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ABSTRACT Cigarettes and opium contain chemicals and particulate matter that may
modify the oral microbiota. This study aimed to investigate the association between cig-
arette and opium use with the oral microbiota. A total of 558 participants were
recruited from Iran between 2011 and 2015. Individuals were categorized as never ciga-
rette nor opium users, ever cigarette-only smokers, ever opium-only users, and ever
both cigarette and opium users. Participants provided saliva samples for 16S rRNA gene
sequencing. Logistic regression, microbiome regression-based kernel association test
(MIRKAT), and zero-inflated beta regression models were calculated. For every increase in
10 observed amplicon sequence variants (ASVs), the odds for being a cigarette-only smoker,
opium-only user, and both user compared to never users decreased by 9% (odds ratio
[OR] = 0.91; 95% confidence interval [95% Cl] = 0.86 to 0.97), 13% (OR = 0.87; 95%
Cl = 0.75 to 1.01), and 12% (OR = 0.88; 95% Cl = 0.80 to 0.96), respectively. The micro-
bial communities differed by cigarette and opium use as indicated by MiRKAT models
testing the three beta-diversity matrices (P < 0.05 for all). Three genera were less likely
and one genus was more likely to be detected in cigarette-only smokers or opium-only
users than in never users. The relative abundance of the phylum Actinobacteria (never,
14.78%; both, 21.20%) was higher and the phyla Bacteroidetes (never, 17.63%; both, 11.62%)
and Proteobacteria (never, 9.06%; both, 3.70%) were lower in users of both cigarettes
and opium, while the phylum Firmicutes (never, 54.29%; opium, 65.49%) was higher in
opium-only users. Cigarette and opium use was associated with lower alpha-diversity, over-
all oral microbiota community composition, and both the presence and relative abundance
of multiple taxa.

IMPORTANCE Cigarette smoking and opium use are associated with periodontal disease
caused by specific bacteria such as Porphyromonas gingivalis, which suggests a link
between cigarette smoking and opium use and the oral microbiota. Alterations of the
oral microbiota in cigarette smokers compared to nonsmokers have been reported, but
this has not been studied across diverse populations. Additionally, the association of
opium use with the oral microbiota has not been investigated to date. We conducted
this study to investigate differences in the oral microbiota between ever users of cigarettes
only, opium only, and both cigarettes and opium and never users of cigarettes and opium
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in Iran. Lower alpha-diversity, distinct overall oral microbial communities, and the
presence and relative abundance of multiple taxa have been found for users of cigarettes
and/or opium.

KEYWORDS cigarette, opium, oral microbiota, Iran

he human oral cavity consists of distinctive structures of hard tissue and mucosa,

including the tongue, tooth surface, buccal mucosa, tonsils, and soft and hard pal-
ate, which have varied microbiota compositions (1, 2) that may change due to environ-
mental exposures (3). There are approximately 700 bacterial species reported to
inhabit the human oral cavity, and these bacterial species are important in maintaining
oral health (4). Changes in the oral microbiota are associated with oral diseases, such
as dental caries, periodontal disease, endodontic lesions, and odontogenic infections
(5, 6). In addition, oral bacteria have been found to be associated with certain systemic
diseases of the digestive (7, 8), cardiovascular (9), and endocrine systems (10, 11).

Cigarettes and illicit drugs, such as opium, contain chemicals and particulate matter
that may exert an effect on the oral microbiota and perturb the microbial ecology of
the mouth (12-14). Cigarette and opium use are associated with periodontal disease
(15-17), and because periodontal disease is caused by specific bacteria, including
Porphyromonas gingivalis, this also suggests a link between cigarette and opium use
and the oral microbiota. Previous studies have reported alterations of the oral micro-
biota in cigarette smokers compared to nonsmokers (18, 19), but this was studied pre-
dominantly in populations from the United States. Although not as prevalent as ciga-
rette smoking, illicit drug use causes disease burden worldwide (20), and opium use is
a major public health problem in Iran (21-23). High prevalence of oral health issues in
people with drug addiction has been confirmed by a growing number of studies (24—
26); however, no study has investigated the association between opium use and the
oral microbiota to date.

Changes in the oral microbiota due to cigarettes and opium may help to under-
stand how these exposures adversely affect the human body. To better understand
their impact on the oral microbiota, we conducted this study to investigate differences
in the oral microbiota using 16S rRNA gene sequencing between ever users of ciga-
rettes only, opium only, and both cigarettes and opium and never users of cigarettes
and opium in lran.

RESULTS

A total of 558 individuals were included in the present analysis, of which 66.85%
(n = 373) were never users of cigarettes and opium, 21.51% (n = 120) were ever ciga-
rette-only smokers, 2.87% (n = 16) were ever opium-only users, and 8.78% (n = 49)
were ever users of both cigarettes and opium. Demographic characteristics of the
study population are shown in Table 1. Most participants had no formal education, lived
in an urban area, and were in the normal body mass index (BMI) range. Participants who
used cigarettes and opium were mostly male and less likely to drink alcohol.

