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A BSTRACT
Background: The equilibrium of oral microbiome may be altered by environmental factors, including cigarette smoking. Several
recent studies also suggest that oral pathogens causing periodontal disease, such as Fusobacterium nucleatum, are involved in
pathogenesis of colorectal cancer.
Methods: For this study oral rinse DNA samples from 190 participants in a population-based case-control study for colorectal
cancer were used to amplify a V3-V4 region of bacterial 16S rRNA gene. The amplicons were sequenced using Illumina MiSeq
paired end chemistry on two runs, yielding approximately 35 million filtered reads which were assigned to bacterial phyla.
Results: No association was found between Fusobacterium abundance or presence and colorectal cancer. However, adjusted
for age and experimental batch, colorectal cancer history was associated with increased presence of genus Lactobacillus and
increased relative abundance of Rothia by 28% and current smoking was associated with a 33% decrease in relative counts of
Betaproteobacteria (primarily Neisseria) and 23% increase in relative abundance of Veillonellaceae family. We also found that
smoking had significant effects on the 2nd component scores and 2nd coordinate distances in principal component and coordinate
analyses.
Conclusions: It remains to be elucidated whether the observed differences can be translated into biochemical changes in oral
environment, thus potentially affecting oral health.
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1. I NTRODUCTION

out the human body and that each microhabitat maintains a
unique ecosystem with distinct atmospheric and nutritional
The microbiota, and the genes comprising its microbiome compositions that foster symbiotic interactions.[3] However,
play important roles in human health.[1, 2] Advances in this dynamic equilibrium can be altered by environmental
metagenomics have revealed that microhabitats exist through∗ Correspondence: Ikuko Kato, Professor; Email: katoi@karmanos.org; Address: Department of Oncology and Pathology, Wayne State University
School of Medicine, Detroit, MI, USA.
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factors and external interferences, such as the use of antibiotics.[2] These alterations frequently lead to microbial imbalances, a phenomenon called dysbiosis, which has been linked
to various pathological conditions, including cancer.[3, 4]
Oral microbiome has been relatively understudied compared
with the gut microbiome. The human oral microbiome comprises more than 2,000 bacterial taxa[5, 6] , including a large
number of opportunistic pathogens that are involved in periodontal, respiratory and cardiovascular and other systemic
diseases[5, 6] and is considered to be the second most diverse
community following stool.[6, 7] Several recent studies also
suggest that oral pathogens causing periodontal disease, such
as Porphyromonas (P) gingivalis and Fusobacterium (F) nucleatum, may be involved in pathogenesis of not only oral
cancer[8–10] but also cancer in the digestive organs (e.g., colorectum and pancreas),[11–13] which may be exposed to oral
microbiome through saliva or by the blood stream. Consistent observations support that F. nucleatum and Fusobacteria family are enriched in cancer tissue or stool samples
from colorectal cancer patients,[11, 14–16] while acceleration
of tumorigenesis has been observed in a mouse model exposed to F. nucleatum.[17] Interestingly, cancers that showed
a potential link to the oral pathogens are all smoking related[18, 19] and smoking is a major environmental factor that
influences orodental pathophysiology.[20, 21] Smokers are
known to harbor a more pathogenic anaerobic subgingival
microbe population than non-smokers,[22] but earlier studies have generated vastly mixed results concerning relative
abundance of specific bacterial groups between smokers and
non-smokers, except positive correlation of smoking with F.
nucleatum or Fusobacteria class.[20–23] Gut microbiome is acquired through the mouth and thus oral microbiome possibly
serves as a reservoir for the microbiome in the distal gastrointestinal tract. Besides, sampling oral microbiome through
mouthwash or saliva is more amendable for epidemiologic
research than collecting fecal samples and less invasive than
obtaining mucosal biopsy through endoscopy. Therefore, in
the present study we aimed to interrogate the associations of
history of colorectal cancer and cigarette smoking with oral
microbiome composition among population-based samples
using high throughput 16S rRNA DNA sequencing.

