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Bacterial community structure 
associated with smokeless 
tobacco reference products 
under different storage 
conditions and durations
Shuang Liu †, Isaac V. Greenhut  and Luke A. Moe *

Department of Plant and Soil Sciences, University of Kentucky, Lexington, KY, United States

The microbiology of smokeless tobacco products (STPs), such as moist snuff, snus, 
and loose-leaf chewing tobacco, has recently received significant interest owing 
to the impact of microbes on product storage and safety. Tobacco leaf-associated 
microbes, as well as microbes introduced during product manufacturing, may play 
a role in formation of carcinogenic nitrosamine compounds during manufacturing 
and product spoilage upon storage. The Center for Tobacco Reference Products 
at the University of Kentucky has, since 1968, provided tobacco reference products 
for non-clinical research purposes. These products, including cigarettes, cigars, 
and STPs, are commercially produced and meant to be representative of off-
the-shelf products. Reference products provide the opportunity to enhance 
reproducibility and reduce batch-to-batch variability. In this study, the microbial 
communities of smokeless tobacco reference products 3S1 (loose-leaf chewing 
tobacco), 3S3 (moist snuff), 1S4 (Swedish-style snus), and 1S5 (American snus) 
were analyzed using culture-based and culture-independent analysis. Bacterial 
and fungal loads were assessed on three media types, and 16S rDNA amplicon 
sequencing was used to track the bacterial community structure as a function 
of time and product storage temperature. Culturable loads were consistently 
highest with moist snuff (~106–107 CFU/g) and lowest with the snus products 
(~102–103 CFU/g). Bacterial community structure varied according to product, 
with Firmicutes and Proteobacteria the primary phyla observed. At the genus level, 
the most commonly observed operational taxonomic units (OTUs) belonged to 
Tetragenococcus and Staphylococcus, but their relative abundances differed 
according to product. The moist snuff product showed the most significant shift in 
microbial community structure according to storage temperature, with an increase 
in Atopostipes, Staphylococcus, and Carnobacteriacea OTUs at room temperature 
and an increase in Lentibacillus at 37 °C. From these studies, we conclude that 
elevated storage temperatures will alter STP microbial communities but that 
storage at −20 °C is sufficient for long-term storage of the reference products.
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Introduction

Smokeless tobacco comprises a diverse range of consumer products that differ from 
combustible tobacco products based on their specific route of consumption, such as nasal 
insufflation, in the case of dry snuff, or sucking/chewing, in the case of most other smokeless 
tobacco products (STPs). In the US, moist snuff has the largest market share among STPs 
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($4.5B sales), followed by loose-leaf chewing tobacco ($204 M) and 
snus ($200 M) (1). While each of these products is produced using a 
combination of cured tobaccos, their respective manufacturing 
processes vary, resulting in markedly different product characteristics, 
including texture, water content, pH, salinity, and nicotine content (2).

Scientific inquiry into tobacco products has focused largely on its 
chemical makeup, owing in large part to the presence of harmful and 
potentially harmful constituents (HPHCs). In 2012, the US Food and 
Drug Administration published a preliminary list of 93 HPHCs 
present in tobacco products, focused on those with the most serious 
impacts to human health (3). The list contains some chemicals 
produced naturally by the tobacco plant (e.g., nicotine and related 
alkaloids) and some generated by combustion [e.g., benzo(a)pyrene], 
along with heavy metals and other contaminants (e.g., arsenic and 
lead). The HPHC list also includes several N-nitrosylated compounds, 
collectively referred to as tobacco specific nitrosamines (TSNAs), that 
are among the most potent carcinogens in tobacco products (8), 
including N-nitrosonornicotine (NNN) and 4-(Methylnitrosamino)-
1-(3-pyridyl)-1-butanone (NNK). Smokeless tobacco products have a 
significant global health burden, particularly in South and Southeast 
Asian countries, contributing to elevated instances of cancer and 
cardiovascular disease (4).

TSNAs are mostly absent in fresh tobacco leaves, but can 
accumulate during both the curing and fermentation stages of tobacco 
production (5, 6), leading to the hypothesis that formation of TSNAs 
is mediated, at least in part, by microbes. Under field conditions, 
tobacco relies heavily on applied nitrogen fertilizer and can accumulate 
nitrate in leaf tissue to low mg/g levels (7). Microbes, bacteria in 
particular, are capable of reducing nitrate to nitrite and other nitrogen 
oxide congeners which are thought to be  the nitrosating moieties 
during TSNA formation (6, 8). As such, recent research has 
increasingly focused on microbes and microbial communities 
associated with tobacco leaves and tobacco products (6, 9–15).

Since 1968, the University of Kentucky has provided reference 
tobacco products for use in non-clinical research and proficiency 
testing through the Center for Tobacco Reference Products (CTRP) 
(16). Reference products are excellent tools for studying the chemical 
and biological parameters of STPs, as they offer the ability to enhance 
reproducibility and minimize the batch-to-batch variability that can 
be observed with off-the-shelf products. These products are produced 
through cooperative agreements with commercial manufacturers, and 
are designed to be representative of standard tobacco products, but are 
not produced for human consumption. Example products include the 
well-studied 1R6F and 3R4F reference cigarettes (16, 17). The CTRP 
has more recently engaged in cooperative agreements with the US Food 
and Drug Administration to produce reference smokeless tobacco 
products, cigars, and cigarillos. The CTRP engages scientists in 
collaborative research projects investigating product chemistry, and 
work has recently begun on characterizing and potentially manipulating 
microbial communities associated with these reference products (18).

Work described herein is focused on defining microbial 
communities in CTRP smokeless tobacco reference products 3S3 (moist 
snuff), 3S1 (loose-leaf chewing tobacco), 1S4 (Swedish style snus), and 
1S5 (American snus). These products were each manufactured in one 
manufacturing run to ensure product uniformity, and are stored in 
perpetuity at −20 °C. Each of the above products remains available (as 
of August, 2025) for purchase for non-clinical research purposes 
through the CTRP website. This work seeks to establish a baseline for 

microbial communities in each of the four smokeless tobacco reference 
products, and to characterize shifts in these communities during long 
term storage or accelerated aging conditions at elevated temperatures.

Materials and methods

Sample collection and storage conditions

The four types of smokeless tobacco reference products (STRPs) 
used in this study [loose leaf chewing tobacco (3S1), moist snuff (3S3), 
Swedish style snus (1S4), and American snus (1S5)] were provided by 
the Center for Tobacco Reference Products (CTRP) of the University 
of Kentucky Martin-Gatton College of Agriculture, Food, and 
Environment. Detailed information about each products can be found 
at the CTRP website1 (06-30-2025). Each product was sampled over 1 
year in long-term storage and 30 days in accelerated-aging storage 
conditions for culture-dependent and -independent characterization 
of bacterial load and community composition.

