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Abstract
Certain soil microbes resist and metabolize polycyclic aromatic hydrocarbons (PAHs). The same is true
for certain skin microbes. Oral microbes have the potential to oxidize tobacco PAHs to increase their
ability to cause cancer. We hypothesized that oral microbes that resist high levels of PAH in smokers exist
and can be identi�ed based on their resistance to PAHs. We isolated bacteria and fungi that survived long
term in minimal media with PAHs as the sole carbon source from the oral cavity in 11 of 14 smokers and
only 1 of 6 nonsmokers. Of bacteria genera that included species that survived harsh PAH exposure in
vitro, all were found at trace levels on the oral mucosa, except for Staphylococcus and Actinomyces. Two
PAH-resistant strains of Candida albicans (C. albicans) were isolated from smokers. C. albicans is found
orally at high levels in tobacco users and some Candida species can metabolize PAHs. The two C.
albicans strains were tested for metabolism of two model PAH substrates, pyrene and phenanthrene. The
result showed that the PAH-resistant C. albicans strains did not metabolize the two PAHs. In conclusion,
evidence for large scale oral microbial metabolism of tobacco PAHs by common oral microbes remains
lacking.

Introduction
Years ago, it was recognized that exposure to tobacco smoke has both short- and long-term effects on
the oral cavity. These effects have been best described for the periodontia where, in long time smokers,
there is an increase in in�ammation at the tooth mucosal border which precedes a loss in tissue1. There
are also changes in bacteria that exist in the sulci that surround the teeth. Some of the changes are
directly related to tobacco smoke exposure2–4. Similarly, the remaining oral mucosa that lines the oral
cavity also show changes with tobacco smoke exposure5. Long-term mucosal changes include
hypertrophy and hyperkeratosis initially. These changes can be followed by more serious changes
including dysplasia, which can precede malignancy. Certain sites thought to be most heavily exposed to
cigarette smoke include frequent sites of oral squamous cell carcinoma (OSCC), the tongue, �oor of
mouth (FOM) and, to a lesser degree, gingiva. These surfaces also are coated with bacteria though the
exact makeup of the population depends on the site6–8. Other microorganisms, such as the yeast C.
albicans, can also become a large part of the oral microbiome in certain individuals. The microbes in the
saliva in turn provide a window to the oral microbiome that exists on the oral surfaces, including the
teeth, the periodontal sulci, and the remaining oral mucosa9.

There has been much research on how combusted tobacco products provide a stream of reactive
chemicals to the oral tissue10,11. These include PAHs and nitrosamines, which have received the most
attention because they are pro-carcinogens. Given that studies have revealed the existence of
environmental microorganisms that have the ability to metabolize PAHs,12–14, 15 ,16–22 and that bacteria
with similar qualities exist on human skin21,23, we looked for evidence of the same in the oral cavity. We
used the same method for selection of environmental microbes, obtained for example from petroleum
waste sites, that have the ability to survive long term in minimal media with PAHs as the sole carbon
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source15,17,21,24. In the current work, microorganisms were harvested from the oral mucosa surfaces and
then exposed over weeks in vitro to a cocktail of PAHs with no other carbon source to determine if
smokers preferentially harbored microbes tolerant of tobacco smoke PAHs. We then examined the
microbiome on two oral mucosa surfaces, lateral border of the tongue, and the attached gingiva, in
tobacco users to determine if long-term exposure to cigarette smoke had similar effects in vivo on the
mucosal microbiome. Most of these taxa were found, at most, at trace levels in the oral cavity of the
studied population. C. albicans was identi�ed from two different tobacco users. As a yeast known to be
at relatively high levels in the oral cavity of tobacco users, an examination of these isolates’ ability to
metabolize model PAHs was undertaken in order to examine a role for this species in the conversion of
these PAHs to more reactive carcinogens.

Methods
Subjects

Subjects were patients of Dental Clinics at the University of Illinois College of Dentistry. All subjects
provided written informed consent to participate in accordance with guidelines of the O�ce for the
Protection of Research Subjects of the University of Illinois at Chicago, with formal approval of the study
protocol, 2012-1030, by the Institutional Review Board 1 of the University of Illinois Chicago. This study
was done in full accordance with the principles of the Declaration of Helsinki. Samles were taken only
from sites that appeared normal in appearance in the clinic.