2. M ATERIALS AND METHODS
2.1 Study design
This study was designed as secondary analyses of biological
specimens and epidemiologic data collected for the published studies described elsewhere.[24] The study was approved by the WSU Human Investigation Committee. Eligible study subjects were residents in the Metropolitan Detroit
Tri-County (Wayne, Oakland and Macomb) area, between 45
Published by Sciedu Press
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and 80 years of age at time of ascertainment, with a working
telephone and no prior history of any invasive cancer, insitu colorectal cancer or colectomy. Eligible colorectal cancer cases were histologically diagnosed between January 1,
2003 and September 30, 2005, and were identified through a
rapid case-reporting system implemented in the Metropolitan
Detroit Cancer Surveillance System (MDCSS), a founding
member of the National Cancer Institute’s Surveillance, Epidemiology, and End Results-cancer registries, which allowed
access to patients within 3-4 months from their diagnosis. A
total of 3,746 potentially eligible cases were identified. Following receipt of case reports, the physicians on the record
were contacted for their clearance and then the patents were
contacted by mail. Among these cases, physician consent
was not obtained for 385. Of the remaining, 110 subjects
were further excluded because no subject contact information
was available or other administrative reasons. An additional
47 cases were found to be ineligible before enrollment, leaving a total of 3,204 subjects. Among these 1,335 consented
to the study (41.7%). Population controls were identified
though random digit dialing (RDD). These controls were
frequency matched to the cases by 5-year age group, gender, county of residence and race (African American [AA]
vs. non-AA), which were projected based on the data from
preceding years. The RDD telephone numbers were generated by Survey Sampling (Fairfield, CT) with pre-screening
for business and non-working numbers. RDD interviewers
were instructed to call each selected telephone number up
to 9 times at different times of the day and week including
evenings and weekends, in order to obtain a household census to identify potentially eligible study subjects. A total
of 36,936 unique RDD telephone numbers were surveyed.
36% of the numbers were excluded, 33% were screened for
household census information, and 31% were not able to be
screened. The excluded numbers were business, public or
disconnected numbers, out of study area, dataline (modem,
fax etc.), or other miscellaneous reasons. The numbers not
screened were due to no answers throughout 9 attempts and
refusals to give any household information and communication problems in either language or hearing ability. Among
the remaining numbers screened for household census, 47%
were ineligible primarily due to ages of household members.
Of the eligible households (53%), 75% agreed to receive a
study invitation letter and the rest refused to provide a mailing address. To balance the age distribution of cases and
controls, we selected 2,831 for enrollment and 1 682 completed the study (59.4%). Of the total of 3,017 participants,
135 controls were considered to be ineligible according to
their age and medical history in the questionnaires, and 130
cases were also considered ineligible because the final MD93
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CSS reports did not confirm the eligibility or because of
previous cancer or colectomy reported in the completed questionnaires. The subjects were interviewed over the telephone
using structured questionnaires regarding their usual diet and
other risk factors for colorectal cancer for the time-period
preceding cancer diagnosis (approximately 2 years prior to
the interview). At the same time or shortly after the interview, the study participants provided one of the following
types of biospecimens; (1) peripheral blood through home
phlebotomy service, (2) buccal cells collected by oral rinse
with commercial mouthwash liquid and (3) archived (grossly
normal) tissue blocks. The oral rinse samples were collected
by 30 second swishing with a commercial mouthwash liquid
containing 15% alcohol. The participants were instructed
not to brush teeth, rinse mouth, eat or drink for at least 1
hour before collection. DNA was isolated with the Gentra
Autopure system and then stored at -80◦ C until analysis at
the Wayne State University Applied Genomics Technology
Center. Among the controls, 71% provided blood samples
and 29% gave mouthwash samples. Among the colorectal
cancer cases, phlebotomy samples were collected from 66%,
followed by mouthwash 27% and tissue blocks 7%. From
among the participants who provided oral rinse samples, we
randomly selected 192 samples for this exploratory study,
oversampling smokers, after excluding those with insufficient
residual volume. To minimize potential effects of immunosuppression from the disease and treatment, colorectal cancer
cases were further limited to those who did not have distant
metastasis or receive chemotherapy. As a result, colorectal
cancer cases included in this study (n = 68) consisted of 74%
local and 26% regional stages and 75% colon and 25% rectal
cancer. Approximately 90% of cancer were well to moderately differentiated among those with histological grade
information (68%). All but one patient had surgery while
one radiation. Median time from diagnosis to biospecimen
acquisition was 9.8 months.
2.2 Sequencing
Amplification and sequencing of the 16S ribosomal RNA
gene was achieved following the Illumina 16S Metagenomic
Sequencing Library Preparation protocol. The primer pair,
the S-D-Bact-0341-b-S-17/S-D-Bact-0785-a-A-21, was used
to amplify 464 bp of the V3 and V4 regions of the 16S gene.
The correct size of the product was confirmed on an Agilent Tape Station. The samples were cleaned using AMPure
XP beads to remove excess primers and primer dimers and
indexed using the 96 sample Nextera XT Index Kit, giving
each sample a unique identifier with dual 8 base adapters.
The indexed product was cleaned with AMPure XP beads
and the size checked with the Tape station to confirm indexing success. After fluorometric sample quantification using
Invitrogen’s Qubit 2.0, samples were diluted to 4 nM and
94
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pooled. The library pool was then denatured, diluted to 20
pM and a PhiX control was added. The pool was sequenced
on an Illumina MiSeq using paired 300 bp reads with MiSeq
V3 reagents and the data were processed using the MiSeq
Reporter software.
Table 1. Characteristics of study subjects
Disease history
Colorectal
cancer (N = 68)