Compared to never users of cigarettes or opium, all of the cigarette and opium use
categories had lower alpha-diversity (Fig. ST in the supplemental material). The aver-
age number of observed amplicon sequence variants (ASVs) (* standard deviation) for
cigarette-only smokers (82.13 = 38.55), opium-only users (76.19 = 40.71), and users of
both cigarettes and opium (77.80 = 42.83) were significantly lower than never users of
cigarettes or opium (95.10 = 44.03). Similar trends were observed for the Shannon
index and Faith’s phylogenetic diversity (PD).

As shown in Table 2, after adjustment for age, sex, BMI, alcohol consumption, and
case status, for every increase in 10 observed ASVs, the odds decreased by 9% (odds ra-
tio [OR] = 0.91; 95% confidence interval [95%] Cl = 0.86 to 0.97), 13% (OR = 0.87; 95%
Cl=0.75to 1.01), and 12% (OR = 0.88; 95% Cl = 0.80 to 0.96) for being a cigarette-only
smoker, opium-only user, and user of both cigarettes and opium, respectively, compared to
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TABLE 1 Demographic characteristics of the study population by cigarette and/or opium use status
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Never cigarette nor

Ever both cigarette and

opium Ever cigarette only Ever opium only opium
n=373 n=120 n=16 n=49
Frequency Percent Frequency Percent Frequency Percent Frequency Percent
Age group
<50 36 9.65% 5 4.17% 1 6.25% 4 8.16%
50-59 88 23.59% 24 20.00% 6 37.50% 21 42.86%
60-69 123 32.98% 43 35.83% 1 6.25% 14 28.57%
70-79 82 21.98% 38 31.67% 7 43.75% 9 18.37%
=80 44 11.80% 10 8.33% 1 6.25% 1 2.04%
Sex
Male 132 35.39% 103 85.83% 14 87.50% 47 95.92%
Female 241 64.61% 17 14.17% 2 12.50% 2 4.08%
Body mass index (kg/m?)
Underweight (<18) 26 6.97% 9 7.50% 2 12.50% 13 26.53%
Normal (18-24.9) 176 47.18% 78 65.00% 8 50.00% 27 55.10%
Overweight (25-29.9) 121 32.44% 31 25.83% 2 12.50% 7 14.29%
Obese (=30) 50 13.40% 2 1.67% 4 25.00% 2 4.08%
Education
No formal education 169 45.31% 37 30.83% 6 37.50% 14 28.57%
=5y 69 18.50% 28 23.33% 5 31.25% 13 26.53%
6-8y 44 11.80% 14 11.67% 2 12.50% 2 4.08%
9-12y 47 12.60% 20 16.67% 3 18.75% 14 28.57%
Higher education 44 11.80% 21 17.50% 0 0.00% 6 12.24%
Residence
Rural 124 33.24% 46 38.33% 3 18.75% 16 32.65%
Urban 249 66.76% 74 61.67% 13 81.25% 33 67.35%
Any alcohol consumption
Yes 364 97.59% 106 88.33% 13 81.25% 33 67.35%
No 9 241% 14 11.67% 3 18.75% 16 32.65%
Pancreatic cancer
Yes 167 44.77% 60 50.00% 11 68.75% 35 71.43%
No 206 55.23% 60 50.00% 5 31.25% 14 28.57%

never users. Decreased odds were also found for increases in one unit of the Shannon index
and Faith’s PD. When the ORs were calculated by quartiles of alpha-diversity, the odds of
being a cigarette and/or opium user decreased in the higher quartiles. For example, com-
pared to the first quantile (Q1) of observed ASVs, individuals in the fourth quantile (Q4)
were significantly less likely to be cigarette-only smokers (OR = 0.37; 95% Cl = 0.18 to 0.74)
and/or users of both cigarettes and opium (OR = 0.28; 95% Cl = 0.09 to 0.90).

We next examined alpha-diversity differences between never (n = 389), former
(n = 92), and current (n = 77) users of cigarettes and never (n = 493), former (n = 11),
and current (n = 53) users of opium. In this analysis, the never cigarette smoker cate-
gory could contain opium users and vice versa. Description of cigarette and opium use
status is shown in Table S1. Alpha-diversity appeared to decrease according to smok-
ing status, where current smokers/users had the lowest alpha-diversity, never smokers/
users had the highest alpha-diversity, and former smokers/users were in the middle,
although the difference between current smokers/users was only statistically signifi-
cant (P < 0.05) compared to never smokers/users (Fig. S2). There was little evidence of
a correlation between years since quitting for former cigarette smokers or opium users
with alpha-diversity nor was there evidence of a correlation between pack-years of cig-
arettes and alpha-diversity (Table S2).