Mucosal sample collection and selection

For the PAH selection procedure swab samples were collected from the lateral border of the tongue,
buccal, attached gingiva and oral pharynx. These were combined and placed in 3 mL Bushnell-Haas
Broth (BHB) without glycerol. One milliliter culture was used to inoculate 9 mL BHB with 10 µg/mL each
of benzo[a]pyrene, chrysene, �uoranthrene, naphthalene, phenanthrene, and pyrene. The culture was
incubated with aeration for 3 weeks at 37°C. One hundred microliters were collected and plated on BHI
agar plate and incubated for 48 h at 37°C in aerobic conditions. Samples used directly for 16S rRNA
analysis were from gingiva or tongue and were immediately frozen in TE.

PAH degradation by microbes in liquid culture

C. albicans was grown overnight in YPD broth at 30°C with aeration. The positive control, Mycobacterium
rutilum was prepared in BHI medium and incubated overnight at 30°C with aeration15. The overnight
cultures of C. albicans and Mycobacterium rutilum were centrifuged, washed 3 times with BHB medium,
and resuspended in BHB. Each culture was divided in 9 large glass test tubes, each containing 10 mL
culture in BHB medium. Pyrene or phenanthrene was added (triplicates) to a �nal concentration of 20
µg/mL. BHB medium with microbial cells without PAH (triplicates) and BHB medium only served as
controls. Tubes were incubated with aeration for 14 days in the dark at 30°C.
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Identi�cation of pyrene and phenanthrene metabolites

After the PAHs were incubated with the microbes, they were stored unopened at -80°C until analyzed by
GC/MS. Once the samples thawed, the cultures were spiked with 20 µg of phenanthrene d-10 or pyrene d-
10 prior to extraction to allow estimation of the recovery of the unreacted pyrene and phenanthrene. After
spiking with the deuterated standard, the samples were vortexed and stored overnight in a refrigerator.
Each of the conical glass vials containing samples were acidi�ed to a pH of 2 and extracted three times
with 3 mL of MTBE (methyl-tert butyl ether, a total of 9 mL). The MTBE/aqueous mixtures were
centrifuged at 900 g for 10 minutes to separate the aqueous and MTBE layers. The MTBE extracts were
combined and allowed to evaporate overnight in a standard hood and the following morning the
remaining MTBE was evaporated under nitrogen. The test tubes containing the residual solid were rinsed
(vortexed) with two, 400 µl aliquots of MTBE. The MTBE was transferred to an autosampler vial (with a
borosilicate glass insert) and evaporated to dryness in a speed vac. This concentration and transfer step
was repeated twice. Analytical procedures were designed to analyze oxidized (hydroxylated)
phenanthrene and pyrene metabolites.

            The samples were then derivatized (silylated) with N,O-Bis(trimethylsilyl)- tri�uoroacetamide
(BSTFA) with 1% trimethylsilyl chloride (TMSC) to convert the hydroxyl groups to trimethyl silyl groups.
Extracts in the vials mentioned above were [10 µl BSTFA/TMCS in 200 µl CHCl3]. These samples were
diluted 1/20 and 1/50 in chloroform and analyzed by GC/MS for the purpose of quantifying the
unreacted PAHs. The most concentrated, undiluted samples were run as well for the purpose of
identifying metabolites.

            Derivatized extracts were analyzed using an Agilent 5977 Mass selective detector interfaced to an
Agilent 7800 GC. A 30-meter Agilent DB5-MS column was used for the separation. The mobile phase was
helium at a �ow rate of 1 mL/min. The injector temperature was 240°C. A 20-min GC gradient was used
for the separation with a helium �ow rate of 1 mL/min. The initial temperature was held at 60°C for two
minutes and then increased to 320°C at a rate of 20°/minute and held at 320°C for 10 min. Full scans
were acquired for all analyses.