Controls
(N = 122)

Characteristics

Categories

No.

%

No.

Gender

Female

36

52.9%

81

66.4%

Male

32

47.1%

41

33.6%

Race

African
American

10

14.7%

17

13.9%

Other

58

85.3%

105

86.1%

Age

45-54

12

17.7%

32

26.2%

55-64

19

27.9%

40

32.8%

Smoking

Alcohol

Body mass index (kg/m2)

Non-steroidal anti-

%

65+

37

54.4%

50

41.0%

Never

26

38.2%

49

40.2%

Ex

26

38.2%

37

30.3%

Current

16

23.5%

36

29.5%

<1

38

55.9%

74

64.9%

1-6/week

19

27.9%

27

23.7%

7+/week

11

16.2%

13

11.4%

< 25

18

26.9%

55

45.8%

25-30

35

52.2%

40

33.3%

30+

14

20.9%

25

20.8%

No

54

79.4%

83

68.0%

inflammatory drug use

Yes

14

20.6%

39

32.0%

Experimental batch

Run 1

46

67.6%

48

39.3%

Run 2

22

32.4%

74

60.7%

2.3 Bioinformatic analysis
The online portal for Illumina data analysis (http://www.
illumina.com/) was used to access Basespace at https:
//basespace.illumina.com/home/index, and the 16S
metagenomics Basespace application was applied to the data.
16S metagenomics analysis uses DNA from amplicon sequencing of prokaryotic 16S small subunit rRNA genes with
the high performance version of RDP Naïve Bayes algorithm.[25] FASTQ sequences were uploaded to Basespace
and the 16S metagenomics application was executed. After
assembling, full length sequences from paired ends were
referenced against the Illumina curated version of Greengenes database (May 2013) at 97% identity level. We also
used the Quantitative Insights for Molecular Ecology (Qiime)
suite of programs[26] to compute several α and β diversity
indices including Chao1, Shannon and Simpson index values
were generated after rarefying samples at 10,851 reads and
to perform principal coordinate analysis (PCoA) based on
weighted Unifrac distance matrices.[27] Xming and Emperor
Plot[28] were used to visualize PCoA plots.
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Table 2. Relative abundance (%) of bacterial groups representing at least 1% of classifiable reads (in parentheses) at each
taxonomic level
Phyla
(34508276)

%

Classes (34325631)

%

Orders
(34271401)

%

Families (33775084)

%

Genera
(33507332)