Compared to never users, overall beta-diversity for all three matrices significantly
differed according to cigarette and opium use status as indicated by microbiome
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TABLE 2 Association between alpha- and beta-diversity and cigarette and/or opium use status

Ever both cigarette and

Ever cigarette only® Ever opium only“ opium?
OR 95% Cl OR 95% Cl OR 95% Cl
Alpha-diversity
Observed ASVs
Continuous (10 ASVs per unit) 0.91 0.86-0.97 0.87 0.76-1.01 0.88 0.80-0.96
<57 (Q1) Reference Reference Reference
57-84(Q2) 0.75 0.39-1.44 0.48 0.12-1.90 1.22 0.44-3.37
85-117 (Q3) 0.59 0.30-1.13 0.13 0.02-1.19 0.41 0.13-1.33
=118 (Q4) 0.37 0.18-0.74 0.30 0.07-1.26 0.28 0.09-0.90
Shannon index
Continuous 0.74 0.58-0.95 0.50 0.28-0.89 0.51 0.33-0.79
<3.43(Q1) Reference Reference Reference
3.43-4.09 (Q2) 0.70 0.37-1.34 0.48 0.12-1.92 033 0.12-0.95
4.10-4.58 (Q3) 0.83 0.43-1.59 0.82 0.23-3.02 0.39 0.14-1.09
=4.59 (Q4) 0.39 0.20-0.78 NA® NA® 0.14 0.04-0.46
Faith’s PD
Continuous 0.87 0.78-0.96 0.80 0.62-1.02 0.85 0.73-1.00
<5.13 (Q1) Reference Reference Reference
5.13-6.80 (Q2) 0.90 0.47-1.73 1.15 0.30-4.36 1.18 0.42-3.31
6.81-8.64 (Q3) 0.52 0.27-1.01 0.35 0.06-1.99 0.34 0.10-1.10
=8.65 (Q4) 0.47 0.24-0.93 0.36 0.07-1.85 0.46 0.15-1.36
Beta-diversity
Bray-Curtis
PCoA1 (13.8%) 0.72 0.56-0.92 0.59 0.33-1.01 0.31 0.19-0.48
PCoA2 (10.5%) 0.77 0.60-0.98 043 0.22-0.79 0.45 0.28-0.69
PCoA3 (5.7%) 1.18 0.94-1.50 0.93 0.58-1.62 1.35 0.91-2.08
PCoA4 (4.7%) 0.99 0.78-1.24 1.55 0.90-2.78 0.90 0.62-1.30
PCoA5 (3.9%) 1.08 0.85-1.37 1.44 0.78-2.83 1.29 0.89-1.92
PCoA6 (3.4%) 1.01 0.80-1.28 0.73 0.45-1.23 0.77 0.52-1.14
Unweighted UniFrac
PCoA1 (24.4%) 0.72 0.56-0.92 0.62 0.35-1.09 0.66 0.44-0.96
PCoA2 (9.4%) 1.05 0.83-1.32 2.05 1.17-3.90 2.06 1.40-3.12
PCoA3 (4.6%) 0.78 0.61-0.99 0.60 0.32-1.07 0.49 0.32-0.74
PCoA4 (3.3%) 1.06 0.84-1.33 1.09 0.62-1.88 1.00 0.68-1.45
PCoA5 (3.0%) 0.73 0.57-0.92 0.68 0.37-1.20 0.44 0.28-0.68
PCoA6 (2.1%) 0.94 0.74-1.19 0.72 0.40-1.25 0.91 0.63-1.30
Weighted UniFrac
PCoA1 (31.2%) 0.79 0.62-1.00 0.62 0.34-1.09 0.54 0.35-0.83
PCoA2 (14.4%) 0.86 0.67-1.07 0.48 0.23-0.90 0.43 0.25-0.69
PCoA3 (6.8%) 1.10 0.87-1.39 0.64 0.36-1.13 1.24 0.85-1.84
PCoA4 (5.2%) 0.92 0.73-1.17 0.55 0.35-0.86 0.79 0.55-1.14
PCoAS5 (3.9%) 1.15 0.90-1.44 133 0.80-2.13 1.08 0.74-1.56
PCoA6 (3.4%) 1.36 1.07-1.74 0.92 0.55-1.60 1.58 1.04-2.51

aAdjusted for age, sex, BMI, alcohol consumption, and case status.
bNA, the 95% Cl cannot be calculated because no individuals used opium in this quartile.

regression-based kernel association test (MiRKAT) models adjusted for age, sex, BMI, alcohol
consumption, and case status (Table 3). However, no significant differences were found when
comparing opium-only users to cigarette-only users (data not shown), which may be due to
the limited sample size of cigarette- or opium-only users. When examining the first two prin-
cipal coordinates analysis (PCoA) vectors, there was some indication for a shift by cigarette

TABLE 3 MiRKAT test for association of beta-diversity matrices of cigarette and/or opium
users compared to those of never users

Analysis Ever cigarette only? Ever opium only? Ever both cigarette and opium?
Bray-Curtis 0.0013 0.0118 <0.0001