For the long-term experiment, STRPs were stored for 12 months in 
freezer (−20 °C, FR), cold room (4 °C, CR), or room temperature (22 °C, 
RT) conditions. Samples of each STRP were collected at seven time 
points: T0, T1 (1 month storage), T2 (2 month storage), T3 (3 month 
storage), T4 (6 month storage), T5 (9 month storage), and T6 (12 month 
storage). The STRPs remained sealed in plastic bags during storage.

For the accelerated aging experiment, STRPs were stored for 
35 days at −20 °C, 22 °C, or 37 °C and sampled at T0, T1 (3 days), T2 
(7 days), T3 (14 days), T4 (21 days), T5 (28 days), and T6 (35 days). 
The STRPs remained sealed in plastic bags during storage.

Sampling and processing

At each time point, approximately 3.5 g of each STRP were 
collected in triplicate from three sealed packets, respectively. Sterile 
tweezers were used to transfer tobacco samples from their original 
packaging to sterile filter bags (InterScience, France) and 10 mL of 
sterilized washing buffer [0.85% NaCl and 0.01% Tween 20; (19)] were 
added to the filter bag per gram of sample, Samples were then 
macerated using a BagMixer (InterScience, France) at maximum 
speed for 5 min. After allowing the filter bags to set for 10 min, 5 mL 
of bag-filtered supernatant was transferred to each of five sterile tubes. 
One tube was used for microbial culture on solid medium (see below). 
The other four tubes were centrifuged at 4,000 rpm at 4 °C for 20 min. 
The supernatant was then discarded, and sediment was collected and 
stored at −20 °C for subsequent DNA extraction.

Culture-dependent microbial 
quantification

To quantify culturable bacterial loads, 100 μL of serial dilutions of 
processed samples in phosphate buffer [KH2PO4 1 g L−1 and NaCl 
5 g L−1; de (20)] were plated on acidified potato dextrose agar (APDA), 

1  https://ctrp.uky.edu/home
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Lactobacilli MRS agar (Thermo Fisher Scientific, Waltham, MA), and 
tryptic soy agar (TSA) in triplicate, respectively. Potato dextrose agar 
(PDA; Himedia Laboratories, Nashik, India) was acidified to APDA 
with 0.08% v/v lactic acid (Thermo Fisher Scientific, Waltham, MA) 
to assess fungal growth. A fungal inhibitor, 0.004% v/v cycloheximide 
(Sigma-Aldrich, St. Louis, MO), was added to MRS and 
TSA. Inoculation was performed under sterile conditions in a biosafety 
cabinet, and sterilized glass beads were used to spread the diluted cell 
suspension. Plates were incubated under aerobic conditions at 28 °C 
over 36 h for TSA plates, or 48 h for MRS and APDA plates. Following 
incubation, colonies were counted and colony-forming units (CFU) 
per gram of tobacco product was calculated.

Culture-independent bacterial community 
analysis

DNA was extracted from the above macerated samples on the 
same day as inoculation for plate counts. Extraction from loose-leaf 
chewing tobacco (3S1) and moist snuff (3S3) was performed using the 
phenol:chloroform method described by Wilson (21). This DNA 
extraction method did not work well with snus samples. Due to 
difficulties with DNA extraction from snus products using this 
method, as also noted by Tyx et al. (15), we used NucleoSpin® soil 
genomic DNA isolation kits (Macherey-Nagel, Düren, Germany) to 
extract DNA from 1S4 and 1S5 samples.

All extracted genomic DNA was purified with Genomic DNA 
Clean and Concentrator™-10 (Zymo Research, Irvine, CA) and stored 
at −20 °C. The V4 region of 16S rRNA genes was amplified using the 
dual-index paired-read PCR primers developed by Kozich et al. (22). 
Each 25 μL PCR reaction contained 21 μL of AccuPrime Pfx SuperMix 
(Invitrogen, Carlsbad, CA), 1 μL per primer (10 μM stock 
concentration), 10 ng template DNA, and PCR-grade H2O (Sigma-
Aldrich, St. Louis, MO). Touchdown thermal cycling parameters were 
as follows: an initial 2 min at 95 °C; 20 cycles of 20 s at 95 °C, 15 s at 
60–0.3 °C per cycle, and 5 min at 72 °C; 20 cycles of 20 s at 95 °C, 15 s 
at 55 °C, and 5 min at 72 °C; and a final extension of 72 °C for 10 min. 
PCR products were confirmed using 1.5% agarose gel electrophoresis. 
Samples for which PCR bands were observed were observed on an 
agarose gel were further processed. Amplicons were cleaned and 
normalized using a SequalPrep Normalization Plate Kit (Thermo 
Fisher Scientific, Waltham, MA). The normalized amplicons were 
pooled, quantified, and sequenced (2 × 250 bp) at the University of 
Kentucky Healthcare Genomics Core Facility using the Illumina MiSeq 
platform. The resulting 433 biosamples, and associated metadata, have 
been submitted to the NCBI Sequence Read Archive and number 
SRR34079958 to SRR34080390 under BioProject PRJNA1279950.

Sequence processing and data visualization

All sequencing data were processed using mothur2 version 1.43.0 
following the standard operating procedure (22).

2  http://www.mothur.org

For the long-term study, a total of 20,269,807 sequence reads were 
generated from 217 of the 228 total samples. The 11 missing samples, 
spanning 10 different treatments, are highlighted in 
Supplementary Table S1. More than 10 million (10,315,965) bacterial 
16S rRNA gene V4 region sequences were generated after SILVA-
alignment, de-noising, and removal of chimeras and other sequences 
(i.e., chloroplast, mitochondria, unknown, Archaea, Eukaryota). The 
number of sequences ranged from 1,699 to 901,954 per sample, with 
a median number of 31,805. Samples were randomly sub-sampled to 
1,699 per sample for normalization. All samples had over 98.4% 
Good’s coverage, and sequences clustered into 2,469 total OTUs at 
97% sequence identity.

For the accelerated-aging study, a total of 22,387,517 sequence 
reads were generated from 214 of the 228 total samples. The 14 
missing samples, spanning 11 different treatments, are highlighted in 
Supplementary Table S2. One sample (Swedish-style snus T6 stored at 
−20 °C) generated no usable reads. More than 10 million (11,872,507) 
bacterial 16S rRNA gene V4 region sequences were generated after 
SILVA-alignment, de-noising, and removal of chimeras and other 
sequences (chloroplast, mitochondria, unknown, Archaea, 
Eukaryota). The number of sequences ranged from 3,248 to 342,296 
per sample, with a median number of 41,229. Samples were randomly 
sub-sampled to 3,248 sequences in each sample for normalization. 
Samples had over 95.5% Good’s coverage, and sequences were 
clustered into a total of 3,478 OTUs at 97% sequence identity.

