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Abstract

Previous studies have characterized bacterial communities in menthol versus non-menthol cigarettes. However, these studies
evaluated commercial cigarettes, for which levels of chemical constituents are largely unknown, and therefore, could not assess
the impact of varying nicotine and menthol concentrations on tobacco bacterial communities. To address this knowledge gap, we
performed time-series experiments using SPECTRUM research cigarettes with varying nicotine and menthol levels. Cigarettes
were incubated under three storage conditions for 14 days. Cigarette tobacco was then sub-sampled (n = 288), DNA extracted,
and subjected to PCR amplification of the V3V4 region of the 16S rRNA gene, followed by Illumina HiSeq sequencing.
Sequences were analyzed using QIIME and R. Incubation under varying conditions did not affect bacterial diversity.
However, significant differences in bacterial communities were observed across varying nicotine concentrations in menthol
and non-menthol products. For example, Pseudomonas spp. was negatively correlated with nicotine concentrations in menthol
cigarettes. A significantly higher relative abundance of P. veronii and P. viridiflava was observed in menthols versus non-
menthols, while a significantly higher relative abundance of Bacillus foraminis and B. coagulans was found in non-menthols
versus menthols. Additional bacteria (e.g., Staphylococcus spp., Jeotgalicoccus psychrophilus, and B. flexus) significantly
changed in relative abundance between days 0 and 14. Our findings demonstrate that nicotine and menthol levels have a
significant impact on the relative abundance of potential bacterial pathogens present in cigarettes. Future work is needed to
demonstrate whether these tobacco-associated bacteria could be transferred to users while smoking, ultimately contributing to
adverse respiratory impacts.

Key points
* Varying nicotine levels changes bacterial composition of research cigarettes.
* Mentholation affects the tobacco bacterial microbiome.

* SPECTRUM research cigarettes are dominated by Pseudomonas and Bacillus.

Keywords Nicotine - Mentholation - SPECTRUM research cigarettes - Bacterial community - 16S rRNA gene - Microbiome
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order to reduce the addictiveness and harm of these combus-
tible tobacco products.

Nicotine, the main addictive agent in tobacco products, is
known to contribute to acute cardiovascular events (Benowitz
and Burbank 2016) and deleterious pulmonary effects, includ-
ing acute inflammation, decreased lung endothelial cell pro-
liferation, and loss of endothelial barrier function (Schweitzer
et al. 2015). Nicotine is an alkaloid stimulant that acts as an
agonist of nicotinic acetylcholine receptors in the peripheral
and central nervous systems, driving the products’ chronic use
(Benowitz 2010). Nicotine content of cigarettes varies greatly,
from as low as 6 mg of nicotine per gram of tobacco to as high
as 28 mg/g, with an average of 10-12 mg/g (Benowitz and
Henningfield 2013). The amount of nicotine needed to make
cigarettes minimally addictive is 0.4 to 0.5 mg/g of tobacco in
traditional cigarettes (Donny et al. 2015). This has led to the
production of “very low nicotine content” (VLNC) cigarettes
(Donny etal. 2015) with a maximum nicotine concentration of
0.7 mg/g of tobacco dry weight.

VLNC and regular cigarettes are inexpensive and extreme-
ly effective nicotine delivery systems, which are made more
palatable and sensory-friendly by the addition of flavors such
as menthol, ultimately reinforcing the addiction potential of
cigarettes. While menthol has cooling properties (Campero
et al. 2009) and inhibits nicotine metabolism (Benowitz
et al. 2004), it significantly increases the uptake of nicotine
and N'-nitrosonornicotine (NNN) (Squier et al. 2010). To
achieve a slight menthol effect, a minimum of 1-2 mg of
menthol per gram of tobacco is needed (Heck 2010).
However, mentholated cigarettes generally contain menthol
in the range of 2.9-7.2 mg per cigarette. Non-mentholated
cigarettes have also been shown to contain menthol, albeit at
much lower concentrations compared to mentholated ciga-
rettes (Ai et al. 2016).