%

Firmicutes

61.3

Bacilli

47.8

Lactobacillales

44.0

Streptococcaceae

40.5

Streptococcus

40.7

Clostridia

Bacteroidetes

Actinobacteria

Proteobacteria

13.2

12.7

8.6

Bacteroidia

Actinobacteria

13.4

12.3

12.8

Carnobacteriaceae

1.9

Granulicatella

1.9

Lactobacillaceae

1.3

Lactobacillus

1.3

Species (26368975)

%

S_tigurinus

12.4

S_vestibularis

9.7

S_parasanguinis

4.0

S_oralis

3.4

S_pseudopneumoniae

3.3

S_bovis

1.8

S_infantis

1.3

S_gordonii

1.0

G_adiacens

2.1

Gemellales

3.6

Gemellaceae

3.7

Gemella

3.7

G_cunicula

1.5

G_sanguinis

1.3

Clostridiales

12.6

Veillonellaceae

10.9

Veillonella

10.2

V_atypica

6.7

V_dispar

2.0

P_melaninogenica

5.2

P_histicola

2.0

R_mucilaginosa

4.1

Bacteroidales

Actinomycetales

12.3

12.3

Lachnospiraceae

1.2

Prevotellaceae

9.4

Prevotella

10.2

Porphyromonadaceae

1.6

Porphyromonas

1.5

Micrococcaceae

7.7

Rothia

7.6

Actinomycetaceae

3.2

Actinomyces

2.2

Betaproteobacteria

4.0

Neisseriales

3.7

Neisseriaceae

3.8

Neisseria

3.7

N_mucosa

2.9

Gammaproteobacteria

3.9

Pasteurellales

3.8

Pasteurellaceae

3.9

Haemophilus

1.9

H_parainfluenzae

1.9

Mannheimia

1.2

M_caviae

1.6

Fusobacteriaceae

1.9

Fusobacterium

1.9

Other

31.9

Fusobacteria

3.7

Fusobacteria

3.7

Fusobacteriales

3.7

Other

0.5

Other

2.0

Other

3.9

2.4 Statistical analysis
Basespace summary text files reporting number of reads for
each identified taxonomic unit were aggregated for all samples from 2 separate runs. We removed 2 samples that failed
to generate 20,000 classifiable reads, leaving 190 analytical
samples. Analyses were restricted to bacterial groups that
represented, on average at least 1% of total reads classifiable
at each taxonomic level and two a priori selected species,
F. nucleatum and P. gingivalis. The associations of relative
abundance of each taxonomic unit with sample/subject’s
characteristics were analyzed by negative binomial model
as an extension of Poisson regression for count data, to deal
with overdispersion,[29] with adjustment of selected covariates. Zero-inflated models were also employed when the
count was 0 for more than 5% of the samples, which produced the parameter estimates for both counts and zero proportion. To ease interpretation for the latter estimate, we
presented its reverse term (powered-1) as an estimate for
presence (non-zero). In both analyses the total number of
reads classifiable at each taxonomic level was used as an
Published by Sciedu Press

Leptotrichiaceae

1.9

Leptotrichia

1.8

Other

7.2

Other

10.2

offset variable. These regression models have been recently
adopted to analyze microbial count data taking into other
covariates into account.[30, 31] In addition, we performed
principal component analyses at class, family and species
levels where relative abundance of each bacterial group was
square root transformed as it performed better than other
transformations, such as natural log or arcsine. Analysis of
variance was used to compare principal component scores as
well as UniFrac distances of principal coordinates between
subject groups with adjustment for selected covariates where
first coordinate distances were natural log-transformed to
improve deviation from normal distribution. Most subjects’
characteristics were dichotomized. “Current smokers” were
defined as ever smokers who smoked at least one cigarette
per day for six months or longer and were smoking within
2 year prior to interview. “Habitual alcohol drinkers” were
defined as subjects reporting 7 or more alcoholic drinks per
week. “Advanced age” was defined as 65 years or older
(approximate median of the whole study population). All
statistical analyses were performed using SAS version 9.
95
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3. R ESULTS

