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ABSTRACT

Certain soil microbes resist and metabolize polycyclic aromatic hydrocarbons (PAHs).
The same is true for a subset of skin microbes. In the human mouth, oral microbes

have the potential to oxidize tobacco PAHs, thereby increasing these chemicals’ ability
to cause cancer of adjacent epithelium. We hypothesized that we could identify, in

smokers, the oral mucosal microbes that can metabolize PAH. We isolated bacteria

and fungi that survived long-term in minimal media with PAHs as the sole carbon

source, under aerobic conditions, from the oral mucosa in 17 of 26 smokers and two
of 14 nonsmokers. Of bacteria genera that survived harsh PAH exposure in vitro, most
were found at trace levels, except for Staphylococcus, Actinomyces, and Kingella, which
were more abundant. Two PAH-resistant strains of Candida albicans (C. albicans) were
isolated from smokers. C. albicans was a prime candidate to contribute to carcinogenesis
in tobacco users as it is found orally at high levels in tobacco users on the mucosa, and
some Candida species can metabolize PAHs. However, when C. albicans isolates were
tested for metabolism of two model PAH substrates, pyrene and phenanthrene, they
were not capable, suggesting they cannot metabolize PAH under the conditions used.
In conclusion, evidence for large scale microbial degradation of tobacco PAHs under
aerobic conditions on the oral mucosa remains lacking, though nonabundant PAH

metabolizers are certainly present.
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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 inflammation at the tooth mucosal border
that precedes a loss in tissue (Brook, 2011). 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
exposure (Kumar et al., 2011; Van Winkelhoff et al., 2001; Zambon et al., 1996). Similarly,
the remaining oral mucosa lining the oral cavity also shows changes with tobacco smoke
exposure (Taybos, 2003). Initial long-term mucosal changes include hypertrophy and
hyperkeratosis. These effects 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 those frequently seen with oral squamous cell carcinoma (OSCC), such
as the tongue, floor 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 site
(Segata et al., 2012; Thomas et al., 2014; Yu et al., 2017). 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 provide a window to the oral microbiome that exists on the
oral surfaces, including the teeth, the periodontal sulci, and the remaining oral mucosa
(Wu et al., 2016). Portions of this text were previously published as part of a preprint
(https:/doi.org/10.21203/rs.3.rs-929320/1).

There is extensive research on how combusted tobacco products provide a stream
of reactive chemicals to the oral tissue (Ding et al., 2005; Rodgman, Smith ¢ Perfetti,
2000). 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 (Ghosal et
al., 2016; Habe & Omori, 2003; Hadibarata et al., 2017; Hennessee ¢ Li, 2016; Hesham
et al., 2009; Husain, 2008; MacGillivray & Shiaris, 1993; Mallick, Chakraborty ¢ Dutta,
2011; Mbachu, Chukwura ¢ Mbachu, 2016; Sowada et al., 2014; Sutherland, 1992) and that
bacteria with similar qualities exist on human skin (Sowada et al., 2017; Sowada et al.,
2014) we looked for evidence of PAH metabolizing microbes on the oral mucosa. We used
the same method that is used to detect PAH metabolizing microbes from environmental
sites such as petroleum waste sites. Oral samples were incubated long term with PAHs as
the sole carbon source to select for PAH metabolizers (Hennessee ¢ Li, 20163 Husain, 2008;
Juhasz, Stanley & Britz, 2000; Sowada et al., 2014).

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 harbored more microbes which survived better in the presence of
tobacco smoke PAHs than nonsmokers. A second version of this assay identified microbes
that thrived with PAH as the sole carbon source, making these taxa, Micrococcus luteus and
Kingella, more likely to be PAH metabolizers. Most of the PAH selected taxa were found, at
trace levels on the tongue and gingival mucosa even in tobacco users. C. albicans was found
to be resistant to long term incubation with PAH. As a yeast known to be at relatively high
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levels in the oral cavity of tobacco users, an examination the ability of C. albicans isolated
from smokers 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 (Darwazeh,
Al-Dwairi & Al-Zwairi, 2010; Sheth et al., 2016).

MATERIALS & METHODS

Donors

Donors were patients of Dental Clinics at the University of Illinois College of Dentistry or
the University of Rochester. All donors provided written informed consent to participate
in accordance with guidelines of the Office for the Protection of Research Subjects of the
University of Illinois Chicago, with formal approval of the study protocol, 2012-1030,
by the Institutional Review Board 1 of the University of Illinois Chicago and RSRB case
number 00006443 by the Institutional Review Board at the University of Rochester. This
study was done in full accordance with the principles of the Declaration of Helsinki. Adult
patients were included as they appeared in the general dentistry clinics. Included were
tobacco users who smoked at least 10 cigarettes per day for one year. Nonsmokers had not
smoked in the last year. Exclusion criteria: acute periodontitis, active oral infection, usage
of antibiotics in the last 30 days, and usage of mouth rinse that day. In the first study, age
or gender of the patients was not recorded. In the second study, patients raged in age from
38 to 70 years old, six out of 12 smokers and were female and five out of eight nonsmokers
were female. Samples 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, with a single swab over 10 to 15 s,
placed in PBS, vortexed and centrifuged at 5,000 xg 5" washed with PBS, then placed in
3 mL Bushnell-Haas Broth (BHB) without glycerol. A 1 mL culture was used to inoculate
9 mL BHB with 10 pg/mL each of benzo[a]pyrene, chrysene, fluoranthrene, naphthalene,
phenanthrene, and pyrene. The culture was incubated capped with aeration for 3 weeks
at 37 °C in 100 ml bottles. 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 gene analysis were from gingiva or tongue and were immediately frozen in
Tris-EDTA.

The second version of the PAH selection procedure was done as above with a number
of differences. Patients were exclusively from the University of Rochester Dental Clinics,
swabbing time was lengthened to 30 s to increase starting number of microbes and was
from the lateral border of the tongue. Resuspended material (0.2 ml), after twice washing
with phosphate buffered saline (PBS) was inoculated in two mL BHB with and without
PAH and incubated at 37 °C for 5 weeks shaking in 15 mL tubes. Samples were purified as
below and subjected to 16S rRNA gene analysis with next-generation sequencing, NGS, to
identify taxa.
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PAH degradation by microbes in liquid culture

C. albicans was grown overnight in Yeast Extract Peptone Dextrose (YPD broth at 30 °C with
aeration). The positive control, Mycobacterium rutilum -was prepared in BHI medium and
incubated overnight at 30 °C with aeration (Hennessee ¢ Li, 2016). The overnight cultures
of C. albicans and Mycobacterium rutilum were centrifuged, washed three times with BHB
medium, and resuspended in BHB. Each culture was divided into nine large glass test
tubes, each containing 10 mL culture in BHB medium. Pyrene or phenanthrene was added
(triplicates) to a final concentration of 20 wg/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.

Identification 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 pg 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 acidified to a pH of 2 and extracted three times with three
mL of MTBE (methyl-tert butyl ether, a total of nine mL). The MTBE/aqueous mixtures
were centrifuged at 900 g for 10 min 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 pl aliquots of MTBE.
The MTBE was transferred to an autosampler vial (with a borosilicate glass insert) and
evaporated to dryness in a tabletop centrifuge. 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)-
trifluoroacetamide (BSTFA) with 1% trimethylsilyl chloride (TMSC) to convert the
hydroxyl groups to trimethyl silyl groups. Extracts in the vials mentioned above were
(10 w1 BSTEA/TMCS in 200 pl CHCIl3). 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 (Agilent, Santa Clara, CA, USA). The mobile phase was helium at a flow rate
of one mL/min. The injector temperature was 240 °C. A 20-min GC gradient was used for
the separation with a helium flow rate of one 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.
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DNA extraction

Genomic DNA was extracted from swabs using the MasterPure Gram Positive DNA
Purification Kit (Epicentre, Madison, WI, USA) according to manufacturer’s instructions
providing both gram-positive and -negative bacteria DNA. As instructed, lysozyme was used
to digest cell walls and proteinase K was used to reduce protein levels, but no ribonuclease
digestion was performed.