Weighted UniFrac 0.0417 0.0242 0.0002

Unweighted UniFrac  0.0076 0.0102 0.0003

aAdjusted for age, sex, BMI, alcohol consumption, and case status.
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and opium use status (Fig. 1). The distance between the PCoA clustering centroids of never
users and the centroids of users of both cigarettes and opium visually appeared to be larger
than that observed between never users and cigarette-only smokers, or between never
users and opium-only users. When considering the first six PCoA vectors from the three
beta-diversity matrices, strong associations were observed for specific PCoA vectors in logis-
tic regression models, especially for the first two vectors from all three beta-diversity matri-
ces of users of both cigarettes and opium (Table 2). For example, for one standard deviation
increase in the first PCoA vector of weighted UniFrac (31.2% of variability explained in the
matrix), the odds of being a cigarette and opium user was 0.54 (95% Cl = 0.35 to 0.83). In
our analysis of associations of taxa presence or abundance with the first six PCoA vectors,
multiple taxa were strongly and statistically significantly associated with the first six PCoA
vectors (Table S3 and S4). The distance-based coefficient of determination, R?, for the three
beta-diversity matrices for ever use cigarette only, ever use opium only, ever use both ciga-
rettes and opium, and other demographic factors are shown in Fig. S3. Results indicated
that ever use both cigarettes and opium explained a higher percentage of microbial variabil-
ity than most demographic factors and was about 2-fold higher than cigarettes only or
opium only, suggesting a potentially additive effect of cigarettes and opium.

Table 4 presents the significant associations of bacterial taxa with cigarette and
opium use from the zero-inflated beta regression analysis (results of all taxa are included in
Table S5). For taxa presence, compared to never users of cigarettes or opium, the genus
Lachnospiraceae G7 was detected in 14.17% of cigarette-only smokers, which was statistically
significantly lower than the 20.11% detected in never users of cigarettes or opium, while an
unclassified genus in the family Enterobacteriaceae was detected in 17.50% of cigarette-only
smokers, significantly higher than the 13.40% detected in never users of cigarettes or opium.
The genera Abiotrophia and Lautropia were detected in 50.00% and 18.75% of opium-only
users, which was significantly lower than that detected in never users of cigarettes or opium
(80.43% and 64.61%, respectively). The lower prevalence of Abiotrophia and Lautropia was
also observed at order and family levels for users of opium only. The higher prevalence of
the unclassified genus in the family Enterobacteriaceae was also observed at order and family
levels for cigarette-only smokers. The relative abundance of the phylum Firmicutes was sig-
nificantly higher in opium-only users (65.49%) than in never users of cigarettes or opium
(54.29%). The phylum Actinobacteria had a significantly higher relative abundance in users
of both cigarettes and opium (21.20%) than in never users of cigarettes or opium (14.78%),
while the phyla Bacteroidetes (never 17.63%, both 11.62%) and Proteobacteria (never 9.06%,
both 3.70%) had lower relative abundances in users of both cigarettes and opium. Similar
significant associations were also found at the class, family, and genus levels for the taxa
belonging to the phylum Firmicutes and at the class, order, and family levels of the taxa
belonging to the phylum Actinobacteria. No significant associations were found for the rela-
tive abundance of any taxa and cigarette-only smokers.

In the sensitivity analysis excluding pancreatic cancer cases, the results of the logis-
tic regression models for alpha- and beta-diversity estimates were generally similar,
although the confidence intervals were wider due to reduced sample size, and associa-
tions were often not statistically significant (Table S6). The P values of MiRKAT models
were less statistically significant (Table S7). The prevalence and relative abundance of spe-
cific taxa were similar, but most significant results were no longer statistically significant
(Table S8).

DISCUSSION

Cigarettes and opium, which contain chemicals and particulate matter that may alter the
oral microbiota, are used globally, and the control of the use of these substances is urgent.
Determination of changes in the oral microbiota due to cigarette and opium use can be a
strategy to provide additional evidence regarding the health impacts of these exposures. In
this study, we found that the oral microbiota of cigarette and opium users differed signifi-
cantly from never users in Iran. Cigarette and opium users had lower alpha-diversity than
never users. Additionally, cigarette and opium use were associated with differences in the
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TABLE 4 Results from multivariable zero-inflated beta regression models detailing taxa presence and relative abundance significantly associated
with different cigarette and/or opium use status