DNA extraction 

Genomic DNA was extracted from swabs using the MasterPure Gram Positive DNA Puri�cation Kit
(Epicentre, Madison, WI, USA) according to manufacturer’s instructions. For samples harvested from in
vitro incubations sample DNA was extracted using alkaline lysis and Express Matrix puri�cation (MP
Biomedical, Santa Ana, CA, USA). Identi�cation of clones was done after PCR ampli�cation using
consensus 16S rRNA gene speci�c primers, F1 and R1 or in the case of C. albicans 28S rRNA fungal
speci�c primers NL-1 and NL-4.

Characterization of microbial community structure 
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Microbial community structure was characterized using high-throughput sequencing of PCR amplicons
generated from the V1-V3 variable regions of bacterial 16S ribosomal RNA (rRNA) genes. Brie�y, the
widely used primer sets 27F/534R, targeting the V1-V3 variable region of the 16S rRNA gene of bacteria,
were used for ampli�cation as done earlier with slight modi�cations53. 

A two-stage PCR or “targeted amplicon sequencing” (TAS) approach was performed to generate amplicon
libraries, as described previously54,55. In the �rst of the TAS procedure, the templates were ampli�ed (28
cycles) using primers containing 27F and 534R 16S rRNA gene sequence containing 5’ linkers CS1 and
CS2 linkers, as described previously35. PCR were performed in 10 µl reaction volumes using the KAPA
HiFi HotStart PCR Kit. The PCR conditions were as follows: 5 min initial denaturation at 95°C, followed by
28 cycles of: 95°C for 30”, 50°C for 30”, 72°C for 60”. Subsequently, a second PCR reaction was
established, with 1 µl of ampli�cation product from the �rst stage used as input to the second reaction. 

The primers for the second stage ampli�cations were the AccessArray barcoding system primers
(Fluidigm, San Francisco, CA, USA), containing Illumina sequencing adapters, sample-speci�c barcodes,
and CS1 and CS2 linkers. PCR conditions for the second reaction were as follows: 5 min initial
denaturation at 95°C, followed by 8 cycles of: 95°C for 30”, 60°C for 30”, 72°C for 60”. Samples were
pooled in equimolar ratio and quanti�ed using a Qubit 2.0 �uorometer. 

Sequencing was performed on an Illumina MiSeq sequencer using standard V3 chemistry with paired-
end, 300 base reads. Fluidigm sequencing primers, targeting the CS1 and CS2 linker regions, were used to
initiate sequencing. Demultiplexing of reads was performed on instrument. Library preparation was
performed at the DNA Services Facility at the University of Illinois at Chicago.

Bioinformatics Analysis

Raw paired-end FASTQ �les were merged using the Paired-End reAd merger (PEAR) algorithm56. Merged
data were then quality trimmed (Q20), and sequences shorter than 450 bases were removed. The
remaining sequences were exported as FASTA and processed through the software package QIIME
(v1.8.0)57. Sequences were screened for chimeras using the USEARCH61 algorithm and putative chimeric
sequences were removed from the data set58. Chimera-free samples were then pooled, and clustered into
operational taxonomic units (OTU) at 97% similarity using USEARCH assigned to taxonomic levels from
phylum to species.

Statistical Analysis

BIOMs were used to identify taxa which were signi�cantly differentially abundant between a priori de�ned
groups. Differences in microbiota taxonomic abundance between the groups were tested using Welch’s t-
test using the software package STAMP59. Signi�cance was set at P < 0.05. The Student t-test was used
to compare number of distinct taxa isolated from smokers and nonsmokers, which takes into account
that several smokers produced multiple taxa in the assay
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Results