Samples harvested from in vitro incubations, at least two colonies on BHI agar plates,
were collected and sample DNA was extracted using alkaline lysis and Express Matrix
purification (MP Biomedical, Santa Ana, CA, USA). Identification of clones was done after
PCR amplification using consensus 16S rRNA primers.

16S-27F 5'-AGAGTTTGATCCTGGCTCAG-3’ and16S-1329R 5'-TCTACGCATTCCA
CCGCTAC-3' or, in the case of C. albicans, 28S rRNA fungal specific primers NL-1 5'-
GCATATCAATAAGCGGAGGAAAAG-3" and NL-4 5'-GGTCCGTGTTTCAAGACGG-3’
used for Sanger Sequencing (Kurtzman ¢ Robnett, 1997). For samples harvested from in
vitro incubations for the second PAH culture selection protocol, bacteria were harvested
directly from culture media after centrifugation and resuspension using mechanical lysis
and the Zymo Quick-DNA Fungal/Bacterial Kits as described (Zymo Research, Irvine, CA,
USA) (Adami, Ang & Kim, 2021).

Characterization of microbial community structure

Microbial community structure was characterized using high-throughput sequencing

of PCR amplicons generated from the V1-V3 variable regions of bacterial 16S rRNA
genes. Briefly, the widely used primer sets 27F/534R, targeting the V1-V3 variable region
of the 16S rRNA gene of bacteria, were used for amplification as done earlier (Adami,
Ang & Kim, 2021; Yildirim et al., 2010). Alternatively, the V4 variable region of the 16S
rRNA gene of bacteria was amplified and sequenced using the 515F/806R primer set
(Caporaso et al., 2011). A two-stage PCR or targeted amplicon sequencing (TAS) approach
was performed to generate amplicon libraries, as described previously (Bybee et al., 2011;
Green, Venkatramanan ¢ Naqib, 2015).

Sequencing was performed on an [llumina MiSeq sequencer using standard V3 chemistry
with paired-end, 300 base reads or on an Illumina MiniSeq sequencer with high output
reagent and 150 cycles. 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, Chicago.

Bioinformatics analysis

Raw paired-end FASTQ files were merged using the Paired-End reAd merger (PEAR)
algorithm (Zhang et al., 2014). 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) (Caporaso et
al., 2010). Sequences were screened for chimeras using the USEARCH61 algorithm and
putative chimeric sequences were removed from the data set (Edgar, 2010). Chimera-free
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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 that were significantly differentially abundant between a
priori defined groups. Differences in microbiota taxonomic abundance between the groups
were tested using Welch’s ¢-test using the software package STAMP (Parks et al., 2014).
Significance was set at P < 0.05. to examine. To compare profiles of in vitro PAH selected
taxa from tongue swabs, versus that from selection without PAH, both DeSeq2 and EdgeR
were used after elimination of taxa with less than 100 sequence reads in a sample.
G*Power was used for sample size calculation and effect sizes were determined as
described (Chinn, 2000; Faul et al., 2007).

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 (Husain, 2008; Sowada
et al., 2017). We took advantage of that knowledge to investigate behavioral differences
of the oral bacteria associated with long-term exposure to tobacco smoke PAHs versus
minimal exposure. First, we took swab samples from the oral mucosa of six 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. With 20 subjects at a power of
80% and significance level of 5% one would be able to detect a difference presuming 70%
of smokers have taxa that survive the PAH assay and 10% of nonsmokers do (Faul et al.,
2007).

We found that PAH selection indeed allowed the survival of several bacteria that
were identified by 16S rRNA gene Sanger sequencing. For smokers’ samples, eleven
out of fourteen produced colonies under PAH selection; these were identified as
Acinetobacter junii, Acinetobacter baumannii, Agrobactrium tumerfaciens, Actinomyces,
Bacillus pumillus, Bacillus subtilis, Kocuria rhizophila, Rhodococcus, Staphylococcus
epidermidis, and Staphylococcus. In addition, multiple isolates from smokers revealed
the presence of the yeast C. albicans, which was identified by 28S rRNA gene sequencing. In
nonsmoker samples, one out of six grew colonies with PAH selection, which was identified
as Rhodococcus. Smokers showed higher numbers of these microbes that could survive
these harsh selective conditions where PAH was the only carbon source (Fisher’s Exact
Test, p < 0.018). The odds ratio for being positive in the PAH selection test if the subject
smoked versus did not smoke was 18.3 with a Cohen’s effect size of 1.61 (Chinn, 2000).

Differences in oral mucosal bacteria with long-term tobacco usage
Having identified oral bacteria on the oral mucosa of smokers as resistant to PAH exposure,
the question remained whether these bacteria comprised a significant level of the mucosal
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Table 1 Levels of PAH-selected bacteria on gingiva.

Genus Percentage level® Percentage level Detected” Probability*
Never smoker Smoker
Acinetobacter 0.0238 £ 0.0658 0.0042 £ 0.0103 9/35 0.256
Agrobacterium 0 0 0/35 NA
Actinomyces 1.25 £ 2.45 5.08 £+ 4.86 35/35 0.0187
Bacillus 0.0723 +0.180 0.00393 £ 0.000778 12/35 0.148
Kocuria 0 0 2/35 NA
Rhodococcus 0.00288 £ 0.052 0.000216 £ 0.000780 5/35 0.0586
Staphylococcus 0.0377 £ 0.039 0.219 +0.283 32/35 0.038
Kingella 0.0943 £ 0.166 0.0702 £ 0.179 27/35 0.832
Micrococcus 0.00299 £ 0.0087 0.00194 £ 0.00468 25/35 0.861
Notes.

*Mean level of the taxa.
YNumber of subjects with the genus at detectable levels.
“Probability of difference in never smoker vs. smoker levels using Welch’s t-test.

Table2 Levels of PAH-selected bacteria on tongue.

Genus Percentage level® Percentage level Detected” Probability*
Never smoker Smoker
Acinetobacter 0 0 0/41 NA
Agrobacterium 0 0 0/41 NA
Actinomyces 2.31+3.62 5.29 £5.76 41/41 0.092
Bacillus 0.00456 £ 0.0054 0.00798 £ 0.0272 7/41 0.639
Kocuria 0 0 0/41 NA
Rhodococcus 0 0 0/41 NA
Kingella 0.0178 £ 0.0323 0.0300 £ 0.0756 26/41 0.955
Micrococcus 0 0 0/41 NA
Staphylococcus 0.07738 +-0.0807 0.182 4-0.214 40/41 0.078
Notes.

*Mean level of the taxa.

YNumber of subjects with the genus at detectable levels.

