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Abstract

The most alarming aspect of the Sudanese toombak smokeless tobacco is that it contains high
levels of highly toxic tobacco-specific nitrosamines (TSNAs). Understanding the microbiology

of toombak is of relevance because TSNAs are an indirect result of microbial-mediated nitrate
reductions. We conducted shotgun metagenomic sequencing on a toombak product for which
relevant features are presented here. The microbiota was composed of over 99% Bacteria.

The most abundant taxa included Actinobacteria, specifically the genera Enteractinococcus

and Corynebacterium, while Firmicutes were represented by the family Bacillaceae and the
genus Staphylococcus. Selected gene targets were nitrate reduction and transport, antimicrobial
resistance, and other genetic transference mechanisms. Canonical nitrate reduction and transport
genes (i.e. nar) were found for Enteractinococcus and Corynebacterium while various species of
Staphylococcus exhibited a notable number of antimicrobial resistance and genetic transference
genes. The nitrate reduction activity of the microbiota in toombak is suspected to be a contributing
factor to its high levels of TSNAs. Additionally, the presence of antimicrobial resistance and
transference genes could contribute to deleterious effects on oral and gastrointestinal health of the
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end user. Overall, the high toxicity and increased incidences of cancer and oral disease of toombak
users warrants further investigation into the microbiology of toombak.

Keywords
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Introduction

One of the most harmful aspects of smokeless tobacco use is the carcinogenic compound
content. Compared to other smokeless tobacco, the Sudanese oral snuff, known as toombak,
contains the highest levels of tobacco-specific nitrosamines (TSNAs), which are considered
one of the most carcinogenic components of tobacco and are causally associated with cancer
(Idris et al. 1991). Accordingly, toombak which is found to be used in high incidence
(~47%) by males 30 years of age and older residing in rural areas of the country, has been
linked to a high incidence of oral cancer in Sudan and constitutes a serious public health risk
(Idris et al. 1995, 1998; Ahmed 2013; Sami et al. 2021).

Toombak is made of fermented leaves from the tobacco Nicotiana rustica, a species known
to hold high levels of nicotine and other minor alkaloids, direct precursors for TSNAs.
However, the generation of TSNAs is not limited by the concentration of alkaloids but rather
by the amount of nitrite generated by post-harvest microbial metabolism, increasing the
potential for high TSNA concentrations (Idris et al. 1991; Burton et al. 1994; Wahlberg and
Ringberger 1999). Hand-harvested and piled in small heaps, tobacco leaves are sun-cured
for approximately 45 days. After curing, leaves are bundled, moistened and fermented for a
few weeks at 30-45°C. The fermented leaves are then ground, placed in burlap sacks and
aged for approximately 1 year (Arbyn et al. 2007). Prior to sale, toombak tobacco is mixed
with sodium bicarbonate and placed in an airtight container for approximately 2 h (Idris et
al. 1998; Arbyn et al. 2007). The resulting toombak is an alkaline (pH 8-11) moist mixture,
with strong pungent aromas, and a wide range of nicotine content (8-102 mg g1, dry wt)
(Arbyn et al. 2007). During the growing season, nitrate from soils or fertilizers are absorbed
by tobacco plants while microbes present in the immediate and surrounding environment
become associated with those plants (Davis and Nielsen 1999). Thus, the prevailing thought
is that the combination of micro-organisms, nitrate and alkaloids in this tobacco, play a

key role in the formation of TSNA (Chattopadhyay et al. 2021; Rivera and Tyx 2021;
Vishwakarma and Verma 2021). The processing steps followed in making toombak allow
for the introduction and proliferation of micro-organisms resulting in the persistence of
numerous Viable bacterial species, as identified by culturing media plate counts (Idris et