into Beta and Gamma at the class level, and Neisseriaceae
and Pasteurellaceae were respective dominant families. FuTable 1 presents characteristics of selected study samples. sobacteria represented a relatively small portion (3.7%) of
Colorectal cancer cases were 68 (36%), while the rest were phyla.
controls. In both groups approximately 14% were African
Next we analyzed the effect of subject’s characteristics on
Americans and the rest (86%) other races (primarily Cauthe relative abundance of bacterial groups at each taxonomic
casians). While 24% of the colorectal cancer cases and 30%
level (see Table ??). Advanced age (> 65 years) was asof the controls were considered to be current smokers, 16% of
sociated with changes in microbiome contents, showing
the colorectal cancer cases and 11% of the controls were haincreased relative abundance of class Bacilli, order Lactobitual alcohol drinkers. The number of total classifiable reads
bacillales and genus Streptococcus by 7%-8%. Although P.
was substantially higher in run 1 than in run 2 (19215417 vs.
gingivalis represented only 0.3% of the classified species,
15457823). Due to these differences in performance, run was
relative abundance among subjects harboring this bacterium
a significant confounder in most analyses, and was therefore
was 2.6 fold (95% CI 1.32-5.23) increased with advanced
always included in statistical models.
age. On the other hand, the relative abundance of MicroAs shown in Table 2, Firmicutes were a highly dominant coccaceae family decreased by approximately 20% (0.81,
phylum, and the majority of these belonged to Streptococ- 95% CI 0.66-1.00) with advanced age. Neither gender nor
caceae at the family level. Bacteroidetes and Actinobacteria African American race shows associations with these bacteboth contributed 13% at the phylum level, and their dominant rial relative abundances (data not shown). Due to the several
families were Prevotellaceae and Micrococcaceae, respec- observed associations with advanced age, we included adtively. Phylum Proteobacteria (8.6%) were equally divided vanced age as a binary covariate in subsequent analyses.
Table 3. The effects** and 95% confidence intervals (in parenthesis) of age, cancer history and current smoking on relative
bacterial count at each taxonomic level based on negative binomial models
Phyla

Classes

Orders

Families

Genera

Species

Old (≥ 65 yrs) vs. young
Firmicutes

1.05 (1.00-1.11)

Bacilli

1.07 (1.00-1.15)

Lactobacillales

1.08 (1.00-1.17)

Streptococcaceae

1.08 (0.99-1.17)

Streptococcus

1.08 (0.99-1.17)

S_gordonii

Bacteroidetes

0.98 (0.77-1.24)

Bacteroidia

0.96 (0.75-1.24)

Bacteroidales

0.96 (0.75-1.24)

Porphyromonadaceae*

0.93 (0.69-1.25)

Porphyromonas*

0.96 (0.71-1.29)

P_gingivalis*

1.49 (1.06-1.93)
1.61 (0.81-3.19)

0.83 (0.43-1.59)
Actinobacteria

0.85 (0.74-0.99)

Proteobacteria

0.93 (0.69-1.25)

Fusobacteria*

Actinobacteria

0.85 (0.74-0.98)

Actinomycetales 0.84 (0.73-0.98)

Micrococcaceae

Bacilli

1.01 (0.94-1.09)

Lactobacillales

Lactobacillaceae*

0.81 (0.44-1.52)

0.81 (0.66-1.00)

Rothia

1.55 (0.77-3.08)

Lactobacillus*

2.63 (1.32-5.23)
1.22 (0.60-2.49)

0.81 (0.66-1.00)

R_mucilaginosa

1.54 (0.77-3.07)

-

0.79 (0.62-1.00)

0.95 (0.77-1.18)
0.81 (0.29-4.27)

Colorectal cancer vs. controls
Firmicutes

1.02 (0.96-1.07)

1.01 (0.93-1.10)

2.08 (1.08-4.00)
Bacteroidetes

0.89 (0.69-1.15)

Actinobacteria

1.22 (1.04-1.42)

Proteobacteria

0.87 (0.63-1.21)

Fusobacteria*

2.08 (1.08-4.00)

Actinobacteria

1.22 (1.04-1.42)

Actinomycetales 1.20 (1.02-1.41)

Micrococcaceae

1.27 (1.02-1.59)

Rothia

1.28 (1.02-1.59)

R_mucilaginosa

1.26 (0.98-1.62)