Proportion of presence®

Never Both
cigarette Cigarette Adjusted  Opium Adjusted  cigarette
Name* Level nor opium  only Pvalue Pvalue® only Pvalue Pvalue® and opium
Actinobacteria Phylum 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
Bacteroidetes Phylum 1.0000 1.0000 0.9498 1.0000 1.0000 0.9894 1.0000 0.9796
Firmicutes Phylum 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
Proteobacteria Phylum  0.9920 0.9833 0.1908 1.0000 1.0000 0.7154 1.0000 1.0000
Actinobacteria;Actinobacteria Class 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
Bacteroidetes;Flavobacteriia Class 0.9598 0.8750 0.4729 1.0000 0.7500 0.0047 0.1358 0.7551
Firmicutes;Bacilli Class 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
Proteobacteria;Gammaproteobacteria Class 0.9330 0.9583 0.0544 1.0000 0.9375 0.4441 1.0000 0.8980
Actinobacteria;Actinomycetales Order 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
Proteobacteria;Burkholderiales Order 0.6917 0.4750 0.6189 1.0000 0.2500 0.0000 0.0011 0.3673
Proteobacteria;Enterobacteriales Order 0.1340 0.1750 0.0001 0.0034 0.1875 0.8211 1.0000 0.2449
Actinobacteria;Micrococcaceae Family 0.9973 1.0000 0.9154 1.0000 1.0000 0.9549 1.0000 1.0000
Firmicutes;Lactobacillales;NA Family 0.1180 0.1333 0.0260 1.0000 0.0625 0.7601 1.0000 0.1837
Firmicutes;Aerococcaceae Family 0.8043 0.5917 0.2150 1.0000 0.5000 0.0001 0.0113 0.3469
Proteobacteria;Burkholderiaceae Family 0.6461 0.3917 0.4916 1.0000 0.1875 0.0000 0.0002 0.2857
Proteobacteria;Enterobacteriaceae Family 0.1340 0.1750 0.0001 0.0062 0.1875 0.8211 1.0000 0.2449
Firmicutes;Lactobacillales;NA;NA Genus 0.1180 0.1333 0.0260 1.0000 0.0625 0.7601 1.0000 0.1837
Firmicutes;Abiotrophia Genus 0.8043 0.5917 0.2150 1.0000 0.5000  0.0001 0.0219 0.3469
Firmicutes;Lachnospiraceae G7 Genus 0.2011 0.1417 0.0001 0.0200 0.1250  0.0694 1.0000 0.2041
Proteobacteria;Lautropia Genus 0.6461 0.3917 0.4916 1.0000 0.1875 0.0000 0.0003 0.2857
Proteobacteria;Enterobacteriaceae;NA ~ Genus 0.1340 0.1750 0.0001 0.0120 0.1875 0.8211 1.0000 0.2449

aAdjusted for age, sex, BMI, alcohol consumption, and case status.
bAdjusted P value was the P value that was adjusted using a Bonferroni correction.
°NA, unclassified genus.

overall microbial community as assessed using beta-diversity. There was also evidence of
associations between the use of cigarettes or opium and both the presence and the relative
abundance of specific taxa. These associations were more apparent within ever users of
both cigarettes and opium, which may suggest a possible additive effect of these two expo-
sures. To our knowledge, this is the first study investigating the association between opium
use and the oral microbiota.

Previous research considering the oral microbiota of cigarette smokers has shown
mixed results, potentially due to the small sample sizes in many studies. In some stud-
ies of the oral microbiota, assessed using samples from subgingival plaque, saliva, oro-
pharynx swabs, or mouthwash, cigarette smokers tended to have higher alpha-diver-
sity than nonsmokers (19, 27-31), while other studies did not detect a statistically
significant difference between cigarette smokers and nonsmokers (32, 33). These
results conflict with our study, which found lower diversity in the oral microbiota of
cigarette and opium users. One possible explanation for the conflicting results may be
due to heterogeneity of the human microbiota related to geography. The geographical
areas in which individuals live has been shown to be associated with microbial diversity and
to modify observed microbiota associations (34), but none of the previous studies of the asso-
ciation between cigarette smoking and the oral microbiota were conducted in Iran. Another
possible explanation for our unique findings may be that the type of tobacco widely used in
Iran differed from other populations (35) and that this tobacco has a different effect on the
microbiota than tobacco used in the other countries. Recent studies showed that different
types of tobacco and cigarette exposure can cause substantial changes in the structure and
function of the general oral microbiota (31, 32, 36).

We found significant differences in overall microbial community composition by ciga-
rette and opium use status, which has also been seen in previous studies comparing ciga-
rette smokers and nonsmokers (18, 19, 27, 31, 32, 37). However, it is difficult to determine
whether these community-level changes are similar across studies because commonly
used beta-diversity measures are study specific. Exposure to cigarette smoking likely results
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TABLE 4 (Continued)

Proportion of

presence’ Relative abundance?
Never Both
Adjusted  cigarette Cigarette Adjusted  Opium Adjusted  cigarette Adjusted