al. 1998). Their presence can lead to active metabolism at various stages throughout the
toombak making process. For instance, during curing, moisture loss results in ruptures of
the tobacco cell membranes and the release of nitrate that becomes available for microbial
metabolism (Spiegelhalder and Fischer 1991; Idris et al. 1995; Davis and Nielsen 1999).
Consequently, respiratory nitrate reduction may initiate conversions of nitrate to nitrite,
particularly under hypoxic conditions (Nishimura et al. 2007). The nitrite byproduct is well
known to react readily with other biomolecules and could be considered cytotoxic if not
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further metabolized. Additionally, nitrite is excreted from the cell by various transporters
in some bacterial species (Moir and Wood 2001). Released nitrite can ultimately react with
tobacco alkaloids forming TSNAs (Spiegelhalder and Fischer 1991; Nishimura et al. 2007;
Rutqvist et al. 2011).

The process of toombak preparation, described by Sami et al. (2021), begins with air curing,
followed by a “natural or “compost” like fermentation’, then is milled for consistency, and
finally addition of alkaline carbonates contributes to a high level of free, or unionized
nicotine (Stanfill et al. 2011). Tobacco fermentation has only been characterized in

depth in cigar tobacco (Di Giacomo et al. 2007), but has similarities to the processing

of smokeless tobacco, including toombak. This process is characterized by microbial
successions that rapidly change the chemical and physical environment (i.e. rapid sugar
catabolism, increased temperature and pH) increasing nitrite and TSNA concentrations

(Di Giacomo et al. 2007). Early in fermentation, Firmicutes genera (i.e. Aerococcus,
Staphylococcus and Lactobacillus) predominate in the community. As temperature and pH
increase, the proliferation of Bacillus spp. is observed followed by Actinobacteria genera
(Corynebacteriumand Yanielld) becoming more prevalent as these two properties further
increase. It is assumed that toombak fermentation is a similar process. This is supported by
the finding of at least two 16S rRNA analyses that revealed the genus Corynebacterium as
the most abundant bacterial taxa in the final toombak product (Tyx et al. 2016; Sami et al.
2021).

This study presents a brief overview of a whole metagenome shotgun sequencing analysis of
both the organisms and the associated genes that may contribute to the harmful aspects of
toombak tobacco. An understanding of the metabolic processes in toombak production could
shed light on means of decreasing the levels of harmful by-products in toombak and other
tobacco products.

Results and Discussion

Taxonomic distributions

Data were submitted to IMG/M-ER to determine phylogeny, abundances and genetic
content. A presentation of the phylogenetic abundance at the highest level of taxonomy
using the built-in IMG/M-ER generated phylogenetic abundance is presented in Table

S1. The first notable aspect of this toombak metagenome is the absence of fungi, unlike
domestic US moist snuff product, where fungi achieved some prominence (Rivera et al.
2020). Fungi have been identified and studied in certain smokeless products, and have

been found to be variable in abundance likely based on conditions of fermentation (Rivera
and Tyx 2021; Vishwakarma and Verma 2021). The presence of fungi has not yet been
explored in depth in toombak, but fungi may be heavily involved in the early fermentation of
toombak, as is the case in cigar tobacco (Di Giacomo et al. 2007).

The gene copy hits in this toombak metagenome (at 30%+ protein sequence identity) were
almost entirely (>99%) attributable to Bacteria, with a nominal percentage of sequences
(0-2%) associated with Eukaryote and Archaea, while a 0-4% of the sequences observed
were viral (Table S1). Bacteria identified were mostly from the phyla Actinobacteria
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(74-7%) (top genera: Enteractinococcus, Corynebacterium, Yaniella) and Firmicutes
(19-3%) (top genera: Aerococcus, Atopostipes, Bacillus, Carnobacterium, Enterococcus,
Jeotgalicoccus, Oceanobacillus, Staphylococcus, Virgibacillus) with smaller proportions of
Proteobacteria (0-49%) (top genus: Pseudomonas).