Mothur was used to analyze rarefaction curves, Inverse Simpson 
index, non-metric multidimensional scaling (NMDS) ordinations, 
and relative abundance at different taxonomic levels. Rarefaction 
curves, Inverse Simpson index, and relative abundance plots were 
visualized using Microsoft Excel v. 2016 (Microsoft Corporation, 
Redmond, WA). Analysis of Variance (ANOVA) analyses were 
performed on log CFU and Inverse Simpson indices with R version 
3.5.1. NMDS ordination plots were constructed with R version 3.5.1. 
While the rarefaction curves did not meet a plateau for all samples, 
Good’s coverage values exceeded 98.4% for all long-term samples and 
95.5% for all accelerated aging samples.

Results

Culturable bacterial loads in each STRP 
under various storage conditions

Long-term storage
To examine the effects of long-term storage temperature on 

culturable bacterial load, we sampled each product stored in freezer 
(FR, −20 °C), cold room (CR, 4 °C), or room temperature (RT, 22 °C) 
conditions at six timepoints over a 12-month study period. Differences 
were noted in the culturable load of the different types of smokeless 
tobacco products over the 1-year storage period. On TSA plates, moist 
snuff (3S3) had the highest bacterial loads (> 107 CFU/g), followed by 
loose-leaf chewing tobacco (3S1) samples (104–106 CFU/g), while the 
lowest bacterial loads were in the snus (1S5 and 1S4) samples (< 
103 CFU/g) (Supplementary Figure S1).

Colony counts on TSA medium showed that moist snuff (3S3) 
exhibited relatively little change in culturable bacterial loads over time 
(>107 CFU/g), gradually increasing from three to 6 months (T3 to T4), 
then stabilizing across storage conditions (Figure 1a). In the loose-leaf 
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chewing tobacco (3S1) samples, the number of culturable bacteria 
(104–106 CFU/g) began to decrease after 3 months of storage, most 
prominently observed in RT samples and with the least decrease in FR 
samples (Figure 1b). In American snus samples (1S5), colony counts 
showed generally low abundance (<103 CFU/g), but considerable 
variability within and among storage treatments, markedly decreasing 
at the 12 month time point in RT samples (<10 CFU/g) (Figure 1c). 
During the 1-year storage period, Swedish-style snus (1S4) also 
exhibited relatively low, but variable, loads of culturable bacteria 
(<103 CFU/g) on TSA medium, diminishing to near undetectable 
levels from 6 to 12 months under RT conditions, while samples stored 
in FR or CR conditions showed no such consistent decline (Figure 1d). 
Overall, colony counts on MRS medium showed similar trends to 
those observed on TSA medium (data not shown).

Accelerated-aging storage
To examine the effects of higher temperature on STRP culturable 

bacterial loads during short-term storage (35 days), samples of each 
product were stored at −20 °C, 22 °C, or 37 °C. Colony counts on TSA 
medium showed relatively high stability, low variation among treatment 
groups, and bacterial loads comparable to that of corresponding STRP 
samples at 1 month of long-term storage, with the highest counts 

detected in 3S3 moist snuff (Log10 CFU/g ~ 7 at 3 days), followed by 3S1 
loose leaf chewing tobacco (Log10 CFU/g ~ 6 at 3 days), 1S5 American 
snus (Log10CFU/g = 2.4 to 3.4), and 1S4 Swedish snus (Log10CFU/g = 2.3 
to 3.4 at 3 days; Supplementary Figure S2).

Bacterial community composition of STRPs

Rarefaction curves indicated that normalization at 1,699 reads was 
sufficient to capture the full diversity present in long-term storage 
samples, while 3,248 reads was adequate sampling depth for samples 
stored under accelerated aging conditions (Supplementary Figures S3–S10), 
with Good’s coverage of >98.4% for all samples.

Long-term storage
Non-metric multi-dimensional scaling (NMDS) plots of the total 

long-term storage dataset, across timepoints and products, showed 
distinct clustering of each product to varying extents, with American 
snus (1S5) and Swedish snus (1S4) samples exhibiting greater overlap 
with other sample types in their distribution, especially 3S3 moist 
snuff (Supplementary Figure S11). Analysis of phylum-level 
composition in the 16 s rDNA sequencing dataset revealed that four 

FIGURE 1

Estimated bacterial loads (Log10CFU/g) in moist snuff (3S3) (a), loose-leaf chewing tobacco (3S1) (b), American snus (1S5) (c), and Swedish-style snus 
(1S4) (d) over a 12-month storage period under freezer (−20 °C), cold room (4 °C), or room temperature conditions cultured on TSA medium. Data are 
the result of nine replicates for each data point, and bars are standard error of the mean, with *, **, and *** indicating significant differences between 
different storage conditions at each sampling point with p-values of <0.05, <0.01, and <0.001, respectively.
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phyla (Firmicutes, Proteobacteria, Actinobacteria, and Bacteroidetes) 
accounted for >98% of reads. In moist snuff (3S3) samples, Firmicutes 
(86.3%) showed the greatest enrichment in 16S sequencing data, with 
markedly fewer reads from Proteobacteria (11.5%) and Actinobacteria 
(1.1%). Loose-leaf chewing tobacco (3S1) contained roughly 
equivalent proportions of Firmicutes (43.9%) and Proteobacteria 
(41.7%), with relatively high abundance of Actinobacteria (13.2%) 
reads. Similar to enrichment observed in 3S3 samples, American snus 
(1S5) samples harbored a high proportion of Firmicutes (73.4%), with 
smaller percentages of reads from Proteobacteria (15.9%), 
Actinobacteria (7.4%), and Bacteroidetes (1.2%). Similar to other 
STRPs, Swedish-style snus (1S4) samples were dominated by 
Firmicutes (64.0%), but had a relatively high Proteobacteria (27.4%) 
and Actinobacteria (6.9%) levels (Figure 2a).

Further genus-level analysis of bacterial community composition 
indicated that the top 10 most abundant genera, including the unclassified 
category, comprised ~90% of total bacteria across each type of STRP 
(Figure  2b), with Tetragenococcus representing the most abundant 
classifiable genus in all four products. In moist snuff (3S3), Tetragenococcus 
accounted for 56.6% of OTUs, while Atopostipes was the second most 
abundant genus (4.7%), both of which belong to the Lactobacillales order 
of Firmicutes (i.e., lactic acid bacteria). In contrast, Tetragenococcus 
accounted for 33.3% of OTUs in loose-leaf chewing tobacco, 24% of 
Swedish-style snus (1S4), and 9.9% of American snus. In American snus 
and Swedish snus, Staphylococcus was the second most abundant genus, 
respectively comprising 15.6% and 7.0% of OTUs in the total reads from 
those samples. In contrast, the second and third most abundant genera in 
loose leaf chewing tobacco (3S1) were Proteobacteria, including Pantoea 

FIGURE 2

Phylum- and genus-level of long-term (a,b) and accelerated aging (c,d) taxonomic distribution of OTUs in 16 s Illumina sequencing data from moist 
snuff (3S3), American snus (1S5), Swedish-style snus (1S4), and loose-leaf chewing tobacco (3S1). Data represent a composite of all storage 
temperatures.
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(11.7%) and Pseudomonas (10.0%). Additionally, substantial amounts of 
Pantoea (5.6%) and Pseudomonas (6.0%) were detected in Swedish snus, 
although at markedly lower levels than in American snus and moist snuff.