Pvalue Pvalue® nor opium  only Pvalue Pvalue® only Pvalue Pvalue® and opium  Pvalue Pvalue®
1.0000 1.0000 0.1478 0.1691 0.1615 1.0000 0.1536  0.3140 1.0000 0.2120 0.0000 0.0003
0.8917 1.0000 0.1763 0.1399 0.0148 0.1623 0.1492 0.0223 0.2448 0.1162 0.0027 0.0292
1.0000 1.0000 0.5429 0.5820 0.0072 0.0793 0.6549 0.0003 0.0029 0.6098 0.0363 0.3990
0.9990 1.0000 0.0906 0.0753 0.2922 1.0000 0.0231 0.0292 0.3214 0.0370 0.0001 0.0015
1.0000 1.0000 0.1365 0.1590 0.1095 1.0000 0.1404 0.3987 1.0000 0.2022 0.0000 0.0010
0.0017 0.0487 0.0106 0.0057 0.3229 1.0000 0.0038 0.4711 1.0000 0.0029 0.0343 0.9949
1.0000 1.0000 0.4316 0.4777 0.0093 0.2686 0.5696 0.0002 0.0062 0.5189 0.0205 0.5943
0.8651 1.0000 0.0476 0.0413 0.2430 1.0000 0.0108 0.0419 1.0000 0.0188 0.0006 0.0181
1.0000 1.0000 0.1264 0.1464 0.1303 1.0000 0.1318  0.5153 1.0000 0.1939 0.0001 0.0026
0.0005 0.0264 0.0023 0.0012 0.7406 1.0000 0.0021 0.8640 1.0000 0.0029 0.4738 1.0000
0.9595 1.0000 0.0026 0.0011 0.5056 1.0000 0.0001 0.7952 1.0000 0.0025 0.9701 1.0000
0.9921 1.0000 0.1075 0.1302 0.1939 1.0000 0.1191 0.2704 1.0000 0.1725 0.0005 0.0407
0.4162 1.0000 0.0001 0.0001 0.5593 1.0000 0.0420 0.0000 0.0000 0.0003 0.1777 1.0000
0.0109 0.9783 0.0052 0.0034 0.2091 1.0000 0.0038 0.1694 1.0000 0.0011 0.3161 1.0000
0.0007 0.0593 0.0021 0.0011 0.8800 1.0000 0.0021 0.5197 1.0000 0.0007 0.3734 1.0000
0.9595 1.0000 0.0026 0.0011 0.5056 1.0000 0.0001 0.7952 1.0000 0.0025 0.9701 1.0000
0.4162 1.0000 0.0001 0.0001 0.5593 1.0000 0.0420 0.0000 0.0000 0.0003 0.1777 1.0000
0.0109 1.0000 0.0052 0.0034 0.2091 1.0000 0.0038  0.1694 1.0000 0.0011 0.3161 1.0000
0.2609 1.0000 0.0000 0.0000 0.8958 1.0000 0.0000  0.8042 1.0000 0.0000 0.9640 1.0000
0.0007 0.1146 0.0021 0.0011 0.8800 1.0000 0.0021 0.5197 1.0000 0.0007 0.3734 1.0000
0.9595 1.0000 0.0026 0.0011 0.5041 1.0000 0.0001 0.7965 1.0000 0.0022 0.9504 1.0000

in functional changes in the oral environment (38), which may impact the immune system
and the competition between commensal and pathogenic bacteria. Studies have sug-
gested that smoking may create a microenvironment that selects for a pathogen-rich, com-
mensal-poor microbiota community (39). Opium and its components have been reported
to induce gut microbial disruption (40) and have an effect on the nasopharyngeal microbial
flora (41), while, for the first time, our study reported that opium use was associated with
oral microbial communities, with or without cigarette smoking. In addition, the distance
between the PCoA clustering centroids of never users and users of both cigarettes and
opium appeared to be larger than that between never users and cigarette-only smokers or
opium-only users. Use of both cigarettes and opium explained a 2-fold higher percentage
of microbial variability than cigarettes only or opium only, suggesting that there may be an
additive effect of cigarettes and opium, although this study is underpowered to statistically
assess this potential interaction.

In this study, the relative abundance of the phylum Actinobacteria was significantly
higher in users of both cigarettes and opium than in never users, while the phyla
Bacteroidetes and Proteobacteria were lower in users of both cigarettes and opium, and
Firmicutes was higher in opium-only users. Three genera Lachnospiraceae G7, Abiotrophia,
and Lautropia were less prevalent in cigarette-only smokers or opium-only users, and an
unclassified genus in the family Enterobacteriaceae was more prevalent in cigarette-only
smokers. Previous studies have found that smoking was associated with depletion of aero-
bic taxa and enrichment with anaerobic microbiota (19, 32); however, the genus
Abiotrophia is a facultative aerobe while the genus Lautropia is a facultative anaerobe,
both of which were less prevalent in opium-only users in our study. The other taxa that
were significantly associated with using both cigarettes and opium were a mixture of an-
aerobic and aerobic bacteria.

