaerovorax
(Metastats)** and Veillonella and Cloacibacterium™ (LEfSe
analysis) have been reported to be more abundant in current
smokers, which is consistent with our data. At the species
level, we found that NSras and Sras have different abun-
dance of many species from the genus Prevotella. The abun-
dance of Prevotella decreased in patients with RAS,** but
increased in young female patients with RAS.*® Our data
support that Prevotella is an important genus related to RAS
and that different species from Prevotella may contribute
an opposite effect to the pathogenesis of RAS (figure 2C).
For example, smoking reduced the abundance of Prevotella
shabii, while P melaninogenica and P. salivae were posi-
tively associated with smoking age in this study. In addition,
our study showed smoking altered many species from the
genus Treponema, such as T. parvum, T. sp_5:C:AT040, T.
sp_9:A:D01, T. sp_1:C:BA223, and T. sp_OT 271. It is an
important pathogen in the human oral cavity and is closely
related to the occurrence and development of periodontal
diseases.”” Thus, we speculate that these species of Trepo-
nema may also be related to the inflammatory response in
RAS.

We further screened the differential classes related to
smoking frequency or smoking age and found that the

relative abundance of C. sputigena was negatively correlated
with smoking frequency. The present study and early studies
have confirmed that these florae are highly abundant in
RAS.**? These data indicated that smoking frequency may
be a cause of reduction in the abundance of RAS-related
microbiota. Notably, P. melaninogenica, P. salivae, and M.
micronuciformis are positively correlated with smoking
years. These species have not been reported in RAS and
their contribution to RAS is unclear. We cautiously specu-
late that smoking frequency has a more pronounced contri-
bution to the effect of smoking on RAS.

The composition of the microbial flora is closely related
to its functions. As we have found in the above results that
smoking has a significant impact on the composition of the
oral microbes, we speculate that its functions are also differ-
entially enriched accordingly. We found the pathways of
gastroenteritis/septicemia/meningitis diseases significantly
increased, while pneumonia decreased in the oral micro-
biota in RAS. RAS is a system disease with a pathogenesis
of infection, immunity, and metabolism disorders. The
appearance of RAS could change the microenvironment of
the oral mucosa with inflammation and immune activity. In
addition, among patients with RAS, smoking aggravated the
pathways of respiration and human pathogens. In patients
with RAS, smokers had more microbiomes of human and
mammal intestinal-related pathways enrichment. A few
microbial species frequently found in both the mouth
and the gut showed evidence of an oral-gut transmis-
sion.*® ¥ Moreover, fumarate/nitrogen/nitrate respiration
was observed in the Sras group compared with the NSras
group. Inflammation or infection has been shown to lead
to mucosal hypoxia. In the absence of oxygen, some micro-
biome can resort to anaerobic respiration using fumarate,
nitrogen, and nitrate.*’

Our results may have potential limitations because the
number of subjects varies among the groups and there
may be some non-objective conditions. Further compara-
tive studies will be required using samples with or without
consolidation to investigate whether the apparent differ-
ences between the groups were the result of consistent
changes in each sample or very large changes in a small
number of subsamples. Sampling and sequencing of popu-
lation subgroups (races) will also need to be continued to
better understand the effects of smoking on the oral micro-
bial community.

In conclusion, the microbial community of smoking-
associated RAS is less diverse and distinct from that of
non-smokers. Smoking is significantly related to the struc-
ture and composition of RAS-related microbiota, specially
Anaerovorax, Ca. Endomicrobium, Lactococcus, Sneathia,
Veillonella, and Cloacibacterium. Notably, there was a
significant difference in many species from the genus
Prevotella and Treponema between the NSras and the Sras
group. The relative abundance of C. sputigena, H. parain-
fluenzae, and Leptotrichia was negatively correlated with
smoking frequency. Mechanismly, smoking aggravated
the enrichment of different microbiota in respiration and
human pathogens pathways in patients with RAS. The
target microbiome will be further explored in smoking
patients with RAS, which may provide new and thera-
peutic insight for improving RAS by regulating the oral
microbiota.
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