Analysis of predominant OTUs, i.e., those > 1% relative abundance 
revealed 18, 20, 13, and 9 predominant OTUs in 1S4, 1S5, 3S1, and 3S3 
STRPs, respectively. Although 3S3 had the fewest predominant OTUs, 
together they accounted for the highest relative abundance (89.6%), 
while predominant OTUs comprised 84.7% of 1S4 communities, 
76.4% of 1S5, and 78.9% of 3S1. The 32 predominant OTUs are listed 
in Supplementary Table S3, which were from three bacterial phyla: 17 
Firmicutes, 12 Proteobacteria, and 3 Actinobacteria. The most 
abundant OTU from moist snuff (3S3) and Swedish snus (1S4) was 
OTU 1 (Tetragenococcus; Order Lactobacillales). The most abundant 
OTU of loose-leaf chewing tobacco (3S1) and American snus (1S5) 
were OTU 2 (Staphylococcus) and OTU 15 (Planococaceae_
unclassified), both Bacillales. The top 1, top 2, top 5, and top 6 OTUs 
of American snus were all unclassified at the genus level, which 
explains the majority of “unclassified” bacteria in 1S5 (Figure 2b). 
OTU 15, most abundant in 1S5, was not detected in 1S4 or 3S3, and 
occupied only 0.04% relative abundance in 3S1.

Accelerated-aging storage
Dimensionality reduction by NMDS of 16 s rDNA sequencing 

data from STRPs stored under accelerated aging conditions revealed 
high overlap among all products except loose leaf chewing tobacco, 
which largely separated into an independent cluster 
(Supplementary Figure S12). In samples stored under accelerated-
aging conditions, Firmicutes and Proteobacteria were the dominant 
phyla across all STRPs, and accounted for >90% of total bacterial 
abundance (Figure  2c). Genus level analysis of community 
composition uncovered some differences between long-term and 
accelerated aging, such as the presence of Pantoea exclusively in long-
term samples and Lentibacillus OTUs only in accelerated-aging 
samples (Figures 2b,d). To assess consistency between experiments, 
we compared community composition of 3S3 samples between long-
term storage and accelerated-aging experiments stored under the 
same conditions and for a similar duration (28 days vs. 1 month; 
accelerated aging vs. long-term storage). We found that community 
composition was comparable between experiments, most obviously 
in the high prevalence of Tetragenococcus and Atopostipes 
(Supplementary Figure S13).

Influence of storage temperature on STRP 
bacterial communities

Among the STRPs, moist snuff showed the greatest shift in 
community structure under different storage temperatures. NMDS 
analysis of 16 s rDNA sequencing data from moist snuff (3S3) samples 
organized by storage condition showed distinct clustering of RT samples, 
apart from FR and CR samples (Figure  3) Comparison of diversity 
among storage conditions by inverse Simpson index showed that RT 
samples had consistently higher diversity than either FR or CR samples 
over the 12-month storage period (Supplementary Figure S14). This 
higher diversity may be due to the presence of Atopostipes, a larger 
proportion of Staphylococcus, and a higher percentage of unclassified 
genera in RT samples compared with other conditions (Figure  4a). 
We noted that Tetragenococcus accounted for 70% of reads at baseline 

(T0), which remained consistent in CR and FR samples, but decreased 
in RT samples due to enrichment with Atopostipes (Figure  4a). 
Additionally, unclassified bacteria accounted for up to 51.2% of RT 
samples (e.g., T5, 9 months) at the genus level, among which 
Carnobacteriaceae_unclassified comprised 74.9% of such reads in T2, T3, 
T4, and T6 samples, and 50.0% of unclassified reads in T5 RT.

NMDS analysis of STRP microbial communities under 
accelerated-aging conditions showed increasingly tighter clustering 
with decreasing storage temperature (Supplementary Figure S15). 
Examining changes in diversity over time, we  found that inverse 
Simpson index of 3S3 samples exhibited relatively high stability 
through day 35 of storage at −20 °C, but markedly increased along 
with storage temperature and showed high variability at 37 °C 
(Supplementary Figure S16). Genus-level analysis of community 
composition in accelerated aging samples showed enrichment with 
Atopostipes at 22 °C, aligning well with RT long-term storage 
conditions, but exhibited greater enrichment with Lentibacillus at 
37 °C, which was absent under other conditions (Figure 4b).

Examination of loose leaf chewing tobacco (3S1) samples over the 
long-term storage period by NMDS plots showed relatively high overlap 
among treatment groups, with RT samples showing the broadest 
distribution (Supplementary Figure S17). Accordingly, inverse Simpson 
indexes showed that diversity was generally stable over the 1-year 
observation period, most obviously in FR samples, while CR and RT 
samples showed some fluctuation among individual timepoints 
(Supplementary Figure S18). This stability was also evident in phylum-
level composition (Supplementary Figure S19).

In long-term Swedish-style snus (1S4) samples, storage temperature 
did not influence bacterial community composition. Additionally, in 
American snus (1S5), we observed relatively little change in bacterial 
composition within or among storage temperature groups in either 

FIGURE 3

Nonmetric multidimensional scaling plots (NMDS) of bacterial 
communities in moist snuff (3S3) samples stored under different 
conditions under long term storage: freezer (FR), cold room (CR), 
room temperature (RT), and the initial samples (I).
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long-term or accelerated-aging studies. Notably, the majority of 16 s 
rDNA sequencing reads were unclassified at the genus level in 1S5 
samples (Supplementary Figure S20).

Discussion

The physical and chemical characteristics of STPs differ, largely 
due to differences in manufacturing process. The University of 
Kentucky CTRP publishes information on each reference product, 

with data on product chemistry, moisture content, pH, and major 
starting materials in each certificate of analysis (summarized in 
Supplementary Table S4). The microbial ecology of STPs is influenced 
by many factors, most evidently the starting material and any 
fermentation process used in manufacturing. The tobacco leaf 
microbiome is a well-studied environment, with microbial 
communities varying among tobacco varieties (23), growth location 
(24), growth stage (25), application of foliar agrochemicals (26), and 
curing parameters (6). Many, but not all, tobacco products undergo a 
fermentation process following curing. Although some information 

FIGURE 4

Genus-level bacterial OTU distribution in moist snuff (3S3) stored under −20 °C (FR), 4 °C (CR), 22 °C (RT), or 37 °C conditions over a long-term (a)—T0 
initial time point, T1-1 month (M), T2-2M, T3-3M, T4-6M, T5-9M, T6-12M—and accelerated aging (b)—T0 initial, T1-3 day (D), T2-7D, T3-14D, T4-21D, 
T5-28D, T6-35D—observation period, with * indicating p < 0.05.
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on microbial communities and their succession during fermentation 
of cigar and cigarette tobaccos is available in public databases, these 
resources generally lack information about the microbial ecology of 
STP-specific tobacco fermentation (27, 28).