*Probability of difference in never smoker vs. smoker levels using Welch’s ¢-test.
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 donors, 15 smokers (average age 53.6, nine male, six female) and 22 nonsmokers
(average age 42.1, 12 male, 10 female) were selected. Of the eight genera identified in the
earlier assay only Staphylococcus and Actinomyces were present at higher than 0.01% of
oral bacteria genera at the two mucosal sites (Tables 1 and 2). Notably both taxa are found
at higher levels on smoker versus nonsmoker gingiva, and trend that way on the tongue
(Tables 1 and 2). Identification at the genus level does not assure identification at the

species or strain level.
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PAH metabolites produced by oral microorganism in vitro

Of the candidate microorganisms that showed ability to survive PAH exposure in the

in vitro test, the yeast C. albicans was the most commonly identified in the assay and is
well known to be at appreciable level in the oral mucosa of a subset of both smokers and
nonsmokers (Darwazeh, Al-Dwairi & Al-Zwairi, 2010; Sheth et al., 2016). 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 users (Darwazeh, Al-Dwairi & Al-Zwairi, 2010; Sheth et al., 2016) and they
are readily digested by many environmental microbes (Ghosal et al., 2016; Hadibarata et
al., 2017; Hennessee ¢ Li, 2016; Hesham et al., 2009; Husain, 2008; MacGillivray ¢ Shiaris,
1993; Mallick, Chakraborty ¢ Dutta, 2011; Mbachu, Chukwura ¢ Mbachu, 2016; Sowada
et al., 2014; Sutherland, 1992). A soil-derived strain, Mycobacterium rutilum, capable of
metabolizing pyrene or phenanthrene as the sole carbon source, was used as a positive
control. Comparative metabolism studies clearly showed that C. albicans does not oxidize
PAHs to a significant extent while mycobacteria readily do so (Fig. 1). 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 difficult 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 at detectable levels 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 groups (Ghosal et al., 2016; Mallick, Chakraborty ¢ Dutta,
2011). 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 Fig. 2. 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)3SiCH,CH3 ™). We also observed a compound with a
fragmentation pattern similar to the diol in Fig. 2 eluting at 9.95 min with a molecular
mass two daltons less. The mass spectra suggested that this compound was the 9,10-
dihydroxypyrene (Fig. 3).

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 Fig. 2. The 9,10-dihroxypyrene
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Figure 1 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, Phenan-
threne and Pyrene recovery from incubated Mycobacterium samples. The first two columns are the nega-
tive 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 last two bars represent the amount of each PAH recovered
from the Mycobacteria incubations (PhMy and PyMy).

Full-size & DOI: 10.7717/peer;j.16626/fig-1

was detected in the study of mycobacteria metabolism by GC/MS as a dimethyl derivative
(m/z 238) (Hennessee & Li, 2016). Figure 3 mass spectra also shows characteristic ions

at m/z 264 formed by the loss of (CH3)3SiOH as well. In human hepatic liver (Huang
et al., 2014; Matsunaga et al., 2009) and yeast (Rodriguez, Sobol & Schiestl, 2008) cells,
9,10-dihydroxyphenanthrene is in a redox equilibrium with 9,10-phenanthrenedione
(Fig. 4). Under aerobic conditions, formation of the dione is favored (Huang et al., 2014).
Therefore, if we find the 9,10-dihydroxyphenanthrene we should observe the dione as well.
The molecular mass of the 9,10-phenanthrene dione is 208 daltons. The m/z 208 ion was
observed in the mycobacterium sample (Fig. 4A) but not in the C. albicans (Fig. 4B) 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 (Fig. 5). No similar products, nor any other products, were detectable after
pyrene incubation with C. albicans. In contrast, 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 (Fig. 5). The mass spectra of the two compounds were similar (Fig. S1).
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Figure 2 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 3 Electron ionization mass spectrum of compound eluting at 9.95 min suggested to be silylated
9,10-dihydroxyphenanthrene from incubation of Mycobacterium rutilum with phenanthrene.
Full-size Gal DOI: 10.7717/peer;j.16626/fig-3
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Figure 4 Metabolites of phenanthrene produced by Mycobacterium rutilum include
9,10-dihydroxyphenanthrene and 9,10-phenanthrenedione. In aerobic conditions 9,10-
dihydroxyphenanthrene and 9,10-phenanthrenedione are in equilibrium. 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.

Full-size Gl DOI: 10.7717/peer;j.16626/fig-4

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. (1988) used HPLC, mass spectrometry,
and nuclear magnetic resonance (NMR) to determine the structures of the two most
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Figure 5 Extracted ion chromatogram of m/z 380 derived from the GC/MS analysis of pyrene incu-
bated with Mycobacterium rutilum.
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abundant Mycobacterium pyrene degradation products. 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 (Fig. S2A) 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 humans
(Flores-Ramirez et al., 20215 Jain, 2021). The most abundant peak in the Fig. S2 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 (Fig. S2). 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 hydroxy isomer in Fig. 52 is about 1% of the 1-hydroxypyrene
shown in Fig. 52.
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Revised assay to screen for PAH metabolizers

Because there was no evidence that C. albicans was capable of digesting pyrene or
phenanthrene, we repeated the selection of mucosal oral microbes for growth on PAH
using a revised approach to better control for microbes that survive without metabolizing
PAH. Incubation after inoculation of a mucosal swab sample into liquid culture was done
for 5 weeks with PAH as sole added carbon source and then the bacterial DNA isolated
directly without further subculturing on agar plates. All incubations, and not just a subset,
were done side by side against a similar assay without the PAH carbon source as a negative
control. Donors who were smokers were on average 55.0 years old, and six out of 12
smokers were female. For nonsmokers the average age was 54.2 and five out of eight were
female.

Under these conditions, surprisingly, some tongue bacteria had the ability to survive at
relatively high numbers over the 5 weeks despite lack of added nutrients. The 16S rRNA
amplicon NGS sequencing of the PAH containing and control cultures lacking PAH allowed
identification of the taxa that dominate the cultures. f_Enterobacteriaceae was identified
at high levels in many cultures whether PAH was present or not (Table S1). Importantly,
some taxa were observed at high numbers (16 to 95% of the reads) only in the presence
of PAH and were not detected in the matched culture without PAH nor in any control
culture without PAH (Fig. 6). Six out of 12 tongue biofilm samples fulfilled these criteria of
having at least one taxon that showed specific PAH growth. Micrococcus luteus was present
in samples from three donors, g_Kingella in three donors, and g Microbacterium in one
donor, all tobacco smokers. Of these, M. Luteus and Kingella enrichment was statistically
significant based on DeSeq2 and/or EdgeR analysis at FDR < 0.1 with Benjamini—-Hochberg
correction for multiple testing. One nontobacco user out of eight tested showed a single
taxon, Breviabacterium paucivorns, as enriched after PAH selection and not in the negative
control, without PAH. The Fisher Exact test revealed the differences in the two groups
does not reach statistical significance at p < 0.106 though it trends toward that with an
odds ratio of 14 for being positive in the PAH selection test if one smokes versus does not
smoke. If one were to pool the data from the earlier experiment selecting for PAH surviving
microbes with these results, and compare smokers and non-smokers, N = 40, there is a
difference in the smokers at p < 0.0005 , with an odds ratio of 11.4 and an effect size of
1.34.

The dependence on PAH for growth is less clear with Haemophilus parainfluenzae and
Aggregatibacter. These were enriched specifically in the presence of PAH in two and three,
respectively, out of the 10 tobacco user samples but were found in at least one culture
grown without PAH from another donor.