Interestingly, menthol also has antimicrobial properties
(Jirovetz et al. 2009; Singh et al. 2015) and could therefore
impact a widely understudied type of constituents present in
cigarette tobacco: bacteria. Several studies have shown that
nicotine can also limit the growth of certain bacteria and fungi
(Pavia et al. 2000; Narayanappa Athmaram 2016; El-Ezmerli
and Gregory 2019). However, these studies were performed
using pure nicotine tested on individual bacterial isolates and
did not test nicotine concentrations normally present in com-
mercially sold cigarettes. Previous studies by our group have
characterized the diversity of bacterial communities in men-
thol versus non-menthol tobacco products (Chopyk et al.
2017a; Malayil et al. 2020). However, these studies evaluated
commercial cigarettes, for which levels of chemical constitu-
ents are largely unknown, and therefore, could not assess the
impact of varying nicotine and menthol concentrations on
tobacco bacterial communities.

To address this knowledge gap, we performed time series
experiments using SPECTRUM research cigarettes with
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varying nicotine and menthol levels. Findings from this study
will help inform future tobacco product standards that could
place limits on the allowable nicotine and menthol content of
commercially available cigarettes, as well as recognize and
potentially regulate harmful bacterial constituents in these
products.

Materials and methods
Sample collection and treatment

Twelve different SPECTRUM research cigarettes were ob-
tained from the National Institute on Drug Abuse (NIDA,
Bethesda, MD, USA) and stored in the original packaging
after receipt. SPECTRUM research cigarettes were developed
by NIDA in partnership with the Research Triangle Institute.
These cigarettes have been well characterized in terms of their
physical properties and chemical content, including menthol,
nicotine, minor alkaloids, and several other major classes of
HPHCs (Richter et al. 2016; Pappas et al. 2016; Ding et al.
2017). Six of the twelve were mentholated and six were non-
mentholated, with varying nicotine levels (Table 1). Average
nicotine concentrations in commercially available cigarettes
range from 0.4 mg nicotine/g of tobacco (in VLNC cigarettes)
to as high as 28 mg/g with an average of 10—12 mg/g. Our
tested products were chosen to reflect the nicotine concentra-
tions (1.0-15.0 mg/g) present in commercially available cig-
arettes. In addition, to keep within the range of menthol con-
centrations of 1-2 mg/g to obtain a slight menthol sensation,
all of our tested menthol cigarettes were characterized by <
2.0 mg menthol/g of tobacco.

The cigarettes were incubated under three different temper-
ature and relative humidity conditions for 14 days, as de-
scribed in our previous studies (Chopyk et al. 2017b): (1) 25
°C and 30% relative humidity; (2) 20 °C and 50% relative
humidity; and (3) 5 °C and 18% relative humidity. Tobacco
from cigarettes was then sub-sampled under sterile conditions
in replicates after 0, 5, 9, and 14 days of incubation (n = 288
total sub-samples).

DNA extraction

Total DNA was extracted under sterile conditions from all
tobacco sub-samples (n = 288) using previously published
procedures (Chopyk et al. 2017b). Briefly, 1ml of ice-cold
1X PBS buffer was added to 0.2 g of tobacco samples in
lysing matrix tubes. Then the samples underwent an initial
incubation step with lysozyme, mutanolysin and lysostaphin
enzymes at 37 °C, and a second incubation with 10% SDS and
proteinase K enzyme at 55 °C, before mechanical lysis using
the MP Biomedical FastPrep 24 (Santa Ana, CA). DNA lysate
was purified with the QIAmp DSP DNA mini kit 50, v2
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Tested SPECTRUM cigarette products’ characteristics. All values were measured and provided by NIH/NIDA. HN blend: high nicotine tobacco blend; VLN blend: very low nicotine tobacco

blend; TPM: Total particulate matter; CO: Carbon monoxide. ND: Not detected. *Loss on drying or oven volatiles. (+/- SD)

Table 1

Mainstream Smoke

Tobacco

VLN Blend HN Blend TPM (mg/cig) Tar (mg/cig) CO (mg/cig)

Nornicotine (mg/g)

Nicotine (mg/g) Menthol (mg/g) Moisture (%)*

Mentholation

Product

(%)