To quantify culturable microbial loads in STRP samples, 
we used APDA for non-selective fungal culture, TSA for broad 
spectrum bacterial detection, and MRS to selectively enrich 
Lactobacilli. As no fungi were detected in the vast majority of 
samples, except for rare instances of one or two CFUs, we focused 
our subsequent analyses on bacterial communities as the dominant 
taxa among STRP microbiota.

Both the microbial ecology and potential for TSNA formation in 
STPs produced in the United States have been recently reviewed (8, 
29), highlighting some noteworthy consistencies and differences 
among and between products. In particular, snus products consistently 
exhibit the lowest TSNA levels among STPs, which was also true of the 
four CTRP products examined here. These low TSNA contents have 
been attributed to the use of varieties with low leaf nitrate contents, 
and heat treatment (pasteurization) to limit microbial activity in the 
final product (30). The GothiaTek® standard for producing Swedish-
style snus, introduced in the 1990s, ensures rigorous quality control 
for harm reduction (31). The low culturable bacterial loads detected 
in American and Swedish-style snus STPs in the present study are 
consistent with previous work (10, 13), and may contribute to 
difficulties in metagenomic DNA extraction and amplification in 
several of these samples, and reported elsewhere (15). Nonetheless, 
each of these snus products exhibited culturable bacterial loads of 
~103 CFU/g. In contrast, both 3S1 (loose leaf) and 3S3 (moist snuff) 
contained markedly higher culturable loads, on the order of 106–
107 CFU/g, which is comparable to loads detected by Han et al. (10) 
and Smyth et al. (13) in commercial moist snuff products.

Consistent with previous work, we  found that bacteria 
predominate in microbial communities associated with STRPs, 
primarily comprising Firmicutes and Proteobacteria, with lower 
levels of Actinobacteria and Bacteroidetes at the phylum-level (10, 
13, 15, 32). While the proportions of Firmicutes and Proteobacteria 
differ between products, some of the most abundant genera are 
prevalent in multiple products (Supplementary Table S3). For 
example, Tetragenococcus was the most commonly observed 
Firmicute, the most abundant OTU in Swedish-style snus (1S4) and 
moist snuff (3S3), as well as the third most abundant OTU in 
American snus (1S5), but was not detected in loose leaf chewing 
tobacco (3S1). Tetragenoccus has been previously identified among 
microbiota of several STPs, including various US moist snuff (10, 
15, 32) and snus (10) products. Further, a shotgun metagenome 
study of US moist snuff identified genomic contents consistent with 
Tetragenococcus halophilus (11). Members of genus Tetragenococcus 
are halophilic lactic acid bacteria most commonly associated with 
high-salt fermentations, such as soy sauce and fish sauce (33, 34), 
and have been noted to mitigate production of biogenic amines 
(which can be further nitrosated under high nitrite conditions) in 
such fermentations (35). Incidentally, Tetragenococcus is not 
described in previous studies of fresh or cured tobacco leaves (6, 25, 
36, 37). Among STP-associated Proteobacteria, the two most 
abundant OTUs belonged to genus Pantoea; class 
Enterobacteriaceae. In contrast to Tetragenococcus, Pantoea are 
well-known residents of the fresh and cured tobacco phyllosphere 
(6, 24, 25, 36, 37).

Product stability during long-term storage is an important feature 
for tobacco reference products, as they are stored at −20 °C prior to 
use, e.g., in proficiency studies. Ji et  al. (38) found that 3 years of 
storage at −20 °C exerted no significant effects on the major chemical 
constituents in the 1R6F CTRP reference cigarette. In accord with that 
stability, we observed little change in culturable load or microbial 
community structure of CTRP STPs during long-term storage at 
−20 °C. Djordjevic et al. (39) reported notable increases in nitrites and 
TSNAs in moist snuff after 4 weeks under elevated storage 
temperatures (i.e., room temperature or 37 °C), suggesting that 
product-associated microbes may influence long-term stability. 
Exploring this possibility, we examined both long-term and short-
term shifts in microbial communities at elevated temperatures.

Three of the four products (3S1, 1S4, 1S5) had a lower culturable 
load after long-term storage at room temperature, which may be due to 
a loss of moisture content, as this has been shown to alter microbial 
populations in STPs (40). In contrast, 3S3 (moist snuff) retained a similar 
culturable load over the course of long-term storage and exhibited an 
increase in community diversity over time. This product also showed the 
most significant changes in microbial community structure in both long-
term and accelerated aging experiments. Frozen and cold room samples 
exhibited negligible shifts in community structure in both experiments, 
although 3S3 stored at room temperature/22 °C showed trends that were 
consistent between experiments. Specifically, Atopostipes, Staphylococcus, 
and Carnobacteriaceae_unclassified OTUs all increased at room 
temperature, while Lentibacillus increased dramatically in samples stored 
at 37 °C. Members of Atopostipes and Lentibacillus, as well as family 
Carnobacteriaceae, have been previously identified in tobacco products 
(32, 41–43).

It is unlikely that these taxa originated from the tobacco 
phyllosphere, as each has been shown to grow in food fermentations, 
such as Staphylococcus in soy sauce fermentation (44), Atopostipes in 
fermented Icelandic hakarl (45), Carnobacteriaceae in Indian pork fat 
fermentation (46), and Lentibacillus in fermented Thai fish sauce (47), 
among others. Despite their taxonomic signature appearing in several 
metagenomic studies, relatively little is known about Atopostipes, aside 
from one characterized species isolated from a manure pit (48). In 
contrast, as a common skin commensal that contributes to skin 
infections (e.g., S. aureus), Staphylococcus is among the most well-
studied bacterial genera (50). Regarding STPs, Stanfill et  al. (8) 
suggested that the propensity for nitrate reduction among 
staphylococci may be potentially problematic for TSNA formation. 
The Carnobacteriacea family (order Lactobacillales), i.e., lactic acid 
bacteria, is considerably more cosmopolitan, and highly abundant in 
food fermentations (49).