Clostridia

1.20 (0.98-1.47)

Clostridiales

1.20 (0.98-1.47)

Veillonellaceae

1.23 (1.00-1.51)

Veillonella

1.23 (1.00-1.52)

V_atypica

1.33 (1.06-1.66)

0.66 (0.47-0.93)

Neisseriales*

0.67 (0.48-0.95)

Neisseriaceae*

0.67 (0.48-0.95)

Neisseria*

0.68 (0.48-0.96)

N_mucosa*

0.92 (0.73-1.11)
0.58 (0.19-1.75)

Current smoking vs . not smoking
Firmicutes

1.05 (0.99-1.12)

Bacteroidetes

1.03 (0.78-1.37)

Actinobacteria

1.02 (0.86-1.21)

Proteobacteria

0.66 (0.47-0.92)

Betaproteobacteria*

0.42 (0.20-0.89)
Fusobacteria*

0.40 (0.19-0.84)

0.40 (0.19-0.84)

0.42 (0.20-0.87)

0.71 (0.49-1.02)
0.42 (0.20-0.87)

0.94 (0.74-1.19)
1.43 (0.36-5.65)

** Effect: 1.00: No effect, > 1: Times increase in the relative count; < 1: times decrease in the relative count by respective factor.
Adjusted for experimental batch for age, and age and experimental batch for smoking and colorectal cancer status
* Based on a zero-inflated model: upper cell indicates effect on the relative counts beyond 0: lower indicates effect on the prevalence (non- zero) of a given bacterial gro

Adjusted for advanced age and experimental batch, colorectal cancer history was associated with increased presence
of genus Lactobacillus by almost 2 times (95% CI 1.084.00) and increased relative abundance of Rothia by 28%
(1.28; 95% CI 1.02-1.59). Adjusted for advanced age and
experimental batch, current smoking was associated with a
decrease in relative counts of Betaproteobacteria (primarily
Neisseria) by 33% (0.66; 95 CI 0.47-0.93) but a 23% increase in relative abundance of Veillonellaceae family (1.23:
95% CI 1.00-1.51). Although simultaneous adjustment of
96

colorectal cancer status did not reduce the strength of these
associations (data not shown), changes in relative abundance
by smoking status were generally more pronounced in the
cases with colorectal cancer history than controls. For example, the estimates for Betaproteobacteria and Veillonellaceae
were 0.29 (0.14-0.59) and 1.53 (0.93-2.52), respectively, in
the cases, whereas they were 0.77 (0.51-1.14) and 1.13 (0.941.36), respectively, in the controls. But the interaction was
modestly significant only for Betaproteobacteria (p = .04).
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Component score 1 Component score 2
N 0.048
N
0.185
SM ‐0.128 (P=0.537) SM ‐0.492 (P=0.002)
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Families (PCA)

Component score 1 Component score 2
N 0.140
N ‐0.194
SM ‐0.356 (P=0.167) SM 0.514 (P=0.011)

Figure 1. Principal component analyses (PCA) at the class (leftmost) and family (middle) levels for taxa with at least 1%
average relative abundance and principal coordinate analysis (PCoA) at the species (rightmost) level. For PCA, upper
panels show taxa distribution and lower panels sample distribution, while for PCoA the upper panel illustrates sample
distribution. SM or closed circles indicate current smokers and N or open circles non-smokers. Covariate adjusted mean
component scores and coordinate distances for the 1st and 2nd components/coordinates were calculated and tested between
current smokers and non-smokers and presented underneath each panel
None of the bacterial groups from phylum to genus levels
were associated with habitual alcohol consumption, but relative counts of P. gingivalis increased by 3 times (2.97: 95%
CI 1.16-7.61) with habitual alcohol intake among the subjects carrying this bacterium (data not shown). None of the
diversity or richness indexes estimated by Qiime showed
associations with smoking, colorectal cancer history or advanced age (data not shown). The main results of principal
component analysis (PCA) from Basespace data and of principal coordinate analysis (PCoA) based on Qiime analysis
are illustrated in Figure 1, along with the 1st and 2nd principal component scores adjusted for advanced age and experimental batch and 1st an 2nd principal coordinate Unifrac
distances adjusted for experimental batch for current smokers and non-smokers. PCA plots for the class and family
levels show that some family members within a class were
clustered (e.g., Proteobacteria), but not for others (i.e., Firmicutes, Bacteroidetes and Actinobacteria), suggesting that
Published by Sciedu Press