(%)
100
97

12.1 (0.9)
14.3 (0.7)
12.1(0.8)
13.1 (0.6)
12.8 (0.7)
13.5 (0.5)

7.76 (0.41)
8.5(0.4)

8.10 (0.44)
9.0 (0.4)

0.55 (0.05)
0.45 (0.02)
0.48 (0.03)
0.58 (0.03)
0.70 (0.08)
0.89 (0.04)

13.0 (0.05)
12.2 (0.1)

1.30 (0.12)
1.56 (0.03)
1.34 (0.13)
1.45 (0.03)
1.07 (0.17)
1.28 (0.03)

0.62 (0.02)

Menthol

NRC 103

NRC 201

1.22 (0.01)
238 (0.12)
5.18 (0.16)

Menthol

NRC 301

7.98 (0.28)
9.0 (0.3)

91 8.45 (0.30)
9.4 (0.3)

14.3 (0.08)
12.3 (0.0)

Menthol

NRC 401

20

80
56
40

Menthol

NRC 501

9.94 (0.23)
10.6 (0.5)

11.1(0.3)
11.8 (0.5)

13.5 (0.03)
12.1 (0.1)

12.44 (0.55)
15.42 (0.48)

Menthol

NRC 601

Menthol
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(Qiagen, CA) using the recommended manufacturer’s
protocol.

16S rRNA gene amplification and sequencing

The V3V4 region of the 16S rRNA gene was amplified and
sequenced using the 319F (ACTCCTACGGGAGG
CAGCAG) and 806R (GGACTACHVGGGTWTCTAAT)
universal primers barcoded for each sample that also included
a linker sequence required for [llumina HiSeq 300 bp paired-
ends sequencing (Holm et al. 2019) and a 12-bp heterogeneity
spacer index sequence. PCR amplification of sample DNA
and negative controls was performed using thermocycler pa-
rameters as published previously (Chopyk et al. 2017a).
Amplicon presence was confirmed with gel electrophoresis
and amplicons were cleaned up with the SequelPrep
Normalization Kit (Invitrogen Inc., Carlsbad, CA, USA).
Samples were pooled at a concentration of 25 ng/PCR
amplicon and sequenced on the Illumina HiSeq2500
(Illumina, San Diego, CA).

Sequence quality filtering

The initial sequencing dataset comprised a total of 10,806,817
reads obtained from 288 sub-samples generated with our ex-
perimental design, with an average of 37,523.67 (min. 14,
max. 158,099) reads per sample. 16S rRNA reads were
screened for low quality and short length and assembled using
PANDAseq (Masella et al. 2012), demultiplexed, and chimera
trimmed using UCHIME (Edgar et al. 2011). Quality reads
were then incorporated into QIIME v1.9 (Caporaso et al.
2010) and clustered de-novo using VSEARCH, and taxon-
omies were assigned using the SILVA database v. 132, with
a 0.97 confidence threshold. Downstream analyses were per-
formed within RStudio (v. 0.99.473), using the Phyloseq (v.
1.19.1) and ggplot2 (v. 2.2.1) R packages. To ensure appro-
priate sequence coverage, the Good’s coverage cutoff was set
at 0.9, and samples that received a number of sequences below
that cutoff were removed for further downstream analyses.
After quality filtering and removal of cyanobacterial se-
quences (20,425.91 sequences on average per sample [min.
71, max. 107,349]), the final sequencing dataset carried
through downstream analyses comprised a total of 5,115,232
reads clustered into 1558 OTUs from 264 sub-samples, with
an average of 18,138.5 (min 1085, max 107,323) reads per
sample.

Statistical analysis
Alpha diversity was estimated using the Phyloseq R package
(McMurdie and Holmes 2013) (v. 1.19.1) and tested for sig-

nificance using ANOVA. Cumulative sum scaling (CSS) was
used to normalize reads using the MetagenomeSeq (v. 1.16.0)
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package (Paulson et al. 2013). Beta diversity was estimated
using the vegan and Phyloseq packages and tested for signif-
icance using ANOSIM. Statistical differences among bacterial
OTUs relative abundances were calculated using the DESeq2
package (at alpha = 0.05) (Love et al. 2014). Unless otherwise
noted, all values plotted are averages + SE.