Difficulties were encountered in this study while working with 
snus samples, as has been noted in previous work (15). This includes 
highly variable CFU counts from 1S4 (Supplementary Figure S1B) and 
difficulties with DNA extraction, which led to the use of a different 
DNA extraction method for both of the snus STRPs. While the use of 
different DNA extraction methods has the potential to introduce bias, 
it should be noted that the microbial communities for each STRP are 
consistent with those found in published work using commercial 
products (10, 13, 15, 32).

In conclusion, the STRPs examined here exhibit microbial 
communities consistent with previously studied smokeless products, 
with higher culturable loads found in the moist snuff and chewing 
tobacco products. These communities likely arise from populations in 
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the plant phyllosphere combined with founders introduced during 
postharvest product manufacturing, with those taxa showing increased 
abundance along with storage temperature representing likely selection 
by the manufacturing and/or fermentation processes. Further, STRP 
storage conditions have different effects on their associated microbial 
communities, with storage at −20 °C conferring sufficient stability to 
maintain reference product microbial communities, and therefore 
chemical characteristics, over the long term.

Data availability statement

The datasets presented in this study can be  found in online 
repositories. The names of the repository/repositories and accession 
number(s) can be found in the article/Supplementary material.

Author contributions

SL: Writing – review & editing, Methodology, Formal analysis, 
Data curation, Investigation, Writing  – original draft. IG: 
Methodology, Writing – original draft, Formal analysis, Investigation, 
Conceptualization, Writing – review & editing. LM: Writing – review 
& editing, Supervision, Writing – original draft, Conceptualization, 
Funding acquisition, Project administration.

Funding

The author(s) declare that financial support was received for the 
research and/or publication of this article. This work was supported 
by the US Food and Drug Administration (grant UC2FD005671).

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board member 
of Frontiers, at the time of submission. This had no impact on the peer 
review process and the final decision.

Generative AI statement

The authors declare that no Gen AI was used in the creation of 
this manuscript.

Any alternative text (alt text) provided alongside figures in this 
article has been generated by Frontiers with the support of artificial 
intelligence and reasonable efforts have been made to ensure accuracy, 
including review by the authors wherever possible. If you identify any 
issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

Author disclaimer

The views expressed in written materials or publications and by 
speakers and moderators do not necessarily reflect the official policies 
of the Department of Health and Human Services nor does any 
mention of trade names, commercial practices, or organization imply 
endorsement by the United States Government.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fpubh.2025.1693267/
full#supplementary-material

References
	1.	US Federal Trade Commission Smokeless Tobacco Report (2022)

	2.	McAdam KG, Kimpton H, Faizi A, Porter A, Rodu B. The composition of 
contemporary American and Swedish smokeless tobacco products. BMC Chem. (2019) 
13:1–15. doi: 10.1186/s13065-019-0548-0

	3.	FDA, US Federal Register (2012), Vol. 77., No. 64, Docket No. FDA-2012-N-0143

	4.	Siddiqi K, Husain S, Vidyasagaran A, Readshaw A, Pervin Mishu M, Sheikh A. 
Global burdern of disease due to smokeless tobacco consumption in adults: an updated 
analysis of data from 127 countries. BMC Med. (2020) 18:222. doi: 
10.1186/s12916-020-01677-9

	5.	Jack A, Bush L, Bailey A (2015) TSNAs in burley and dark tobacco. Burley and dark 
tobacco production guide. Available online at: http://www2.ca.uky.edu/agc/pubs/id/
id160/id160.pdf (Accessed October 19, 2025).

	6.	Law AD, Fisher C, Jack A, Moe LA. Tobacco, microbes, and carcinogens: 
correlation between tobacco cure conditions, tobacco-specific nitrosamine content, 
and cured leaf microbial community. Microb Ecol. (2016) 72:120–9. doi: 
10.1007/s00248-016-0754-4

	7.	Burton HR, Dye NK, Bush LP. Distribution of tobacco constituents in tobacco leaf 
tissue. 1. Tobacco-specific nitrosamines, nitrate, nitrite, and alkaloids. J Agric Food 
Chem. (1992) 40:1050–5. doi: 10.1021/jf00018a028

	8.	Stanfill SB, Hecht SS, Joerger AC, González PJ, Maia LB, Rivas MG, et al. From 
cultivation to cancer: formation of N-nitrosamines and other carcinogens in smokeless 
tobacco and their mutagenic implications. Crit Rev Toxicol. (2023) 53:658–701. doi: 
10.1080/10408444.2023.2264327

	9.	Chopyk J, Chattopadhyay S, Kulkarni P, Smyth EM, Hittle LE, Paulson JN, et al. 
Temporal variations in cigarette tobacco bacterial community composition and tobacco-
specific nitrosamine content are influenced by brand and storage conditions. Front 
Microbiol. (2017) 8:358. doi: 10.3389/fmicb.2017.00358

	10.	Han J, Sanad YM, Deck J, Sutherland JB, Li Z, Walters MJ, et al. Bacterial 
populations associated with smokeless tobacco products. Appl Environ Microbiol. (2016) 
82:6273–83. doi: 10.1128/AEM.01612-16

	11.	Rivera AJ, Tyx RE, Keong LM, Stanfill SB, Watson CH. Microbial communities and 
gene contributions in smokeless tobacco products. Appl Microbiol Biotechnol. (2020) 
104:10613–29. doi: 10.1007/s00253-020-10999-w

	12.	Sajid M, Srivastava S, Kumar A, Kumar A, Singh H, Bharadwaj M. Bacteriome of 
moist smokeless tobacco products consumed in India with emphasis on the predictive 
functional potential. Front Microbiol. (2021) 12:784841. doi: 10.3389/fmicb.2021.784841

	13.	Smyth EM, Kulkarni P, Claye E, Stanfill S, Tyx R, Maddox C, et al. Smokeless 
tobacco products harbor diverse bacterial microbiota that differ across products and 
brands. Appl Microbiol Biotechnol. (2017) 101:5391–403. doi: 10.1007/s00253-017-8282-9

https://doi.org/10.3389/fpubh.2025.1693267
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fpubh.2025.1693267/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpubh.2025.1693267/full#supplementary-material
https://doi.org/10.1186/s13065-019-0548-0
https://doi.org/10.1186/s12916-020-01677-9
http://www2.ca.uky.edu/agc/pubs/id/id160/id160.pdf
http://www2.ca.uky.edu/agc/pubs/id/id160/id160.pdf
https://doi.org/10.1007/s00248-016-0754-4
https://doi.org/10.1021/jf00018a028
https://doi.org/10.1080/10408444.2023.2264327
https://doi.org/10.3389/fmicb.2017.00358
https://doi.org/10.1128/AEM.01612-16
https://doi.org/10.1007/s00253-020-10999-w
https://doi.org/10.3389/fmicb.2021.784841
https://doi.org/10.1007/s00253-017-8282-9