relative abundances of major family members within a class
were not necessarily correlated each other. The 2nd principal
component scores at the class and family levels from PCA
and the 2nd coordinate distances from PCoA were statistically significantly different between current smokers and the
others (P = .002-.048). When we tested the scores/distances
of these components and coordinate stratified by colorectal cancer status, the differences between current smokers
and non-smokers were generally more apparent in the cases
with colorectal cancer history than the controls. At the class
level the 2nd component scores in current-smokers vs. nonsmokers were -1.097 vs. 0.065 in the cases and -0.246 vs.
0.268 in the controls and the corresponding scores at the
family levels were 1.071 vs. -0.125 in the cases and 0.271 vs.
-0.237 in the controls, whereas the 2nd coordinate distances
at the species level for current smokers and non-smokers
were 0.127 vs. -0.015 in the cases and -0.009 vs. -0.011 in
the controls, respectively.
97
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4. D ISCUSSION
This exploratory study of the oral microbiome revealed several intriguing findings. Specifically, we observed associations of smoking and colorectal cancer history with relative abundances of specific bacterial groups; and changes
in microbiome composition associated with smoking, not
altering diversity or richness. While the associations with
specific bacterial groups were rather modest and may represent chance findings, the changes in microbial composition
were reproducible by two different approaches. We discuss
our results here in comparison with other published microbiome papers, noticing differences and limitations of the
present study in this rapidly expanding area of research.
The results presented here are likely influenced by the methods employed to collect and measure oral microbes., The
microbiome of each organ is distinct and substantial variability occurs even within oral cavity, partly due to spatial
variations in the availability of oxygen.[7] The oral rinse samples used in this study are likely to over-represent microbes
present in the surface of the oral cavity as well as saliva,
and less likely to include microbes from dental plaques or
gingival crevicular fluid, which may explain the dominance
of Firmicutes, as noted in buccal mucosa.[7] Salivary microbiome has been reported to have higher richness and diversity
compared with gingival plaque microbiome, and to be less
susceptible to changes in periodontal conditions.[32] Second,
taxonomic classification in most metagenomic analyses is
based on hypervariable sequences (V1-V9) of bacterial 16S
rRNA gene. While several different primer sets are available,
it has been well documented that the choice of the V regions
to be amplified significantly influences the results.[33, 34] We
used primers for combined regions including V4, which has
been reported to be capable of assigning sequences down to
genus level with good accuracy.[35]
Despite distinct microbial community by anatomic site, correlations exist between stool and oral microbiome,[36, 37] which
corroborates earlier reports pointing to associations of colorectal cancer with oral pathogens. Nonetheless, the present
study did not confirm the association between colorectal
cancer and F. nucleatum. Although this epidemiologic association has been rather consistent[11, 14–16] and although
proinflammatory properties of this bacterium were reported
in an animal model,[17] causality of this association has been
unclear. On the other hand, changes in mucosal barriers
and metabolic and morphologic characteristic of established
cancer cells may have facilitated colonization by certain
bacteria. In the present study, we found that Lactobacillus
and Rothia were associated with colorectal cancer history.
Contrary to the well-known probiotic role in the gut,[38] Lactobacilli are oral pathogens strongly associated with dental
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caries.[39] While it is unlikely Lactobacilli possess enteric
oncogenicity, it may serve as a surrogate marker for poor oral
hygiene or poor oral health. In fact, epidemiologic studies
have found connections of periodontal disease with risk of
dying from,[13] and developing colorectal cancer[40] as well
as with positive results to colorectal cancer screening.[41]
The genus Rothia is usually considered to be a benign oral
commensal. However, Rothia has recently been recognized
as an opportunistic pathogen causing a number of diseases
in immunocompromised hosts[42] and has been associated
with periodontitis in AIDS patients.[43] Although our cases
did not undergo chemotherapy, individuals who develop or
developed cancer may suffer underlying suboptimal immune
function.