Results

Effect of incubation conditions on tobacco bacterial
communities

Incubation under three different conditions of temperature and
relative humidity for 14 days did not significantly affect alpha-
diversity (observed richness and Shannon diversity; Fig. 1) (p
> 0.05) and beta diversity (ANOSIM R = 0.0006, p = 0.338)
(Fig. S1) measures of the tobacco-associated microbiotas.
There was also no difference found across the conditions
when comparisons were performed at each time point (Fig.
S2). Therefore, all samples from the three incubation condi-
tions for a given time point were combined, and we consid-
ered them as biological replicates for further downstream
analyses.

Bacterial composition of mentholated and non-
mentholated SPECTRUM research cigarettes with
varying nicotine levels

The predominant bacterial genera observed in these tobacco
samples (all conditions and days combined) were
Pseudomonas spp., Bacillus spp., Staphylococcus spp.,
Spingomonas spp., Enterobacter spp., Corynebacterium
spp., and Brachybacterium spp. (Fig. 2). Comparisons of cig-
arettes with similar nicotine concentrations revealed that the
relative abundance of Bacillus spp. was significantly (p <
0.05) different between menthol and non-mentholated prod-
ucts: NRC300 (3.2% =+ 1.3) vs. NRC 301 (4.3% + 2.0);
NRC 400 (5.2% + 1.1) vs. NRC 401 (8.1% =+ 2.6); and
NRC 404 (2.6% + 0.4) vs. NRC 501 (4.8% =+ 1.2). Relative
abundance of Staphylococcus spp. was significantly (p < 0.05)
different between NRC 300 (3.1% + 0.2) vs. NRC 301
(3.4% + 0.0.7) and NRC 600 (2.3% + 0.3) vs. NRC 601
(3.6% + 0.7). Relative abundance of Aerococcus spp. was
found to be significantly different (p < 0.05) between
NRC 300 (0.5% = 0.2) vs. NRC 301 (3.2% + 1.4) and
NRC_404 (1.4% + 0.5) vs. NRC_501 (3.6% =+ 0.7). Relative
abundance of Spingomonas spp. was also significantly (p <
0.05) different between NRC 102 (4.0% £ 0.6) vs. NRC 103
(2.8% +0.4) and NRC 404 (3.9% £ 0.5) vs. NRC_501 (3.2%
+ 0.4) products. Relative abundance of Brachybacterium spp.
was significantly different (p < 0.05) between NRC 404
(4.0% + 0.3) vs. NRC_501 (4.0% + 0.2). Finally, the
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differences in relative abundance of Pseudomonas spp. (p =
0.09) between NRC 102 vs. NRC 103 and that of
Aerococcus spp. (p = 0.09) between NRC 200 vs.
NRC 201 were nearly significant.

Effects of mentholation and duration of incubation

Alpha diversity metrics (Observed richness and Shannon di-
versity) were calculated on the sequencing dataset rarefied to
1085 sequences per sample. A significant effect of days of
incubation was found for both Shannon diversity and
Observed richness metrics (ANOVA p < 0.0001) in non-
menthol products and only in Observed richness (ANOVA p
= 0.004) in menthol products (Fig. S3). Comparing between
days of incubation within mentholated cigarettes, the
Observed species metric was statistically significantly differ-
ent (Tukey HSD p < 0.05) between day 0 and day 9 samples,
day 5 and day 9 samples, and day 9 and day 14 samples.
Specifically, among these mentholated products, the highest
diversity (Observed richness) was observed in the day 9 sam-
ples compared to the samples from the other days. There was
no significant effect (Tukey HSD p > 0.05) of days of incu-
bation on the Observed richness of species and Shannon di-
versity between day 0 and day 14 samples within mentholated
cigarettes. Comparison within non-menthol products revealed
significant (Tukey HSD p < 0.05) differences in Observed
richness between day 0 and day 5 samples, as well as day 5
and day 14 samples. Specifically, among these non-
mentholated products, the highest diversity was observed in
the day 5 samples, when compared to that in the day 0 and day
14 samples. There was no significant effect (Tukey HSD p >
0.05) of days of incubation on Observed richness within non-
menthol products between day 0 and day 14 samples. The
Shannon diversity index for non-menthol products was signif-
icantly different (Tukey HSD p < 0.05) between day 0 and day
5 samples, day 0 and day 9 samples, and day 0 and day 14
samples. Specifically, day 5 samples were characterized by
higher Shannon diversity when compared to the day 0 sam-
ples, and day 0 samples had higher diversity compared to day
9 and day 14 samples. Comparison of bacterial community
structure using beta-diversity analysis of Bray-Curtis dissimi-
larity showed that mentholation (ANOSIM R: 0.060, p <
0.001) and days of incubation (ANOSIM R: 0.008, p <
0.001) had a significant effect on bacterial community com-
position (Fig. S4).