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 bacteria (Juhasz, Stanley & Britz, 2000; MacGillivray & Shiaris,
1993; Mbachu, Chukwura & Mbachu, 2016; Sowada et al., 2014). Surprisingly, when applied
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to oral isolates, taxa not commonly associated with the oral cavity, such as Bacillus pumilus,
Bacillus subtilis, Rhodococcus, Micrococcus luteus, and Agrobacterium tumefaciens, were
identified (Al-Hebshi et al., 2015). It is important to note that Bacillus pumilus, Bacillus
subtilis, Acinetobacter, and Staphylococcus epiderimidis have been shown to be present in
cigarette tobacco (Chopyk et al., 2017; Rooney et al., 2005; Sapkota, Berger ¢ Vogel, 2010).
Overall, this may lead 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, or skin such as M. luteus, have been
shown to be able to metabolize pyrene, naphthalene, and/or phenanthrene in related assays
(Ali et al., 20115 Chen et al., 2010; Hunter et al., 2005; Toledo et al., 2006). The same is true
for some species of Rhodococcus but it is not clear how many species of this genus have that
property (Di Gennaro et al., 2014; Muangchinda et al., 2017). With rare exceptions, these
taxa are maintained at low levels in the oral cavity. Acinetobacter and Bacillus genera were
detectable at approximately 0.02% of the gingival and lingual biofilms. Rhodococcus and
Kingella genera were easily detectable in a small minority of donors at levels approaching
0.1%. Staphylococcus epidermidis in oral samples from two different donors was selected by
PAH. Some species of Staphylococcus, such as Staphylococcus epidermidis, have been shown
to be capable of metabolizing PAH (Moscoso et al., 2012; Ye et al., 2014). 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). Along with Actinomyces, both genera are at higher levels on the gingiva
of smokers versus nonsmokers, and trend that way on the tongue (see Tables 1 and 2).
However, the level of the specific species that could metabolize PAH could be lower.
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Both PAH selection procedures used in this study revealed smokers have bacteria on their
oral mucosal capable of metabolizing PAH, but most taxa are probably at too low a level
to cause much damage. While none of the donors had acute periodontal disease, chronic
periodontal disease occurs at higher levels among tobacco users in both donor clinics, so it
would be difficult to differentiate the possible effects of smoking and periodontal disease
on PAH metabolism in this study without a much higher N.

It is of interest that Kingella was selected in the PAH metabolizing assay of samples from
three smokers highlighting its possible importance. Earlier work has shown that high levels
of Kingella while not affected by tobacco usage, were associated with a reduced rate of head
and neck squamous cell carcinoma (HNSCC) (Kurtzman ¢ Robnett, 1997). Levels of this
oral commensal are associated with a host SNP enriched in oral squamous cell carcinoma
patients (Yang et al., 2022). One could speculate, with very limited evidence, that high
levels of Kingella reduce oral squamous cell carcinoma risk, by processing and helping to
inactive PAH procarcinogens before they can lead to damage.

This work can be compared to that of Sowada et al., (2014) who used a similar approach
to study skin microbes. 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 including skin commensal M. luteus. 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 findings as Sowada et
al. (2014) and Sowada et al. (2017) used benzo[a]pyrene as the sole carbon source in the
selection, while in this study a mixture of five PAHs was used. Nevertheless, it seems that
PAH metabolizers that thrive when incubated in minimal media with PAH under the
condition used, are more readily isolatable from skin than the oral mucosa.

The yeast C. albicans was also found to survive the PAH assay and was more frequently
selected in samples from smokers than nonsmokers. Members of the Candida genus,
including Candida tropicalis, Candida maltosalike, and Candida viswanathii, isolated
from environmental sites have been shown to be capable of metabolizing pyrene,
phenanthrene, benzo[a]pyrene, napthalene, etc. (Deng et al., 2010; MacGillivray ¢ Shiaris,
1993; Sutherland, 1992) though it was not known if C. albicans had that ability (see Fig. 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 (Darwazeh, Al-Dwairi
& Al-Zwairi, 2010; Sheth et al., 2016).

Preliminary studies revealed of benzo[a]pyrene, chrysene, fluoranthrene, 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
species (Ali et al., 2011; Hadibarata et al., 2017; MacGillivray & Shiaris, 1993; Muangchinda
et al., 2017; Wang et al., 2007). 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
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contrasts with the Mycobacterium rutilum, which metabolized 98% of the phenanthrene
and 79% of the pyrenes.

An initial rough scan revealed no obvious metabolites from pyrene or phenanthrene
incubated with C. albicans. For the positive control, Mycobacterium rutilum incubation
with phenanthrene, detected products included 9,10- phenanthrene quinone,
dihydroxyphenanthrene, and phenanthrene diol (Hennessee ¢ Li, 2016). 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 there is
a lack of PAH metabolizing activity in the C. albicans strains tested, at least for the model
substrates used. It is possible that C. albicans survived the initial PAH survival assay by
metabolizing components from the other microbes (Contaldo et al., 2023; Kubota et al.,
2008; Moussa et al., 2021). It is also possible that under conditions we did not test it can
metabolize some PAHs (Atagana, Haynes ¢ Wallis, 2003; Boonchan, Britz ¢ Stanley, 20005
Feng et al., 2014; Ghosal et al., 2016; Suja et al., 2014).

Using a colorimetric assay to identify anthracene metabolizers based on NADH oxidation
detection, it has been reported that several saliva bacteria, especially from tobacco users
and including Streptococcus mutans, Lactobacillus fermentum, Lactobacillus salivarius and
Veillonella tobetsuenis, can degrade that PAH over an 8 day period (Kubota et al., 2008;
Moussa et al., 2021). Three of the four microbes with this property are thought to reside
on teeth, the exception being V. tobetsuensis which is found on the tongue (Mashima ¢
Nakazawa, 2013). Lactobacillus fermentum and Streptoccocus mutans which can be fairly
abundant on teeth were not selected in our assays which examined PAH metabolizers from
mucosal surfaces, nor was V. tobetsuensis which is a strict anaerobe and would be unlikely
to survive the assays described in the current study.

Two variations of an assay for survival of mucosal bacteria with PAH as sole carbon
source were done in the current study. The first tested for survival over 3 weeks followed by
plating on agar plates with rich broth and counting of colonies. Positive mucosal samples
produced many colonies while several samples tested without PAH addition, as controls,
produced few. The second assay extended the length of time of the PAH incubation to 5
weeks, avoided colony formation as a read out, had negative controls for each mucosal
sample, and used whole population 16S rRNA sequencing for taxa identification and
measurement of abundance. The criterium for positivity was that taxa be >10% of reads
in the culture post-incubation and, making it more conservative than the first assay, lack
of that taxon’s appearance in any negative controls without PAH. For that reason, bacteria
species that metabolized PAH but were also saprophytic and can survive even at a low level
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without PAH would not be counted. In addition, bacteria that metabolize PAH but do not
survive long term in the harsh assay conditions would also be negative. The alternative
colorimetric assay, for NADH oxidation, which is easier and is likely more sensitive,
would likely expand the number of mucosal taxa that are potential PAH metabolizers
(Kubota et al., 2008; Moussa et al., 2021). Due to its usage of a reporter system with the
indirect measurement of metabolites, results would need to be verified with another assay.
Another alternative, gene-based identification of PAH metabolizers among oral taxa may
be another approach in the future when PAH metabolizing enzymes are more clearly
understood in nonenvironmental bacteria (Sakshi ¢~ Haritash, 2020). In the end direct
assays to verify PAH metabolic products, such as that done here with C. albicans, are
needed, and the assays need to be done aerobically and anaerobically. Limitations of this
approach are that the assay is cuambersome so that only select PAHs and conditions can be
tested, and because in vitro analysis may not reflect what occurs in vivo.