Liu et al.� 10.3389/fpubh.2025.1693267

Frontiers in Public Health 10 frontiersin.org

	14.	Srivastava S, Sajid M, Singh H, Bharadwaj M. Delineating the bacteriome of 
packaged and loose smokeless tobacco products available in North India. Appl Microbiol 
Biotechnol. (2022) 106:4129–44. doi: 10.1007/s00253-022-11979-y

	15.	Tyx RE, Stanfill SB, Keong LM, Rivera AJ, Satten GA, Watson CH. Characterization 
of bacterial communities in selected smokeless tobacco products using 16S rDNA 
analysis. PLoS One. (2016) 11:e0146939. doi: 10.1371/journal.pone.0146939

	16.	Slone S, McNees CR, Craft M, Ji H, Shearer A, Shelton B, et al. Evaluation of the 
1R6F certified reference cigarette for proficiency testing of mainstream smoke 
parameters. Accred Qual Assur. (2023) 28:69–76. doi: 10.1007/s00769-023-01534-1

	17.	Jaccard G, Djoko DT, Korneliou A, Stabbert R, Belushkin M, Esposito M. 
Mainstream smoke constituents and in vitro toxicity comparative analysis of 3R4F and 
1R6F reference cigarettes. Toxicol Rep. (2019) 6:222–31. doi: 10.1016/j.toxrep.2019.02.009

	18.	Joshi S, Pham K, Moe L, McNees R. Exploring the microbial diversity and 
composition of three cigar product categories. Microb Ecol. (2024) 87:107. doi: 
10.1007/s00248-024-02425-9

	19.	Ikeda S, Kaneko T, Okubo T, Rallos LE, Eda S, Mitsui H, et al. Development of a 
bacterial cell enrichment method and its application to the community analysis in 
soybean stems. Microb Ecol. (2009) 58:703–14. doi: 10.1007/s00248-009-9566-0

	20.	de Ridder-Duine AS, Kowalchuk GA, Gunnewiek PJK, Smant W, van Veen JA, de 
Boer W. Rhizosphere bacterial community composition in natural stands of Carex 
arenaria (sand sedge) is determined by bulk soil community composition. Soil Biol 
Biochem. (2005) 37:349–57. doi: 10.1016/j.soilbio.2004.08.005

	21.	Wilson K. Preparation of genomic DNA from bacteria. Curr Protoc Mol Biol. 
(2001) 56:2–4. doi: 10.1002/0471142727.mb0204s56

	22.	Kozich JJ, Westcott SL, Baxter NT, Highlander SK, Schloss PD. Development of a 
dual-index sequencing strategy and curation pipeline for analyzing amplicon sequence 
data on the MiSeq Illumina sequencing platform. Appl Environ Microbiol. (2013) 
79:5112–20. doi: 10.1128/AEM.01043-13

	23.	Yang L, Guo Y, Yang H, Li S, Zhang Y, Gao C, et al. Distinct microbiota assembly 
and functional patterns in disease-resistant and susceptible varieties of tobacco. Front 
Microbiol. (2024) 15:1361883. doi: 10.3389/fmicb.2024.1361883

	24.	Hu H, Liu Y, Huang Y, Zhang Z, Tang H. The leaf microbiome of tobacco plants 
across eight Chinese provinces. Microorganisms. (2022) 10:450. doi: 
10.3390/microorganisms10020450

	25.	Gao J, Uwiringiyimana E, Zhang D. Microbial composition and diversity of the 
tobacco leaf phyllosphere during plant development. Front Microbiol. (2023) 14:1199241. 
doi: 10.3389/fmicb.2023.1199241

	26.	Chen X, Wicaksono WA, Berg G, Cernava T. Bacterial communities in the plant 
phyllosphere harbour distinct responders to a broad-spectrum pesticide. Sci Total 
Environ. (2021) 751:141799. doi: 10.1016/j.scitotenv.2020.141799

	27.	Di Giacomo M, Paolino M, Silvestro D, Vigliotta G, Imperi F, Visca P, et al. 
Microbial community structure and dynamics of dark fire-cured tobacco fermentation. 
Appl Environ Microbiol. (2007) 73:825–37. doi: 10.1128/AEM.02378-06

	28.	Li J, Zhao Y, Qin Y, Shi H. Influence of microbiota and metabolites on the quality 
of tobacco during fermentation. BMC Microbiol. (2020) 20:1–15. 
doi: 10.1186/s12866-020-02035-8

	29.	Rivera AJ, Tyx RE. Microbiology of the American smokeless tobacco. Appl 
Microbiol Biotechnol. (2021) 105:4843–53. doi: 10.1007/s00253-021-11382-z

	30.	Seidenberg AB, Ayo-Yusuf OA, Rees VW. Characteristics of “American snus” and 
Swedish snus products for sale in Massachusetts, USA. Nicotine Tob Res. (2018) 
20:262–6. doi: 10.1093/ntr/ntw334

	31.	Rutqvist LE, Curvall M, Hassler T, Ringberger T, Wahlberg I. Swedish snus and the 
GothiaTek® standard. Harm Reduct J. (2011) 8:1–9. doi: 10.1186/1477-7517-8-11

	32.	Tyx RE, Rivera AJ, Satten GA, Keong LM, Kuklenyik P, Lee GE, et al. Associations 
between microbial communities and key chemical constituents in US domestic moist 
snuff. PLoS One. (2022) 17:e0267104. doi: 10.1371/journal.pone.0267104

	33.	Udomsil N, Rodtong S, Choi YJ, Hua Y, Yongsawatdigul J. Use of Tetragenococcus 
halophilus as a starter culture for flavor improvement in fish sauce fermentation. J Agric 
Food Chem. (2011) 59:8401–8. doi: 10.1021/jf201953v

	34.	Zhang L, Zhang L, Xu Y. Effects of Tetragenococcus halophilus and Candida 
versatilis on the production of aroma-active and umami-taste compounds during soy 
sauce fermentation. J Sci Food Agric. (2020) 100:2782–90. doi: 10.1002/jsfa.10310

	35.	Qi Q, Huang J, Zhou R, Jin Y, Wu C. Abating biogenic amines and improving the 
flavor profile of Cantonese soy sauce via co-culturing Tetragenococcus halophilus and 
Zygosaccharomyces rouxii. Food Microbiol. (2022) 106:104056. doi: 
10.1016/j.fm.2022.104056

	36.	Wang Z, Peng D, Fu C, Luo X, Guo S, Li L, et al. Pan-metagenome reveals the 
abiotic stress resistome of cigar tobacco phyllosphere microbiome. Front Plant Sci. 
(2023) 14:1248476. doi: 10.3389/fpls.2023.1248476

	37.	Xing L, Yang J, Jia Y, Hu X, Liu Y, Xu H, et al. Effects of ecological environment 
and host genotype on the phyllosphere bacterial communities of cigar tobacco 
(Nicotiana tabacum L.). Ecol Evol. (2021) 11:10892–903. doi: 10.1002/ece3.7861