Differential abundance analysis using DeSeq?2 revealed 77
OTUs with significantly different (p < 0.05) relative abun-
dances between non-menthol and menthol products (Fig. 3,
Table S1). Among these, 44 Gram-negative and 14 Gram-
positive OTUs (total of 58 OTUs) were significantly higher
in relative abundance in menthol products. 19 OTUs had a
significantly higher relative abundance in the non-menthol
products, among which 5 OTUs were Gram-negative and 14
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Fig. 1 Alpha diversity analysis of SPECTRUM cigarette products
incubated over four time points (D0, D5, D9, and D14). Alpha diversity
was measured for fridge (red), pocket (grey), and room (green) conditions

was Gram-positive. Among menthol products, a higher rela-
tive abundance of Gram-positive Salana multivorans
(OTU#91) (Fig. 3a), and Gram-negative Stenotrophomonas
maltiphilia (OTU#790), Spingomonas yabuuchiae
(OTU#1412), Pseudomonas viridiflava (OTU#1426),
P. veronii (OTU#47), and Methylobacterium adhaesivum
(OTU#32) were identified at the species level (Fig. 3b) when
compared to the non-menthol products. Among non-menthol
products, a higher relative abundance of Gram-positive
Staphylococcus equorum (OTU#5), Oceanobacillus
oncorhynchi (OTU#554), Corynebacterium stationis
(OTU#14), Bacillus foraminis (OTU#708), and
B. coagulans (OTU#111) (Fig. 3a) and Gram-negative
Alcaligenes faecalis (OTU#174) and Acinetobacter schindleri
(OTU#292) (Fig. 3b) were identified at the species level when
compared to the menthol products.

Comparing within the menthol products, two OTUs were
at a significantly higher relative abundance in day 14 samples,
and five OTUs in the day 0 samples (Fig. 4a). Comparing
within the non-menthol products, five OTUs were at a

Pocket Room

WL
(U BT

D9 D14 Do D5 D9 D14
Day

using Observed richness and Shannon diversity metrics and compared
using ANOVA with Tukey’s HSD post-hoc test

statistically significantly higher relative abundance in day 14
samples, while four OTUs were higher in the day 0 samples
(Fig. 4b). Gram-positive Jeotgalicoccus psychrophilus
(OTU#28) and Bacillus flexus (OTU#37) were at a statistical-
ly significantly (p < 0.05) higher relative abundance in non-
menthol products in day 0 samples when compared to day 14
samples (Fig. 4b). Other OTUs at the genera level such as
Oceanobacillus (OTU#99) and Staphylococcus (OTU#2350)
showed higher relative abundance in day 0 samples from men-
thol products but lower relative abundance in day 0 samples
from non-menthol products.