A fundamental question that remains to be answered is if specific PAH metabolizing
microbes increase or decrease the carcinogenesis process brought by tobacco smoking.
An understanding of PAH metabolic products from in vitro studies is a first step. In vivo
studies to determine the location and longevity of these newly made carcinogens in the
oral environment should more fully address that question.

CONCLUSIONS

A number of bacteria found on oral mucosal sites are likely PAH metabolizers. Species of
the genera Staphylococcus, Actinomyces and Kingella remain as potential candidates to be
fairly abundant PAH metabolizers that reside on the oral mucosa with the most support
for Kingella. Most oral mucosal PAH metabolizers identified in this study were at very low
levels. C. albicans was a prime candidate to be an abundant PAH metabolizer, which could
contribute to oral carcinogenesis, as it is abundant on the mucosa of some smokers, and
has taxonomic relatives that can metabolize PAH. However, in direct assays it appeared to
largely lack the ability to metabolize PAH model substrates phenanthrene and pyrene under
the conditions tested (Hennessee ¢~ Li, 20165 Sowada et al., 2017; Sowada et al., 2014). The
possibility remains that abundant PAH metabolizing mucosal microbes may be identified
by testing for PAH metabolism in the presence of additional substrates or under anaerobic
conditions (Atagana, Haynes & Wallis, 2003; Boonchan, Britz ¢ Stanley, 2000; Feng et al.,
2014; Ghosal et al., 2016; Suja et al., 2014).

ACKNOWLEDGEMENTS

We thank Catherin Rafin, Université du Littoral Céte d’Opal, for advice on PAH
metabolizing environmental microbes.

Tao et al. (2024), PeerJ, DOI 10.7717/peerj.16626 17/24


https://peerj.com
http://dx.doi.org/10.7717/peerj.16626

Peer

ADDITIONAL INFORMATION AND DECLARATIONS

Funding

This work was supported by the National Institute of Environmental and Health grant
R41ES025528 to Arphion Ltd and University of Illinois Chicago. There was no additional
external funding received for this study. The funders had no role in study design, data
collection and analysis, decision to publish, or preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
National Institute of Environmental and Health: R41ES025528.

Competing Interests
The authors declare they have no competing interests.

Author Contributions

e Lin Tao conceived and designed the experiments, authored or reviewed drafts of the
article, and approved the final draft.

e M Paul Chiarelli conceived and designed the experiments, performed the experiments,
analyzed the data, prepared figures and/or tables, authored or reviewed drafts of the
article, and approved the final draft.

e Sylvia Pavlova performed the experiments, analyzed the data, authored or reviewed
drafts of the article, and approved the final draft.

e Antonia Kolokythas performed the experiments, authored or reviewed drafts of the
article, and approved the final draft.

e Joel Schwartz conceived and designed the experiments, prepared figures and/or tables,
and approved the final draft.

e James DeFrancesco performed the experiments, authored or reviewed drafts of the
article, and approved the final draft.

e Benjamin Salameh performed the experiments, prepared figures and/or tables, and
approved the final draft.

e Stefan J. Green performed the experiments, authored or reviewed drafts of the article,
and approved the final draft.

e Guy Adami conceived and designed the experiments, performed the experiments,
analyzed the data, prepared figures and/or tables, authored or reviewed drafts of the
article, and approved the final draft.

Human Ethics
The following information was supplied relating to ethical approvals (i.e., approving body
and any reference numbers):

University of Illinois Chicago Institutional Review Board 1.

Data Availability

The following information was supplied regarding data availability:

Tao et al. (2024), PeerdJ, DOI 10.7717/peerj.16626 18/24


https://peerj.com
http://dx.doi.org/10.7717/peerj.16626

Peer

The complete taxa abundance table generated from 16S rRNA sequence data from PAH
selection is available in the Supplemental File.

Supplemental Information

Supplemental information for this article can be found online at http:/dx.doi.org/10.7717/
peerj.16626#supplemental-information.

REFERENCES

Adami GR, Ang MJ, Kim EM. 2021. Comparison of microbiome in stimulated saliva
in edentulous and dentate subjects. Methods in Molecular Biology 2327:69-86
DOI 10.1007/978-1-0716-1518-8_5.

Al-Hebshi NN, Nasher AT, Idris AM, Chen T. 2015. Robust species taxonomy assign-
ment algorithm for 165 rRNA NGS reads: application to oral carcinoma samples.
Journal of Oral Microbiology 7:28934 DOI 10.3402/jom.v7.28934.

Ali N, Eliyas M, Al-Sarawi H, Radwan SS. 2011. Hydrocarbon-utilizing microorganisms
naturally associated with sawdust. Chemosphere 83:1268—1272
DOI 10.1016/j.chemosphere.2011.03.052.

Atagana HI, Haynes R]J, Wallis FM. 2003. Optimization of soil physical and chemical
conditions for the bioremediation of creosote-contaminated soil. Biodegradation
14:297-307 DOI 10.1023/a:1024730722751.

Boonchan S, Britz ML, Stanley GA. 2000. Degradation and mineralization of
high-molecular-weight polycyclic aromatic hydrocarbons by defined fungal-
bacterial cocultures. Applied and Environmental Microbiology 66:1007—1019
DOI 10.1128/AEM.66.3.1007-1019.2000.

Brook I. 2011. The impact of smoking on oral and nasopharyngeal bacterial flora. Journal
of Dental Research 90:704-710 DOI 10.1177/0022034510391794.

Bybee SM, Bracken-Grissom H, Haynes BD, Hermansen RA, Byers RL, Clement M]J,
Udall JA, Wilcox ER, Crandall KA. 2011. Targeted amplicon sequencing (TAS):

a scalable next-gen approach to multilocus, multitaxa phylogenetics. Genome
Biologyogy and Evolution 3:1312—1323 DOI 10.1093/gbe/evr106.

Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello EK, Fierer
N, Pefia AG, Goodrich JK, Gordon JI, Huttley GA, Kelley ST, Knights D, Koenig JE,
Ley RE, Lozupone CA, McDonald D, Muegge BD, Pirrung M, Reeder J, Sevinsky
JR, Turnbaugh PJ, Walters WA, Widmann J, Yatsunenko T, Zaneveld J, Knight
R. 2010. QIIME allows analysis of high-throughput community sequencing data.
Nature Methods 7:335-336 DOI 10.1038/nmeth.f.303.

Caporaso JG, Lauber CL, Walters WA, Berg-Lyons D, Lozupone CA, Turnbaugh
PJ, Fierer N, Knight R. 2011. Global patterns of 16S rRNA diversity at a depth of
millions of sequences per sample. Proceedings of the National Academy of Sciences of
the United States of America 108(Supp 1):4516—4522 DOT 10.1073/pnas.1000080107.