Survival of sampled oral mucosal bacteria after long-term
PAH exposure
Studies of environmental and skin microorganisms have revealed bacteria that survive in high levels of
PAHs can use these chemicals as a nutrient source. We took advantage of that knowledge to investigate
functional changes in the oral mucosa microbiome that occur with exposure to tobacco smoke PAHs.
First, we took swab samples from the oral mucosa of 6 nonsmokers and 14 smokers. The washed
microorganisms were than inoculated into minimal broth and allowed to incubate for 3 weeks in the
presence of a cocktail of PAHs as the only carbon source. At the end of the incubation time, the cells were
plated on rich medium agar plates (BHI) for 48 h to allow the detection of surviving bacteria. We found
that PAH selection indeed allowed the survival and then growth of several bacteria that were identi�ed by
16S rRNA gene sequencing (Figure 1). There were microbes in the oral cavity that could survive these
harsh selective conditions where PAH was the only carbon source, and cigarette smokers showed higher
numbers of these microbes (Fisher’s Exact Test, p < 0.018). In addition, multiple isolates revealed the
presence of the yeast C. albicans, which was identi�ed by 28S rRNA gene sequencing.

Differences in oral mucosal bacteria with long-term tobacco
usage
Having identi�ed oral bacteria on the oral mucosa of smokers as resistant to PAH exposure, the question
remained whether these bacteria comprised a signi�cant level of the mucosal microbiome and if they
were indeed elevated on oral mucosal surfaces in smokers. Mucosal surface samples were taken from
two sites, the gingiva and lateral border of the tongue. These sites were chosen because they are
common sites of tobacco-associated OSCC. A total of 37 subjects, 15 smokers (average age 53.6, 9 Male,
6 Female) and 22 nonsmokers (average age 42.1, 12 Male, 10 Female) were selected. The bar graph
reveals the major bacterial taxa in this population. In fact, of the 8 genera identi�ed in the earlier assay
only Staphylococcus and Actinomyces were present at higher than 0.01% of oral bacteria genera at the
two mucosal sites (Table 1 and 2). Identi�cation at the genus level does not assure identi�cation at the
species or strain level.

PAH metabolites produced by oral microorganism in vitro
Of the candidate microorganisms that showed ability to survive PAH exposure in the in vitro test C.
albicans was the most commonly identi�ed in the assay and is well known to be at appreciable level in
the oral mucosa of a subset of both smokers and nonsmokers (Figure 1)25,26. Two separate isolates of C.
albicans obtained from two different tobacco users were incubated with PAHs as sole carbon source. In
this experiment the PAHs tested were phenanthrene and pyrene. These chemicals were chosen because
they can be found at relatively high levels in the oral cavity in tobacco users25,26 and they are readily
digested by many environment microbes13–22. A soil-derived strain, Mycobacterium rutilum, capable of
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metabolizing pyrene or phenanthrene as sole carbon source was used as a positive control. Comparative
metabolism studies clearly show that C. albicans does not oxidize PAHs to a signi�cant extent while
mycobacteria do readily. These results are summarized in the Figure 2 bar graph. The �rst two columns
on the left in the �gure are the negative controls and represent the recoveries of phenanthrene (PhYe, 83 ±
7%) and pyrene (PyYe, 84 ± 11%) from the incubation matrix. The two bars in the center represent the
amount of PAH recovered from C. albicans after incubation (PhYe and PyYe). The two bars on the right
represent the amount of each PAH recovered from the mycobacteria incubations (PhMy and PyMy). The
data indicates that the metabolism of the phenanthrene in the mycobacterium is nearly complete. Only
1.3± 1.6% of the phenanthrene remains after incubation. Pyrene was more di�cult for the mycobacterium
to digest. Here 29± 6% of the starting concentration remained after two weeks of incubation. The
recoveries of the PAHs from the C. albicans (76 ± 10% and 91 ± 3 %) are like those from the un-incubated
matrices (83 ± 7% and 84 ± 11%). The data suggests that C. albicans does not degrade PAH signi�cantly
when compared to the mycobacteria.

Characterization of Metabolic Products

The most abundant potential phenanthrene and pyrene metabolites formed in C. albicans and
Mycobacterium rutilum incubations were assumed to have hydroxyl groups13,19. Therefore, extracts were
silylated to enhance the metabolite response in the gas chromatography/mass spectrometry (GC/MS)
analysis.