	38.	Ji H, Fenton L, Slone S, Guan S, Wu Y. Long-term storage study of the certified 
1R6F reference cigarette. Chem Res Toxicol. (2023) 36:685–90. doi: 10.1021/acs. 
chemrestox.3c00004

	39.	Djordjevic MV, Fan J, Bush LP, Brunnemann KD, Hoffann D. Effects of storage 
conditions on levels of tobacco-specific N-nitrosamines and N-nitrosamino acids in U.S. 
moist snuff. J Agric Food Chem. (1993) 41:1790–4. doi: 10.1021/jf00034a051

	40.	Shahid M, Srivastava S, Shukla P, Yadav R, Sajid M, Kumar A, et al. Characterization 
of physiochemical parameters and their effect on microbial content of smokeless tobacco 
products marketed in North India. Indian J Med Res. (2023) 158:542–51. doi: 
10.4103/ijmr.ijmr_1467_22

	41.	Chattopadhyay S, Malayil L, Mongodin EF, Sapkota AR. A roadmap from 
unknowns to knowns: advancing our understanding of the microbiomes of commercially 
available tobacco products. Appl Microbiol Biotechnol. (2021) 105:2633–45. doi: 
10.1007/s00253-021-11183-4

	42.	Chattopadhyay S, Smyth EM, Kulkarni P, Babik KR, Reid M, Hittle LE, et al. Little cigars 
and cigarillos harbor diverse bacterial communities that differ between the tobacco and the 
wrapper. PLoS One. (2019) 14:e0211705. doi: 10.1371/journal.pone.0211705

	43.	Tyx RE, Rivera AJ, Keong LM, Stanfill S. An exploration of smokeless tobacco 
product nucleic acids: a combined metagenome and metatranscriptome analysis. Appl 
Microbiol Biotechnol. (2020) 104:751–63. doi: 10.1007/s00253-019-10232-3

	44.	Zhang W, Xiao Z, Gu Z, Deng X, Liu J, Luo X, et al. Fermentation-promoting effect 
of three salt-tolerant Staphylococcus and their co-fermentation flavor characteristics 
with Zygosaccharomyces rouxii in soy sauce brewing. Food Chem. (2024) 432:137245. 
doi: 10.1016/j.foodchem.2023.137245

	45.	Jensen S, Ólason SP, Skírnisdóttir S, Stefánsson G, Dargentolle C, Marteinsson VT. 
Unlocking the microbial diversity and the chemical changes throughout the fermentation 
process of “hákarl”. Heliyon. (2023) 9:e22127. doi: 10.1016/j.heliyon.2023.e22127

	46.	De Mandal S, Singh SS, Muthukumaran RB, Thanzami K, Kumar V, Kumar NS. 
Metagenomic analysis and the functional profiles of traditional fermented pork fat 
‘sa-um’of Northeast India. AMB Express. (2018) 8:1–11. doi: 10.1186/ 
s13568-018-0695-z

	47.	Namwong S, Tanasupawat S, Smitinont T, Visessanguan W, Kudo T, Itoh T. Isolation 
of Lentibacillus salicampi strains and Lentibacillus juripiscarius sp. nov. from fish sauce in 
Thailand. Int J Syst Evol Microbiol. (2005) 55:315–20. doi: 10.1099/ijs.0.63272-0

	48.	Cotta MA, Whitehead TR, Collins MD, Lawson PA. Atopostipes suicloacale gen. 
Nov., sp. nov., isolated from an underground swine manure storage pit. Anaerobe. (2004) 
10:191–5. doi: 10.1016/j.anaerobe.2004.04.001

	49.	Carr FJ, Chill D, Maida N. The lactic acid bacteria: a literature survey. Crit Rev 
Microbiol. (2002) 28:281–370. doi: 10.1080/1040-840291046759

	50.	Lowy FD. Staphylococcus aureus infections. N Engl J Med. (1998) 339:520–32. doi: 
10.1056/NEJM199808203390806

https://doi.org/10.3389/fpubh.2025.1693267
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://doi.org/10.1007/s00253-022-11979-y
https://doi.org/10.1371/journal.pone.0146939
https://doi.org/10.1007/s00769-023-01534-1
https://doi.org/10.1016/j.toxrep.2019.02.009
https://doi.org/10.1007/s00248-024-02425-9
https://doi.org/10.1007/s00248-009-9566-0
https://doi.org/10.1016/j.soilbio.2004.08.005
https://doi.org/10.1002/0471142727.mb0204s56
https://doi.org/10.1128/AEM.01043-13
https://doi.org/10.3389/fmicb.2024.1361883
https://doi.org/10.3390/microorganisms10020450
https://doi.org/10.3389/fmicb.2023.1199241
https://doi.org/10.1016/j.scitotenv.2020.141799
https://doi.org/10.1128/AEM.02378-06
https://doi.org/10.1186/s12866-020-02035-8
https://doi.org/10.1007/s00253-021-11382-z
https://doi.org/10.1093/ntr/ntw334
https://doi.org/10.1186/1477-7517-8-11
https://doi.org/10.1371/journal.pone.0267104
https://doi.org/10.1021/jf201953v
https://doi.org/10.1002/jsfa.10310
https://doi.org/10.1016/j.fm.2022.104056
https://doi.org/10.3389/fpls.2023.1248476
https://doi.org/10.1002/ece3.7861
https://doi.org/10.1021/acs.chemrestox.3c00004
https://doi.org/10.1021/acs.chemrestox.3c00004
https://doi.org/10.1021/jf00034a051
https://doi.org/10.4103/ijmr.ijmr_1467_22
https://doi.org/10.1007/s00253-021-11183-4
https://doi.org/10.1371/journal.pone.0211705
https://doi.org/10.1007/s00253-019-10232-3
https://doi.org/10.1016/j.foodchem.2023.137245
https://doi.org/10.1016/j.heliyon.2023.e22127
https://doi.org/10.1186/s13568-018-0695-z
https://doi.org/10.1186/s13568-018-0695-z
https://doi.org/10.1099/ijs.0.63272-0
https://doi.org/10.1016/j.anaerobe.2004.04.001
https://doi.org/10.1080/1040-840291046759
https://doi.org/10.1056/NEJM199808203390806

	Bacterial community structure associated with smokeless tobacco reference products under different storage conditions and durations
	Introduction
	Materials and methods
	Sample collection and storage conditions
	Sampling and processing
	Culture-dependent microbial quantification
	Culture-independent bacterial community analysis
	Sequence processing and data visualization

	Results
	Culturable bacterial loads in each STRP under various storage conditions
	Long-term storage
	Accelerated-aging storage
	Bacterial community composition of STRPs
	Long-term storage
	Accelerated-aging storage
	Influence of storage temperature on STRP bacterial communities

	Discussion

	References