Chen'Y, Yao J, Chen K, Wang F, Zhou Y, Chen H, Gai N, Ceccanti B, Trebse P, Zaray G,
Choi MM, Wong MH. 2010. Microcalorimetric investigation of the toxic action of

Tao et al. (2024), PeerJ, DOI 10.7717/peerj.16626 19/24


https://peerj.com
http://dx.doi.org/10.7717/peerj.16626#supplemental-information
http://dx.doi.org/10.7717/peerj.16626#supplemental-information
http://dx.doi.org/10.7717/peerj.16626#supplemental-information
http://dx.doi.org/10.1007/978-1-0716-1518-8_5
http://dx.doi.org/10.3402/jom.v7.28934
http://dx.doi.org/10.1016/j.chemosphere.2011.03.052
http://dx.doi.org/10.1023/a:1024730722751
http://dx.doi.org/10.1128/AEM.66.3.1007-1019.2000
http://dx.doi.org/10.1177/0022034510391794
http://dx.doi.org/10.1093/gbe/evr106
http://dx.doi.org/10.1038/nmeth.f.303
http://dx.doi.org/10.1073/pnas.1000080107
http://dx.doi.org/10.7717/peerj.16626

Peer

pyrene on the growth of PAH-degrading bacteria Acinetobacter junii. The Journal
of Environmental Science and Health, Part A, Toxic/Hazardous Substances and
Environmental Engineering 45:668—673 DOI 10.1080/10934521003648826.

Chinn S. 2000. A simple method for converting an odds ratio to effect size for use in
meta-analysis. Statistics in Medicine 19:3127-3131
DOI10.1002/1097-0258(20001130)19:22<3127::AID-SIM784>3.0.CO;2-M.

Chopyk J, Chattopadhyay S, Kulkarni P, Smyth EM, Hittle LE, Paulson JN, Pop M,
Buehler SS, Clark PI, Mongodin EF, Sapkota AR. 2017. Temporal variations
in cigarette tobacco bacterial community composition and tobacco-specific
nitrosamine content are influenced by brand and storage conditions. Frontiers in
Microbiology 8:358 DOI 10.3389/fmicb.2017.00358.

Contaldo M, Di Stasio D, Romano A, Fiori F, Vella FDella, Rupe C, Lajolo C, Petruzzi
M, Serpico R, Lucchese A. 2023. Oral candidiasis and novel therapeutic strategies:
antifungals, phytotherapy, probiotics, and photodynamic therapy. Frontiers in
Microbiology 20:441-456 DOI 10.2174/1567201819666220418104042.

Darwazeh AM, Al-Dwairi ZN, Al-Zwairi AA. 2010. The relationship between tobacco
smoking and oral colonization with Candida species. The Journal of Contemporary
Dental Practice 11:017-024.

DengY, Zhang Y, Ael LHesham, Liu R, Yang M. 2010. Cell surface properties of five
polycyclic aromatic compound-degrading yeast strains. Applied Microbiology and
Biotechnology 86:1933-1939 DOI 10.1007/s00253-010-2477-7.

Di Gennaro P, Zampolli J, Presti I, Cappelletti M, D’Ursi P, Orro A, Mezzelani A, Mi-
lanesi L. 2014. Genome sequence of rhodococcus opacus Strain R7, a biodegrader of
mono- and polycyclic aromatic hydrocarbons. Genome Announcements 2(4):e00827-
14 DOT 10.1128/genomeA.00827-14.

Ding YS, Trommel JS, Yan XJ, Ashley D, Watson CH. 2005. Determination of 14
polycyclic aromatic hydrocarbons in mainstream smoke from domestic cigarettes.
Environmental Science & Technology 39:471-478 DOI 10.1021/es048690k.

Edgar RC. 2010. Search and clustering orders of magnitude faster than BLAST. Bioinfor-
matics 26:2460-2461 DOI 10.1093/bioinformatics/btq461.

Faul F, Erdfelder E, Lang AG, Buchner A. 2007. G*Power 3: a flexible statistical power
analysis program for the social, behavioral, and biomedical sciences. Behavior
Research Methods 39:175-191 DOI 10.3758/bf03193146.

Feng T, Lin H, Tang J, Feng Y. 2014. Characterization of polycyclic aromatic hydro-
carbons degradation and aresnate reduction by a versatile Psuedomonas isolate.
International Biodeteriation & Biodegradation 90:8 DOI 10.1016/j.ibiod.2014.01.015.

Flores-Ramirez R, Ortega-Romero M, Christophe-Barbier O, Melendez-Marmolejo
JG, Rodriguez-Aguilar M, Lee-Rangel HA, Diaz de Leon-Martinez L. 2021.
Exposure to polycyclic aromatic hydrocarbon mixtures and early kidney damage
in Mexican indigenous population. Environmental Science and Pollution Research
28:23060-23072 DOI 10.1007/s11356-021-12388-w.

Tao et al. (2024), PeerJ, DOI 10.7717/peerj.16626 20/24


https://peerj.com
http://dx.doi.org/10.1080/10934521003648826
http://dx.doi.org/10.1002/1097-0258(20001130)19:22<3127::AID-SIM784>3.0.CO;2-M
http://dx.doi.org/10.3389/fmicb.2017.00358
http://dx.doi.org/10.2174/1567201819666220418104042
http://dx.doi.org/10.1007/s00253-010-2477-7
http://dx.doi.org/10.1128/genomeA.00827-14
http://dx.doi.org/10.1021/es048690k
http://dx.doi.org/10.1093/bioinformatics/btq461
http://dx.doi.org/10.3758/bf03193146
http://dx.doi.org/10.1016/j.ibiod.2014.01.015
http://dx.doi.org/10.1007/s11356-021-12388-w
http://dx.doi.org/10.7717/peerj.16626

Peer

Ghosal D, Ghosh S, Dutta TK, Ahn Y. 2016. Current state of knowledge in microbial
degradation of Polycyclic Aromatic Hydrocarbons (PAHs): a review. Frontiers in
Microbiology 7:1369 DOI 10.3389/tfmicb.2016.01369.

Green SJ, Venkatramanan R, Nagqib A. 2015. Deconstructing the polymerase
chain reaction: understanding and correcting bias associated with primer
degeneracies and primer-template mismatches. PLOS ONE 10:e0128122
DOI 10.1371/journal.pone.0128122.

Habe H, Omori T. 2003. Genetics of polycyclic aromatic hydrocarbon metabolism in
diverse aerobic bacteria. Bioscience, Biotechnology, and Biochemistry 67:225-243
DOI 10.1271/bbb.67.225.

Hadibarata T, Khudhair AB, Kristanti RA, Kamyab H. 2017. Biodegradation of
pyrene by Candida sp. S1 under high salinity conditions. Bioprocess and Biosystems
Engineering 40:1411-1418 DOI 10.1007/500449-017-1798-7.

Heitkamp MA, Freeman JP, Miller DW, Cerniglia CE. 1988. Pyrene degradation by
a Mycobacterium sp.: identification of ring oxidation and ring fission products.
Applied and Environmental Microbiology 54:2556-2565
DOI 10.1128/aem.54.10.2556-2565.1988.

Hennessee CT, Li QX. 2016. Effects of polycyclic aromatic hydrocarbon mix-
tures on degradation, gene expression, and metabolite production in four my-
cobacterium species. Applied and Environmental Microbiology 82:3357—-3369
DOI 10.1128/AEM.00100-16.

Hesham AE, Alamri SA, Khan S, Mahmoud ME, Mahmoud HM. 2009. Isolation and
molecular genetic characterization of a yeast strain able to degrade petroleum
polycyclic aromatic hydrocarbons. African Journal of Biotechnology 8:2218-2223.

Huang M, Zhang L, Mesaros C, Zhang S, Blaha MA, Blair IA, Penning TM. 2014.
Metabolism of a representative oxygenated polycyclic aromatic hydrocarbon (PAH)
phenanthrene-9, 10-quinone in human hepatoma (HepG2) cells. Chemical Research
in Toxicology 27:852—-863 DOI 10.1021/tx500031p.