Although no study has previously considered the association of opium with the oral
microbiota, studies have investigated associations between specific taxa in cigarette
smokers and nonsmokers. In the United Arab Emirates Healthy Future Study of 33 ciga-
rette smokers and 225 nonsmokers, the phyla Proteobacteria and Fusobacteria were
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depleted in cigarette smokers, while Firmicutes, Bacteroidetes, and Actinobacteria were
enriched at all lower taxonomical levels in cigarette smokers (31). The depletion of
Proteobacteria and enrichment of Firmicutes and Actinobacteria was consistent with our
results, while the enrichment of Bacteroidetes was in the opposite direction compared
to our results. Two studies in the United States had some consistent taxonomic results
with our study at the phylum level. 16S rRNA gene sequencing of oral wash samples
from 1,204 adults drawn from the Prostate, Lung, Colorectal, and Ovarian Cancer
Screening Trial cohort (42) and the American Cancer Society Cancer Prevention
Study Il Nutrition cohort (43) showed a lower relative abundance of the phylum
Proteobacteria (4.6%) among current smokers than among never smokers (11.7%) in
addition to the genus Abiotrophia (18). In the New York City Health and Nutrition
Examination study, the relative abundance of taxa in the phylum Proteobacteria
was found to be lower in current cigarette smokers than in never smokers (32). In
addition, oral bacterial taxa such as the genera Capnocytophaga, Corynebacterium,
Neisseria, Haemophilus, Aggregatibacter, Porphyromonas, Prevotella, Leptotrichia,
Peptostreptococcus, Selenomonas, Fusobacterium, Fretibacterium, Streptococcus, Veillonella,
TM?7, Filifactor, Parvimonas, Treponema, Prevotella, Campylobacter, and Bacteroides were
also found to be associated with cigarette smoking in previous studies, but these associa-
tions were not replicated in our study (27, 28, 37, 44). We also found that the genus
Lachnospiraceae G7 was less prevalent in cigarette-only smokers, but this was not seen in
other studies.

Our study has several limitations. First, all participants of this analysis were from a
pancreatic cancer case-control study. We adjusted for pancreatic cancer case status in
all analyses and in supplementary analyses restricting to controls, and the results were
similar. However, all individuals in the study, including controls, were individuals referred
for endoscopic ultrasonography, and the effect of cigarette or opium use on the oral
microbiota might be different from people in more optimal health. The sample size of
ever opium-only users was relatively small in this study. To fully understand the association
of opium with the oral microbiome will require a larger population of opium users.
Additionally, there were only a limited number of female cigarette and opium users in our
study. When stratified by sex, we found similar results in female users (data not shown),
but it is possible that cigarette and opium exposure modifies the oral microbiota in
females differently. Finally, the type of cigarettes or opium used may have unique effects
on the oral microbiota; however, due to limited sample size, we were unable to assess dif-
ferences by type of cigarettes or opium.

In conclusion, we found that cigarette and opium use was related to lower alpha-diversity,
overall oral microbiota community composition, and the presence and relative abundance of
specific taxa, including the phyla Actinobacteria, Proteobacteria, Bacteroidetes, and Firmicutes.
Future studies should continue to investigate associations of cigarettes and opium with the
oral microbiota in diverse populations and evaluate how the oral microbiota may mediate the
associations between cigarette smoking and opium use with specific health outcomes.

MATERIALS AND METHODS

Study population. Participants were drawn from a case-control study examining factors associated
with pancreatic cancer in Iran, which has been described previously in detail (45). Both cases and con-
trols were identified from patients at one of three tertiary hospitals or a specialty clinic in Tehran, and
they were referred for endoscopic ultrasonography between January 2011 and January 2015 for suspi-
cion of a mass or cyst in the pancreas or bile ducts, for assessment of submucosal lesions found during
esophago-gastro-duodenal endoscopy, or to rule out bile duct stones. The inclusion and exclusion crite-
ria of cases and controls have been described previously in detail (46). All cases and controls from the
previous study were included in this study.

After providing informed consent, participants responded to a questionnaire and provided saliva
samples, which were immediately stored at —70°C. The questionnaire has been described in detail previ-
ously (45). Briefly, questions related to cigarette and opium use included user status (never, former, cur-
rent), age at initiation, duration of use, frequency of use and amount of use, type of cigarettes used (fac-
tory-made cigarettes with filters, factory-made cigarettes without filters, and hand-made cigarettes), and
type of opium used (opium, heroin, burned opium, opium juice, crystal, crack, or cocaine).