Phenanthrene
The major metabolites found in the analysis of the positive control Mycobacterium rutilum incubation of
phenanthrene were 9,10-dihydro-9,10-phenanthrenediol, 9,10-phenanthrenedione, and
dihydroxyphenanthrene. A mass spectrum of the trimethylsilyl derivative of the 9,10-dihydrophenanthrene
diol generated by the mycobacterium is shown in Figure 3. Analysis of chromatograms derived from
extracts from oral yeast C. albicans and phenanthrene co-incubation failed to detect similar, or any,
metabolites.

The molecule ion is m/z 356. Characteristic fragment ions include a loss of CH3 (m/z 341) and an ion at

m/z 117 [(CH3)3SiCH2CH3
+]. We also observed a compound with a fragmentation pattern similar to the

diol in Figure 3 eluting at 9.95 min with a molecular mass two daltons less. The mass spectra suggested
that this compound was the 9,10-dihydroxypyrene (Figure 4).

The molecule ion is observed at m/z 354 and the ions at m/z 339 and m/z 117 were formed in the same
way as in the spectra of the derivatized diol in Figure 3. The 9,10-dihroxypyrene was detected in the study
of mycobacteria metabolism by GC/MS as a dimethyl derivative (m/z 238)15. Figure 4 mass spectra also
shows characteristic ions at m/z 264 formed by the loss of (CH3)3SiOH as well. In human hepatic

liver27,28 and yeast29 cells, 9,10-dihydroxyphenanthrene is in a redox equilibrium with 9,10-
phenanthrenedione (Equation 1). Under aerobic conditions formation of the dione is favored27. Therefore,
if we �nd the 9,10-dihydroxyphenanthrene we should observe the dione as well. The molecular mass of
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the 9,10-phenanthrene dione is 208 daltons. The m/z 208 ion was observed in the mycobacterium
sample (Figure 5A) but not in the C. albicans (Figure 5B) shown below. This observation provides more
evidence that C. albicans was not oxidizing PAHs.

Pyrene
Shown are spectra from products produced by positive control Mycobacterium digestion of pyrene. No
similar products, nor any other products, were detectable after pyrene incubation with C. albicans. Pyrene
formed both mono- and dihydroxy metabolites in the mycobacterium incubations. Two silylated
dihydroxy pyrene metabolites with molecule ions at m/z 380 were observed with retention times of 10.29
and 10.50 min, respectively (Figure 6). The mass spectra of the two compounds were similar
(Supplemental Figure 1). These two compounds were most likely the silylated trans (Rt 10.29) and cis (Rt
10.50) 4,5-dihydroxy-4,5-dihydropyrene. Heitkamp et al. used HPLC, mass spectrometry, and NMR to
determine the structures of the two most abundant Mycobacterium pyrene degradation products30. The
trans isomer was found to be more abundant and have a shorter retention time than the cis isomer

Two mono-hydroxypyrene metabolites were detected in the mycobacterium incubation as well. The most
abundant was determined to be 1-hydroxypyrene (Supplemental Figure 2A) through co-chromatography
with a standard compound. 1-Hydroxypyrene is a human urinary metabolite of pyrene that is frequently
monitored to assess PAH exposure in humans31,32. The most abundant peak in the Supplemental Figure
2 mass spectra was the molecule ion at m/z 290. We also observed a compound eluting at Rt 10.84,
whose mass spectra was similar to that of the silylated 1-hydroxypyrene (Supplemental Figure 2A). There
are three possible mono-hydroxy isomers. To our knowledge, the 2- and 4-hydroxy isomers have not been
observed as metabolites in any previous study of pyrene metabolism. The abundance of the mono
hydroxyl isomer in Supplemental Figure 2B is about 1% of the 1-hydroxypyrene shown in Supplemental
Figure 2A.

Discussion
In vitro selection of bacteria that survive in minimal media in the presence of either a single PAH or a
mixture of PAHs is a common assay to select for potential PAH-degrading environmental
bacteria18,20,21,24. Surprisingly, when applied to oral isolates, taxa not commonly associated with the oral
cavity, such as Bacillus pumilus, Bacillus subtilis, Rhodococcus and Agrobacterium tumefaciens, were
identi�ed. To verify this result, a second sample was taken from one subject weeks after the �rst with the
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selection isolating the same species, Agrobacterium tumefaciens. While these bacteria may come from
the environment, and Al-Hebshi have shown the presence of soil taxa in the oral cavity33, it is important to
note that Bacillus pumilus, Bacillus subtilis, Acinetobacter, and Staphylococcus epiderimis have been
shown to be present in cigarette tobacco34-36. Overall, this may lead one to conjecture that the reason
why cigarette smokers had more of these bacteria in the in vitro assay is that they are being
contaminated on a continuing basis through constant handling of cigarettes. 