Hunter RD, Ekunwe SI, Dodor DE, Hwang HM, Ekunwe L. 2005. Bacillus subtilis is a
potential degrader of pyrene and benzo[a]pyrene. International Journal of Environ-
mental Research and Public Health 2:267-271 DOI 10.3390/1jerph2005020010.

Husain S. 2008. Literature overview: microbial metabolism of high molecular weight
polycyclic aromatic hydrocarbons. Remediation 18:31 DOI 10.1002/rem.20165.

Jain RB. 2021. Concentrations of selected monohydroxy polycyclic aromatic hydro-
carbons across various stages of glomerular function. Environmental Science and
Pollution Research 28:23220-23234 DOI 10.1007/s11356-021-12376-0.

Juhasz AL, Stanley GA, Britz ML. 2000. Microbial degradation and detoxification of
high molecular weight polycyclic aromatic hydrocarbons by Stenotrophomonas
maltophilia strain VUN 10, 003. Letters in Applied Microbiology 30:396-401
DOI10.1046/j.1472-765%.2000.00733.x.

Kubota K, Koma D, Matsumiya Y, Chung SY, Kubo M. 2008. Phylogenetic anal-
ysis of long-chain hydrocarbon-degrading bacteria and evaluation of their

Tao et al. (2024), PeerJ, DOI 10.7717/peerj.16626 21/24


https://peerj.com
http://dx.doi.org/10.3389/fmicb.2016.01369
http://dx.doi.org/10.1371/journal.pone.0128122
http://dx.doi.org/10.1271/bbb.67.225
http://dx.doi.org/10.1007/s00449-017-1798-7
http://dx.doi.org/10.1128/aem.54.10.2556-2565.1988
http://dx.doi.org/10.1128/AEM.00100-16
http://dx.doi.org/10.1021/tx500031p
http://dx.doi.org/10.3390/ijerph2005020010
http://dx.doi.org/10.1002/rem.20165
http://dx.doi.org/10.1007/s11356-021-12376-0
http://dx.doi.org/10.1046/j.1472-765x.2000.00733.x
http://dx.doi.org/10.7717/peerj.16626

Peer

hydrocarbon-degradation by the 2, 6-DCPIP assay. Biodegradation 19:749-757
DOI 10.1007/s10532-008-9179-1.

Kumar PS, Matthews CR, Joshi V, De Jager M, Aspiras M. 2011. Tobacco smoking
affects bacterial acquisition and colonization in oral biofilms. Infection and Immunity
79:4730-4738 DOI 10.1128/IAL1.05371-11.

Kurtzman CP, Robnett CJ. 1997. Identification of clinically important ascomyce-
tous yeasts based on nucleotide divergence in the 5/end of the large-subunit
(26S) ribosomal DNA gene. Journal of Clinical Microbiology 35:1216-1223
DOI10.1128/jcm.35.5.1216-1223.1997.

MacGillivray AR, Shiaris MP. 1993. Biotransformation of polycyclic aromatic hy-
drocarbons by yeasts isolated from coastal sediments. Applied and Environmental
Microbiology 59:1613-1618 DOI 10.1128/aem.59.5.1613-1618.1993.

Mallick S, Chakraborty J, Dutta TK. 2011. Role of oxygenases in guiding diverse
metabolic pathways in the bacterial degradation of low-molecular-weight polycyclic
aromatic hydrocarbons: a review. Critical Reviews in Microbiology 37:64—90
DOI10.3109/1040841x.2010.512268.

Mashima I, Nakazawa F. 2013. Identification of Veillonella tobetsuensis in tongue
biofilm by using a species-specific primer pair. Anaerobe 22:77-81
DOI 10.1016/j.anaerobe.2013.04.015.

Matsunaga T, Arakaki M, Kamiya T, Endo S, El-Kabbani O, Hara A. 2009. Involvement
of an aldo-keto reductase (AKR1C3) in redox cycling of 9, 10-phenanthrenequinone
leading to apoptosis in human endothelial cells. Chemico-Biological Interactions
181:52—-60 DOI 10.1016/j.cbi.2009.05.005.

Mbachu AE, Chukwura EI, Mbachu NA. 2016. Isoation and characterization of hy-
drocarbon degrading fungi from used (spent) engine oil polluted soil and their use
fo Polycyclic Aromatic Hydrocarbons (PAHs) Degradation. Universial Journal of
Microbiology Research 4:4.

Moscoso F, Teijiz I, Deive FJ, Sanroman MA. 2012. Efficient PAHs biodegradation
by a bacterial consortium at flask and bioreactor scale. Bioresource Technology
119:270-276 DOI 10.1016/j.biortech.2012.05.095.

Moussa HA, Wasfi R, Abdeltawab NF, Megahed SA. 2021. High counts and anthracene
degradation ability of streptococcus mutans and veillonella parvula isolated from
the oral cavity of cigarette smokers and non-smokers. Frontiers in Microbiology
12:661509 DOT 10.3389/fmicb.2021.661509.

Muangchinda C, Yamazoe A, Polrit D, Thoetkiattikul H, Mhuantong W, Champreda
V, Pinyakong O. 2017. Biodegradation of high concentrations of mixed polycyclic
aromatic hydrocarbons by indigenous bacteria from a river sediment: a microcosm
study and bacterial community analysis. Environmental Science and Pollution
Research 24:4591-4602 DOI 10.1007/s11356-016-8185-9.

Parks DH, Tyson GW, Hugenholtz P, Beiko RG. 2014. STAMP: statistical analysis of
taxonomic and functional profiles. Bioinformatics 30:3123-3124
DOI 10.1093/bioinformatics/btu494.

Tao et al. (2024), PeerJ, DOI 10.7717/peerj.16626 22/24


https://peerj.com
http://dx.doi.org/10.1007/s10532-008-9179-1
http://dx.doi.org/10.1128/IAI.05371-11
http://dx.doi.org/10.1128/jcm.35.5.1216-1223.1997
http://dx.doi.org/10.1128/aem.59.5.1613-1618.1993
http://dx.doi.org/10.3109/1040841x.2010.512268
http://dx.doi.org/10.1016/j.anaerobe.2013.04.015
http://dx.doi.org/10.1016/j.cbi.2009.05.005
http://dx.doi.org/10.1016/j.biortech.2012.05.095
http://dx.doi.org/10.3389/fmicb.2021.661509
http://dx.doi.org/10.1007/s11356-016-8185-9
http://dx.doi.org/10.1093/bioinformatics/btu494
http://dx.doi.org/10.7717/peerj.16626

Peer

Rodgman A, Smith CJ, Perfetti TA. 2000. The composition of cigarette smoke: a
retrospective, with emphasis on polycyclic components. Human & Experimental
Toxicology 19:573-595 DOI 10.1191/096032700701546514.

Rodriguez CE, Sobol Z, Schiestl RH. 2008. 9, 10-Phenanthrenequinone induces DNA
deletions and forward mutations via oxidative mechanisms in the yeast Saccha-
romyces cerevisiae. Toxicology in Vitro 22:296-300 DOI 10.1016/.tiv.2007.09.001.

Rooney AP, Swezey JL, Wicklow DT, McAtee M]J. 2005. Bacterial species diversity
in cigarettes linked to an investigation of severe pneumonitis in U.S. Military
personnel deployed in operation iraqi freedom. Current Microbiology 51:46—52
DOI 10.1007/500284-005-4491-z.

Sakshi , Haritash AK. 2020. A comprehensive review of metabolic and genomic aspects
of PAH-degradation. Archives of Microbiology 202:2033-2058
DOI 10.1007/500203-020-01929-5.