DNA extraction, amplification, sequencing, and bioinformatic data processing. Saliva samples
were shipped on dry ice to the National Cancer Institute for processing. DNA extraction, PCR amplification,
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sequencing, and bioinformatic data processing were completed as described in detail previously (46). Briefly,
the saliva samples were thawed at 4°C and extracted using the DSP DNA virus pathogen kit on a
QlAsymphony instrument (Qiagen). The V4 region of the 165 rRNA gene was PCR amplified for 25 cycles,
and 2 x 250 bp paired-end sequencing was performed on an lllumina MiSeq. Sequence data processing
was performed with QIIME 2 2017.2 (47). Taxonomy was assigned to the resulting ASVs using q2-feature-clas-
sifier (48) and the Human Oral Microbiome Database, version 14.51 (49). Sequences were demultiplexed, and
quality control and paired-end read joining were performed with DADA2. The first 10 bases were trimmed
from forward and reverse reads; forward reads were truncated at 225 bases, and reverse reads were trun-
cated at 200 bases. The average read per study sample was 109,582. Taxonomy was assigned to the resulting
ASVs using g2-feature-classifier and the Human Oral Microbiome Database version 14.51. ASVs not assigned
at least to the phylum level were excluded. Taxonomic relative abundances from the phylum to genus level
were generated. Alpha-diversity metrics, including observed ASVs, Shannon index, and Faith’s PD, and beta-
diversity metrics, including Bray-Curtis dissimilarity and weighted and unweighted UniFrac, were computed
with rarefaction at 40,000 sequences per sample. PCoA vectors were calculated from the three beta-diversity
distance matrices. The quality control analysis of the sequencing data has been described previously in detail
(46). In brief, a low false-positive error rate and a low false-negative detection rate were found when compar-
ing the taxonomic composition of the oral artificial community samples to the known composition of the
mock. In addition, both the oral artificial and chemostat communities displayed high levels of consistency
across sequencing runs.

Statistical analysis. Statistical analyses were conducted using R version 3.6.2. Participants who
reported ever use of factory-made cigarettes with a filter, factory-made cigarettes without a filter, or
hand-made cigarettes were categorized as ever smokers, while participants who reported ever use of
opium, heroin, burned opium, opium juice, crystal, crack, or cocaine were considered ever opium users.
According to the cigarette and opium use history, individuals were categorized as never users of ciga-
rettes or opium, ever cigarette-only smokers, ever opium-only users, and ever users of both cigarettes
and opium. Participants were also categorized as never, former, or current cigarette smokers and never, former,
or current opium users where the never cigarette smoker category could contain opium users and vice versa. A
former smoker/user was defined as a participant who had quit using the product for more than 1 year, and a cur-
rent smoker/user was defined as using the product within the past year. Years since quitting for former users
was calculated by subtracting the age the participant stopped using regularly from their current age. Pack-years
for cigarette smokers was calculated as the product of smoking duration and number of cigarettes smoked per
day divided by 20 (a standard pack of cigarettes). Descriptive characteristics and alpha-diversity estimates of the
study population were described by cigarette and opium use status.

Logistic regression models were used to calculate prevalence odds ratios (OR) and 95% confidence
intervals for the association between alpha-diversity (independent variable) and cigarette and opium
use (dependent variable) with adjustment for age, sex, BMI, alcohol consumption, and case status (case
or control). Alpha-diversity was modeled as a continuous variable and also using quartiles estimated
from the distribution within the controls. Kruskal-Wallis and Dunn tests for multiple comparisons with
adjusted P values by Bonferroni correction were used to compare alpha-diversity for current, former, or
never smokers/users. Spearman correlation coefficients were used to estimate the correlations between
alpha-diversity and years since quitting for former cigarette smokers and former opium users and pack-
years for cigarette smokers.

For beta-diversity, the association between the overall beta-diversity matrices and cigarette and
opium use was tested using MiRKAT (MiRKAT function, MiRKAT package) (50) with adjustment for age,
sex, BMI, alcohol consumption, and case status. PCoA plots were generated using the first two PCoA vec-
tors, which accounted for 9.4 to 31.2% of the overall variance, and were labeled according to cigarette
and opium use status. Sixty-eight percent confidence ellipses, representing one standard deviation,
were generated (xyplot function, latticeExtra package), and the centroids of the ellipses represent the
coordinate mean of the first and second vectors. The first six PCoA vectors, which accounted for a total
of 42 to 65% of the overall variance in the matrices, were modeled in independent logistic regression
models. Each principal coordinate vector was standardized by subtracting the overall mean for the prin-
cipal coordinate vector and then dividing by its standard deviation before modeling. Permutational mul-
tivariate analysis of variance (PERMANOVA) test for the beta-diversity matrices was used to calculate the
distance-based coefficient of determination R? (adonis function, vegan package) to quantify the percent-
age of microbiota variability explained by ever use of cigarettes only, opium only, or both cigarettes and
opium, and the 95% Cl was calculated using 10,000 bootstrap samples.

Restricting to taxa with an overall prevalence of at least 10%, a series of zero-inflated beta regression
models was used to examine associations between the presence and relative abundance of specific taxa
and cigarette and opium use with adjustment for age, sex, BMI, alcohol consumption, and case status
(gamlss function, gamlss package). P values were adjusted using Bonferroni correction for the taxonomic
analyses. Finally, a sensitivity analysis of the above associations excluding pancreatic cancer cases was
conducted.

Data availability. The sequencing data are available on the Sequence Read Archive (NCBI SRA) under
BioProject ID PRINA549488.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
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SUPPLEMENTAL FILE 2, XLSX file, 0.4 MB.
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