            Bacterial species typically found in soil, Acinetobacter baumannii, Acinetobacter Junii, Bacillus
subtilis, Bacillus pumilus, Kocuria rhizophila have all been shown to be able to metabolize pyrene,
naphthalene, and/or phenanthrene in related assays37-40. The same is true for some species of
Rhodococcus but it is not clear how many species of this genus have that property41,42. With rare
exceptions, they are maintained at low levels in the oral cavity.   Acinetobacter and Bacillus genera were
detectable at approximately 0.02% of the gingival and lingual bio�lms. Rhodococcus and Micrococcus
genera were easily detectable in a small minority of subjects at levels approaching 0.1%. Staphylococcus
epidermis was selected due to survival in PAH in oral samples from 2 different subjects. Some species of
Staphylococcus, such as Staphylococcus epidermidis, have been shown to be capable of metabolizing
PAH43,44. Staphylococcus as a genus was shown to be enriched 6x to 0.3% of the bacteria genera on
gingival mucosa of cigarette smokers, suggesting their resistance to PAH toxicity may select for them in
vivo (Table 1). However, the level of the speci�c species would be lower. Actinomyces was also selected
in the assay, but it is unclear which species was present. While this work is consistent with the conclusion
that smokers have bacteria on their oral mucosal capable of metabolizing PAH, most taxa are probably at
too low a level to cause much damage. 

This work stands in contrast to that of Sawada et al. who used a similar approach to study skin
microbes21. Their 4-week assay of skin microbes with PAH(s) as sole carbon source revealed multiple
common core species from the skin of each human subject were able to thrive. Furthermore, most were
capable of completely metabolizing Benzo[a]pyrene and about half able to proliferate when grown on
phenanthrene. Differences in the assay may contribute to the �ndings as Sawada et al. used
Benzo[a]pyrene as the sole carbon source in the selection, while in this study a mixture of 5 PAHs was
used. Nevertheless, it is apparent that PAH metabolizers are more ready isolatable from skin than the oral
cavity, suggesting a low level of PAH metabolizing microbes in the oral environment 45. One might
speculate that oral niches for bacteria are less hospitable to PAH metabolizing microbes than those of
the skin.

            The in vitro assay identi�ed oral microorganism that survived high levels of PAH as a sole carbon
source.  These PAH-metabolizing microorganisms are found at substantial levels in the oral microbiome.
The yeast, C. albicans, was also found to survive the PAH assay, and was more frequently isolated from
smokers than nonsmokers. Members of the Candida genus, including Candida tropicalis, Candida
maltosalike, Candida viswanathii, isolated from environmental sites have been shown to be capable of
metabolizing pyrene, phenanthrene, benzo[a]pyrene, napthalene, etc.18,22,46 though it was not known if C.



Page 10/23

albicans had that ability (see Figure 6). Because of the high level of C. albicans in the mouths of many
people, an in-depth analysis of oral C. albicans strains’ ability to metabolize PAHs was undertaken.

 

Preliminary studies revealed of benzo[a]pyrene, chrysene, �uoranthrene, phenanthrene, and pyrene
assayed separately with C. albicans isolated from the oral cavity of a tobacco user, none produced
obvious products (data not shown). To allow higher resolution in the assay the focus was put on two
model PAHs, known to be metabolized by other Candida species14,18,37,42,47. In four repetitions of this
experiment minimal loss of starting material occurred when pyrene or phenanthrene PAHs were incubated
over 14 days with C. albicans isolated from smokers. Any losses of material were similar to that seen
with negative controls that lacked microbes but were similarly incubated and isolated. This contrasts with
the Mycobacterium rutilum, which metabolized 98% of the phenathrene and 79% of the pyrene. 