Among the day 0 samples, six OTUs were at a significantly
(p < 0.05) higher relative abundance in the non-menthol prod-
ucts and 8 OTUs in the menthol products (Fig. 5a).
B. coagulans (OTU#111) and B. clausii (OTU#11) were at a
significantly higher relative abundance in the non-menthol
products. Among the day 14 samples, 13 OTUs were at a
higher relative abundance in the non-menthol products and
18 OTUs in the menthol products (Fig. 5b). S. equorum
(OTU#5) and A. faecalis (OTU#174) were at a higher relative
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Fig. 2 Average relative abundance (+ SE) of top bacterial genera present
in SPECTRUM cigarette products. Abundance was plotted for menthol
(green) and non-menthol (grey) products under all incubation conditions

abundance in non-menthol products, while B. flexus
(OTU#37) and P. viridiflava (OTU#9) were at a higher rela-
tive abundance in the menthol products.

Effects of nicotine concentration on bacterial
community composition

Alpha diversity metrics were calculated on the dataset rarefied
to 1085 sequences per sample. Nicotine levels only affected
the Observed richness (ANOVA p < 0.005). Comparison be-
tween menthol and non-menthol cigarettes of similar nicotine
concentrations did not show significant differences (p > 0.05)
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in Observed richness, while comparisons between different
nicotine concentrations for either menthol or non-menthol cig-
arettes showed significant differences (p < 0.05) in Observed
richness. (Fig. 6, Table S2). Comparison of bacterial commu-
nity structure using beta-diversity analysis of Bray-Curtis dis-
similarity also showed that nicotine levels had a significant
effect (ANOSIM R: 0.1509, p < 0.001) on bacterial commu-
nity structure.

Combining all conditions together, Pseudomonas spp. was
the most abundant genus across all the samples at day 0 (Fig.
7). While the relative abundance of Pseudomonas spp.
remained mostly constant with increasing nicotine levels in
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Taxonomic Assignments of Gram Negative OTUs
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0'l-=

value denotes an OTU that is significantly higher in mentholated products,
while a negative log2-fold change indicates an OTU that is significantly
higher in non-mentholated products. The grey line and arrows highlight
the conversion in log2-fold change from negative to positive values

products. There was no clear trend in the relative abundance of
the rest of the seven bacterial genera with increasing nicotine
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Fig. 4 Relative abundances of bacterial OTUs that were statistically
significantly different (p <0.05) between day 0 and day 14 incubation.
OTUs are colored by Gram classification and differentiated by (a)
menthol and (b) non-menthol cigarettes. A positive log2-fold change

concentrations on day 0. Bacillus spp. was present at a higher
relative abundance in the day 14 mentholated products when
compared to their day O counterparts. While Bacillus spp.
increased in relative abundance at lower nicotine concentra-
tions (< 2.38 mg/ml), it showed a decrease in relative abun-
dance at higher nicotine concentrations (5.0-15.0 mg/ml). A
slight increase in relative abundance of Corynebacterium spp.
was also observed in day 14 mentholated products when com-
pared to day 0 mentholated samples at nicotine concentrations
of 2.38 mg/ml. The bacterial species that were found to be
significantly (p < 0.05) differentially abundant between nico-
tine concentrations when comparing menthol and non-
menthol cigarettes are listed in Tables S3 and S4, respectively.

Effect of tobacco characteristics on bacterial species

Pseudomonas spp. and bacteria from the Aurantimonadaceae
family were found to be negatively correlated with nicotine
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value denotes an OTU that is significantly higher in day 0 samples, while
a negative log2-fold change indicates an OTU that is significantly higher
in day 14 samples. The grey line and arrows highlight the conversion in
log2-fold change from negative to positive values

concentration, and the Enterobacteriaceae family was nega-
tively correlated with menthol (p < 0.05) (Fig. S5).
Aurantimonadaceae was also negatively correlated (p <
0.05) with nornicotine and high-nicotine blends of tobacco
(p < 0.05). While Pseudomonas spp. showed a significant
positive correlation (p < 0.05) with low-nicotine tobacco
blends, Enterobacter spp. showed a significant positive corre-
lation (p < 0.05) with tar and total particulate matter (TPM)
from tobacco smoke. Pseudomonas spp. showed a negative
correlation with TPM and tar, but a positive correlation with
mainstream smoke CO. Enterobacter spp. was also found to
be significantly positively correlated with mainstream smoke,
TPM and tar. Staphylococcus spp., Corynebacterium spp.,
Brachybacterium spp., and Bacillus spp. was found to be neg-
atively correlated with mainstream smoke tar, TPM and CO,
and positively correlated with menthol content on tobacco,
although these results were not statistically significant.
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Fig. 5 Relative abundances of bacterial OTUs that were statistically
significantly different (p <0.05) between non-menthol and mentholated
cigarettes. OTUs are colored by Gram classification and differentiated by
(a) day 0 and (b) day 14 incubation. A positive log2-fold change value