Sapkota AR, Berger S, Vogel TM. 2010. Human pathogens abundant in the bacte-
rial metagenome of cigarettes. Environmental Health Perspectives 118:351-356
DOI 10.1289/ehp.0901201.

Segata N, Haake SK, Mannon P, Lemon KP, Waldron L, Gevers D, Huttenhower C,
Izard J. 2012. Composition of the adult digestive tract bacterial microbiome based
on seven mouth surfaces, tonsils, throat and stool samples. Genome Biology 13:R42
DOI 10.1186/gb-2012-13-6-r42.

Sheth CC, Makda K, Dilmahomed Z, Gonzalez R, Luzi A, Jovani-Sancho Mdel M,
Veses V. 2016. Alcohol and tobacco consumption affect the oral carriage of Candida
albicans and mutans streptococci. Letters in Applied Microbiology 63:254-259
DOI 10.1111/lam.12620.

Sowada J, Lemoine L, Schon K, Hutzler C, Luch A, Tralau T. 2017. Toxification of
polycyclic aromatic hydrocarbons by commensal bacteria from human skin. Archives
of Toxicology 91:2331-2341 DOI 10.1007/s00204-017-1964-3.

Sowada J, Schmalenberger A, Ebner I, Luch A, Tralau T. 2014. Degradation of
benzo[a]pyrene by bacterial isolates from human skin. FEMS Microbiology Ecology
88:129-139 DOI 10.1111/1574-6941.12276.

Suja F, Rahim F, Taha MR, Hambali N, Razali MR, Khalid A, Hamzah A. 2014. Effects
of local microbial bioaugmentation and biostimulaiton on the bioremediation
of toal petroleum hydrocarbons in crude oail contaminated soil based on labora-
tory and field observations. Internatinal Biodeterioration & Biodegradation 90:8
DOI 10.1016/j.ibiod.2014.03.006.

Sutherland JB. 1992. Detoxification of polycyclic aromatic hydrocarbons by fungi. Jour-
nal of Industrial Microbiology and Biotechnology 9:53—61 DOI 10.1007/BF01576368.

Taybos G. 2003. Oral changes associated with tobacco use. The American Journal of the
Medical Sciences 326:179—182 DOI 10.1097/00000441-200310000-00005.

Thomas AM, Gleber-Netto FO, Fernandes GR, Amorim M, Barbosa LF, Francisco AL,
De Andrade AG, Setubal JC, Kowalski LP, Nunes DN, Dias-Neto E. 2014. Alcohol
and tobacco consumption affects bacterial richness in oral cavity mucosa biofilms.
BMC Microbiology 14:250 DOI 10.1186/512866-014-0250-2.

Tao et al. (2024), PeerJ, DOI 10.7717/peerj.16626 23/24


https://peerj.com
http://dx.doi.org/10.1191/096032700701546514
http://dx.doi.org/10.1016/j.tiv.2007.09.001
http://dx.doi.org/10.1007/s00284-005-4491-z
http://dx.doi.org/10.1007/s00203-020-01929-5
http://dx.doi.org/10.1289/ehp.0901201
http://dx.doi.org/10.1186/gb-2012-13-6-r42
http://dx.doi.org/10.1111/lam.12620
http://dx.doi.org/10.1007/s00204-017-1964-3
http://dx.doi.org/10.1111/1574-6941.12276
http://dx.doi.org/10.1016/j.ibiod.2014.03.006
http://dx.doi.org/10.1007/BF01576368
http://dx.doi.org/10.1097/00000441-200310000-00005
http://dx.doi.org/10.1186/s12866-014-0250-2
http://dx.doi.org/10.7717/peerj.16626

Peer

Toledo FL, Calvo C, Rodelas B, Gonzalez-Lopez J. 2006. Selection and identifica-
tion of bacteria isolated from waste crude oil with polycyclic aromatic hydro-
carbons removal capacities. Systematic and Applied Microbiology 29:244-252
DOI 10.1016/j.syapm.2005.09.003.

Van Winkelhoff AJ, Bosch-Tijhof CJ, Winkel EG, Van der Reijden WA. 2001. Smok-
ing affects the subgingival microflora in periodontitis. Journal of Periodontology
72:666—671 DOI 10.1902/jop.2001.72.5.666.

Wang X, Gong Z, Li P, Zhang L. 2007. Degradation of pyrene in soils by free and
immobilized yeasts, Candida tropicals. The Bulletin of Environmental Contamination
and Toxicology 78:522-526 DOI 10.1007/s00128-007-9156-0.

Wu]J, Peters BA, Dominianni C, Zhang Y, Pei Z, Yang L, Ma Y, Purdue MP, Jacobs EJ,
Gapstur SM, Li H, Alekseyenko AV, Hayes RB, Ahn J. 2016. Cigarette smoking
and the oral microbiome in a large study of American adults. The ISME Journal
10:2435-2446 DOI 10.1038/ismej.2016.37.

Yang SF, Lin CW, Chuang CY, Lee YC, Chung WH, Lai HC, Chang LC, Su SC. 2022.
Host genetic associations with salivary microbiome in oral cancer. Journal of Dental
Research 101:590-598 DOT 10.1177/00220345211051967.

YeJ, Yin H, Peng H, Bai J, Li Y. 2014. Pyrene removal and transformation by joint
application of alfalfa and exogenous microorganisms and their influence on soil
microbial community. Ecotoxicology and Environmental Safety 110:129-135
DOI10.1016/j.ecoenv.2014.08.031.

Yildirim S, Yeoman CJ, Sipos M, Torralba M, Wilson BA, Goldberg TL, Stumpf RM,
Leigh SR, White BA, Nelson KE. 2010. Characterization of the fecal microbiome
from non-human wild primates reveals species specific microbial communities.
PLOS ONE 5:€13963 DOI 10.1371/journal.pone.0013963.

Yu G, Phillips S, Gail MH, Goedert JJ, Humphrys MS, Ravel J, Ren Y, Caporaso NE.
2017. The effect of cigarette smoking on the oral and nasal microbiota. Microbiome
5:3 DOI 10.1186/540168-016-0226-6.

Zambon JJ, Grossi SG, Machtei EE, Ho AW, Dunford R, Genco R]. 1996. Cigarette
smoking increases the risk for subgingival infection with periodontal pathogens.
Journal of Periodontology 67(Supp 10S):1050-1054
DOI 10.1902/jop.1996.67.10s.1050.

ZhangJ, Kobert K, Flouri T, Stamatakis A. 2014. PEAR: a fast and accurate [llumina
Paired-End reAd mergeR. Bioinformatics 30:614-620
DOI 10.1093/bioinformatics/btt593.

Tao et al. (2024), PeerJ, DOI 10.7717/peerj.16626 24/24


https://peerj.com
http://dx.doi.org/10.1016/j.syapm.2005.09.003
http://dx.doi.org/10.1902/jop.2001.72.5.666
http://dx.doi.org/10.1007/s00128-007-9156-0
http://dx.doi.org/10.1038/ismej.2016.37
http://dx.doi.org/10.1177/00220345211051967
http://dx.doi.org/10.1016/j.ecoenv.2014.08.031
http://dx.doi.org/10.1371/journal.pone.0013963
http://dx.doi.org/10.1186/s40168-016-0226-6
http://dx.doi.org/10.1902/jop.1996.67.10s.1050
http://dx.doi.org/10.1093/bioinformatics/btt593
http://dx.doi.org/10.7717/peerj.16626