Instead, we found smokers had decreased relative abundance
of Neisseria and increased relative abundance of Veillonellaceae families. While some Neisseria species are well
known human pathogens, causing meningitis and gonorrhea,[48] most Nesseria are indeed commensal and are common in upper aerodigestive tract.[48, 49] Importantly, Neisseria has been shown to be a bacterial group that colonizes
on the surface of natural teeth in much higher density than
on denture teeth.[50] Smokers are known to be susceptible
to periodontal diseases,[21–23] leading to tooth loss, which
possibly accounts for the observed association in this study.
Corroboratively, lower abundance of Neisseria in smokers
has been reported by other studies.[20, 23] Veillonellaceae are
also considered to be benign commensals in the oral cavity, abundantly present in saliva and on dorsal and lateral
surfaces of the tongue,[49] but prior studies have found conflicting (positive, negative or no) associations with cigarette
smoking in periodontitis patients.[20, 23, 51] An interesting trait
of this bacterium is its specific metabolic activity. Because up
to 25% of ingested nitrate is actively taken up by the salivary
grand, concentrated up to 20 fold, saliva contains high concentrations of nitrate and nitrite.[52] The conversion of nitrate
to nitrite is catalyzed by nitrate reductase of oral bacteria.[52]
Veillonella (V) species, including V. atypica, are one of the
major bacterial groups with this metabolic activity.[53–55]
These compounds are potentially toxic, because nitrite can
be further converted to carcinogenic nitrosamines[56] and
pro-inflammatory nitric oxide.[52] Tobacco not only provides
nitrate but also alkaloids to form nitrosamines,[56] which
can be detected in saliva of tobacco users.[57] Therefore,
these bacterial metabolic activities have pathophysiological
consequences on oral and systemic health.
In addition to specific bacterial abundance, we found moderate but statistically significant differences in overall composition of microbiome by smoking status in both PCA and
PCoA. These relatively small differences along with the lack
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of differences in diversity indexes may be attributable to
the fact that the beta (between subjects) diversity of salivary
microbiome is one of the lowest, while the alpha (within
subjects) diversity is one of the highest,[7] among various
anatomic sites. Yet, differences in salivary,[58] mucosal, and
subgingival[22] microbiome structure according to smoking
status have been reported using either PCA or PCoA by others. One of these authors also confirmed no effect of alcohol
drinking.[59] We also realize that classification of smokers
differs by studies, which may affect the interpretation of the
data. Our questionnaire asked about exposure up to 2 years
prior to the interview in order to minimize effects from the
disease, and accordingly our current smokers included past
smokers who stopped smoking within 2 years. The rest of
past smokers were combined with never smokers because
we assumed that direct exposure to cigarette smoke rather
than oral conditions caused by smoking should produce the
main impact. Initial screening analyses based on three strata
also suggested the data of past smokers were in fact closer
to never smokers than current smokers. Nevertheless, misclassification of smoking status is a concern due to lack of
objective measures (tobacco metabolites) of smoking in urine
or breath and because misclassification of past smokers as
current smokes are likely to be differential (more common in
the cases). Although the misclassification may have diluted
the overall observed differences, the differential bias itself
may have limited effect.
Considering several limitations in this exploratory study, we
note first that although the sample size of 190 may be viewed
as relatively large for metagenomic studies, it is small for
traditional epidemiologic studies to detect modest sizes of
differences which are typical in homogenous human populations. This may be especially the case, given the known low
beta diversity of oral microbiome[7] and for observational
studies where investigators have little control for known and
unknown confounders. Second, the retrospective nature of
the case-control comparisons limits the ability to infer causal
relationships for observed associations. Specifically, temporal relations between exposures and outcomes cannot be
ascertained in this study. Third, because the parent study was
designed to address medical questions, information was not
collected about oral hygiene practices, nor about oral and
dental disease histories, which are likely to be critical determinants of oral microbiome, contributing to variations in the
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