Discussion

Multiple studies have characterized the complex array of bac-
terial communities in commercially available cigarette brands,
and these studies have highlighted a potential role of chronic
exposure to tobacco-associated bacteria in adverse health ef-
fects linked to tobacco use. However, because the exact com-
position of commercially available cigarettes is unknown and
may even vary across products of the same brand, assessing
the impact of specific constituents, such as nicotine and men-
thol, on shifts in tobacco-associated bacteria is challenging.
Research SPECTRUM cigarettes have a known and standard-
ized chemical composition, making them the ideal research
tool to study the effect of individual constituents on tobacco
bacterial communities. Our study provides a comprehensive
characterization of the bacterial communities in mentholated
and non-mentholated SPECTRUM research cigarettes with
varying amounts of nicotine.

denotes an OTU that is significantly higher in day 0 samples, while a
negative log2-fold change indicates an OTU that is significantly higher in
day 14 samples. The grey line and arrows highlight the conversion in
log2-fold change from negative to positive values

Confirming our previous studies with commercially avail-
able cigarettes (Chopyk et al. 2017a; Malayil et al. 2020),
Pseudomonas bacteria were identified in all the tested
SPECTRUM cigarettes. While Pseudomonas relative abun-
dance was not affected by increasing nicotine levels in non-
menthol cigarettes, a slight decrease in relative abundance was
found in the menthol cigarettes as nicotine levels increased.
The genus Pseudomonas comprises bacteria normally present
in the environment, as well as those that are known opportu-
nistic human pathogens, causing highly invasive diseases that
can sometimes prove to be lethal. P. aeruginosa is known to
persist for decades in individuals with cystic fibrosis, causing
chronic lung infections (Faure et al. 2018), while multi-drug
resistant P. putida is prevalent in nosocomial infections and
exhibits antibiotic resistance genes that can be transferred to
other bacteria in hospital environments (Li et al. 2010).
Multiple strains of P. putida have also been identified as nic-
otine degrading, including those found on the surface of

@ Springer



4250 Appl Microbiol Biotechnol (2021) 105:4241-4253
Nicotine concentration (mg/g)
200 0.44 0.62 1.33 1.22 2.38 2.38 5.02 518 7.74 12.44 15.54 15.42
A
> A
o
4
i ! }
D 5 |
@ 150 A .
(5] L] 0
g . (3 t g
@ ¢ ? A 5 M 3 °
‘s . H l L] ] H
* 4+ * ] f
L]
§ ﬁ . I A _ f .
00
37 1 . $ ; |
Fe ’ .
O . L]
A .
L]
.
50"
A
4 i ] 4 ; b 4
4 Iy 3 U
| ! .
i ‘ i i : :
z ' ? 1 :
[ ] 2
o 3 % \ A A
5 k . A
c (] *
g . A ;) )
% . % A .
L .
»n 2
Ll
L] L]
Mentholation
1 Menthol
-4ANonMenthol )
NRC_102  NRC_103 NRC_200  NRC_201 NRC_300 NRC_301 NRC_400  NRC_401 NRC_404  NRC_501 NRC_600  NRC_601
Products

Fig. 6 Alpha diversity analysis of menthol (green) and non-menthol
(grey) SPECTRUM cigarette products containing different nicotine con-
centrations (mg/g). Diversity was measured after combining all

tobacco leaves (Sarris et al. 2012). P. viridiflava and P. veronii
are two Pseudomonas species that were identified in our tested
menthol cigarettes. P. viridiflava has been traditionally known
as a multi-host phytopathogenic type of bacteria. Given that
tobacco is a plant product, the presence of P. viridiflava was
not unexpected. Additionally, we found that Pseudomonas
spp. are negatively correlated (p < 0.05) with high nicotine
blends of tobacco and nicotine concentrations. Nicotine-
degrading bacteria (like Pseudomonas spp. Nic22) play an
important role in reducing the harmful effects of nicotine
and simultaneously maintain the desirable taste and flavor of
the manufactured tobacco (Savini 2016). P. stutzeri, a rare
opportunistic pathogen commonly found in soil and water,
also was found in our tested products.