An initial rough scan revealed no obvious metabolites from pyrene or phenanthrene incubated with C.
albicans. For the positive control, microbe incubation with phenanthrene detected products included 9,10-
phenanthrene quinone, dihydroxyphenanthrene, and phenanthrene diol, all detectable when phenanthrene
are metabolized by Mycobacterium rutilum and other environmental bacteria. And for pyrene, incubation
with Mycobacterium rutilum produced 4,5-dihydro-4,5-pyrenediol, 1,2-dihydro-1,2-pyrenediol, 2-
Hydroxypyrene and 4-Hydroxypyrene. Unlike the Mycobacterium rutilum incubation with phenathrene little
quinone was formed. Analysis done at higher resolving power to look for possible oxidation products of
the two PAHs by the oral C. albicans revealed none.                      

The C. albicans isolates studied were from the mucosa of tobacco users, assumed to have continual
exposure to PAHs, and were subjected to an additional selection for 3 weeks in a mixture of PAHs
including these two substrates. Finally, they were given two weeks incubation with either pyrene or
phenanthrene to allow detection of the PAH metabolizing activity. The simplest conclusion is that despite
their resistance to PAH incubation (see Figure 1) there is a lack of PAH metabolizing activity in the C.
albicans strains tested. A limit of this study is that maybe under different assay conditions C. albicans
strains isolated would show PAH metabolism. It is possible that assays with mixtures of oral microbes
might show easier to detect PAH metabolism13,48,49. At times, incubation of a second carbon containing
molecule, such as lactose can stimulate PAH metabolism13,50-52.  However, the standard approach to
identify PAH-metabolizing microbes has shown great facility in identifying soil metabolizing skin
microbes. This approach has failed to do the same in the oral cavity for the phenanthrene and pyrene.
Staphylococcus epidermidis and Actinomyces remain as candidates to be PAH metabolizers of the oral
mucosa. However,  if C. albicans can indeed metabolize PAH it has lower activity than the positive control,
Mycobacteria Rutilum and, likely, skin bacteria15,21,23. 
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Tables
Table 1 Gingiva levels of PAH-selected bacteria

1 Number of subjects with the genus at detectable levels

2 Probability of difference in never smoker vs. smoker levels using Welch's t-test 

Table 2 Tongue levels of PAH-selected bacteria



Page 17/23

1 Number of subjects with the genus at detectable levels

2 Probability of difference in never smoker vs. smoker levels using Welch's t-test 
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Figure 1

Oral mucosal taxa that survived three-week selection with PAHs as sole carbon source. Smokers (11 of
14): C. albicans, Acinetobacter junii, Acinetobacter baumannii, Agrobactrium tumerfaciens, Actinomyces,
Bacillus pumillus, Bacillus subtilis, Kocuria rhizophila, Rhodococcus, Staphylococcus epidermidis,
Staphylococcus NonSmokers (1 of 6): Rhodococcus.
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Figure 2

Bar graph showing percent of parent PAH extracted from mixtures of microorganisms and incubation
broth. PhRec and PyRec = Phenanthrene and Pyrene recovery from unincubated samples; PhYe and PyYe
= phenanthrene and pyrene recovered from incubated yeast samples; PhMy and PyMy = Phenanthrene
and Pyrene recovery from incubated mycobacterium samples.
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Figure 3

Electron ionization mass spectrum of compound eluting at 10 min suggested a silylated phenanthrene
diol from incubation of Mycobacterium rutilum with phenanthrene.
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Figure 4

Electron ionization mass spectrum of compound eluting at 9.95 minutes suggested to be silylated 9,10-
dihydroxyphenanthrene from incubation of Mycobacterium rutilum with phenanthrene.
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Figure 5

Extracted ion chromatograms of m/z 208 (the molecule ion of 9,10-phenanthrene quinone) derived from
the GC/MS analysis of phenanthrene incubated with A) Mycobacterium rutilum and B) C. albicans.
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Figure 6

Extracted Ion Chromatogram of m/z 380 derived from the GC/MS analysis of pyrene incubated with
Mycobacterium rutilum.
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