Our tested menthol cigarettes also harbored B. cereus
across all of the tested nicotine concentrations. Bacillus cereus
is a common non-pathogenic human gastrointestinal colonizer
(Bottone 2010). Recent studies have also shown that it can
cause pneumonia and resulting lung destruction, particularly

@ Springer

incubation conditions (fridge, room and pocket) across all-time points
together. Statistical significance between diversity indices was measured
with ANOVA and Tukey’s HSD post-hoc test

in immunocompromised patients, including a case of necro-
tizing pneumonia (Savini 2016; Krupka et al. 2019). Other
identified Bacillus species were B. clausii, B. foraminis,
B. flexus, B. coagulans, and B. hortii. Other species were also
identified in the tested products, such as Lactococcus
garvieae, an emerging zoonotic pathogen that has been asso-
ciated with endocarditis (Malek et al. 2019), as well as a case
of meningitis (Tandel et al. 2017).

Previous studies have demonstrated that Spingomonas spp.
can act as another human opportunistic pathogen (Angelakis
et al. 2009). While S. melonis can utilize nicotine as its sole
source of carbon, nitrogen, and energy, S. paucimobilis has
been associated with nosocomial infections (Ryan and Adley
2010), particularly in immunocompromised patients. In our
study, Spingomonas spp. was found to be negatively correlat-
ed with nicotine concentrations. Methylobacterium spp., an-
other Gram-negative bacteria detected in our menthol prod-
ucts, has also been associated with healthcare-associated in-
fections including systemic infections and pneumonia (Lai
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Fig. 7 Average relative abundance (+/- SE) of top eight bacterial genera with increasing nicotine concentrations at day 0 of incubation in menthol (green
circles) and non-menthol (grey triangles) cigarette products. All incubation conditions were merged

et al. 2011). Methylobacterium spp. has been isolated from
variable environments including soil, dust, and aquatic sys-
tems and has been shown to be chlorine resistant (Gray et al.
1983). Alcaligenes faecalis, another bacterial pathogen iden-
tified in the non-menthol products, has been traditionally as-
sociated with respiratory diseases in chickens. But in a 2016
case report, this bacterial species was isolated from broncho-
alveolar lavage of a dengue patient (Agarwal et al. 2016).
A. faecalis, usually a member of gastrointestinal commensals,
can sometimes cause rare infections that can prove to be fatal.
It has been shown to be the cause of pneumonia, bacteremia,
and meningitis (Mordi et al. 2013). Acinetobacter schindleri,
also identified in the tested cigarette products, is an emerging
opportunistic human pathogen which is mostly associated
with hospital acquired infections, particularly nosocomial
pneumonia. Several Acinefobacter species (A. baumannii,
A. lwoffii, A. johnsonii, A. junii) have been implicated in a
wide range of infectious diseases including meningitis, endo-
carditis, and urinary tract infections (Joly-Guillou 2005), and
some are emerging fish pathogens. A. baumannii, another
bacterial species identified in the tested cigarettes, is frequent-
ly multi-drug resistant (Dijkshoorn et al. 2007).

In summary, this study provides a detailed characterization
of'the bacterial communities residing within menthol and non-

menthol SPECTRUM cigarettes with varying levels of nico-
tine incubated over 14 days, reflecting a normal user storage
period. Our findings demonstrate that nicotine concentration
and mentholation have a significant impact on the relative
abundance of several potential bacterial pathogens present in
cigarettes. Many of these microorganisms have been shown to
cause respiratory illnesses; therefore, future work is needed to
demonstrate whether these tobacco-associated bacteria could
be transferred to users while smoking, ultimately contributing
to adverse respiratory impacts.
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