A more in-depth characterization of the bacteria in the sample is presented, based

on gene copy abundances of scaffolds with the RNA polymerase B-subunit (7p0B)
housekeeping gene (Fig. 1). In the phylum Actinobacteria, the most abundant genera
included Enteractinococcus at 65-8% relative abundance, Corynebacterium 22-5%, and the
family Micrococcaceae (other than the genus Enteractinococcus) 2-05% (Table 1). In the
phylum Firmicutes, the family Bacillaceae members were identified at 1-95% abundance,
and the genera Staphylococcus 1-92%, Atopostipes 1-89% and Virgibacillus 1-05% were
also found in relative abundance greater than 1% (Table 1). It should be noted that some taxa
using the rpoB gene results could not be identified to the genus level, and are annotated at a
higher level (i.e. Family or Order).

It should be noted that this particular sample was previously characterized by our

laboratory using 16S rRNA gene amplicon sequencing (Tyx et al. 2016). That study

showed that the family Corynebacteriaceae as the highest in abundance, with Aerococcaceae
as the second and Yaniellaceae as the third most abundant. In the present study, we
identified Micrococcaceae as the most abundant, followed by Corynebacteriaceae and
Bacillaceae. Although results for both studies should be considered semi-quantitative,
reported differences in the studies may be explained below.

Differences in apparent abundances in different studies may be resulting from one or more
of a variety of explanations. The amplification and sequencing of a short part of the 16S
rRNA gene result in some taxa being unable to be distinguished from each other at the
genus or family level. This results in some groups’ lower levels of taxonomy being clustered
together at a higher level of taxonomy. There is amplification bias that is due to the nature
of 16S amplicon sequencing, which uses PCR prior to going into the sequencing library
preparation steps (Wu et al. 2010). Some sequences are more likely to amplify based on
primers being used. Additionally, there may be bias in the shotgun metagenome that is
quite different from 16S. Because the shotgun metagenome results presented here are based
on the rpoB gene and the abundance assigned to the particular scaffolds that contained

that gene, there could be additional bias introduced based on the conservation and ease of
assembly of the genes around rpoB gene in the various species found in toombak. Database
discrepancies and ongoing changes to taxonomic names provide for further inconsistencies.
Another obvious difference between these studies is the taxa being called with Greengenes
in the older 16S study, where Yaniella genus is attributed to Yaniellaceae Family, while in
the current IMG/M-ER’s taxonomy system, Yaniella falls under the family Micrococcaeae.

Several studies have recently reviewed the presence of microbes in smokeless tobacco
products (Chattopadhyay et al. 2021; Rivera and Tyx 2021; Vishwakarma and Verma 2021).
Of note is a recently published article that presented the results of several toombak samples
that included samples from different regions (Sami et al. 2021). This study used 16S (V3—
V4) rRNA gene amplicon sequencing, highlighting similar results to prior 16S studies
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that included toombak (e.g. high relative abundances of Corynebacterium, Atopostipes,
Yaniella, etc.). The species present in toombak have mostly been identified previously in
similar tobacco products, but one notable difference is that the toombak microbiomes appear
to be heavily laden with genera and clades of species that are known to reduce nitrate
(Corynebacterium spp., Enteractinococcus and Staphylococcus spp.) (Collins 1987; Place
et al. 2002; Bernard et al. 2010; Cao et al. 2012). Some of these species or genera have

been identified as being associated with increased TSNAs in smokeless tobacco (Law et

al. 2016). In contrast, many other smokeless products, such as in US moist snuff tend

to have the dominant genera associated with fermentation such as Marinilactibacillus and
Tetragenococcus, that are not known to reduce nitrate to nitrite (Rivera et al. 2020; Tyx et al.
2020; Rivera and Tyx 2021).

To validate genus and species identifications observed in IMG/M, we used read mapping

of the trimmed reads to annotated genes. The recombinase gene, recG, a conserved

bacterial housekeeping gene (Wen et al. 2005), was used to verify the presence of
representative species of abundant genera. Several species in the genera Corynebacterium
(C. ammoniagenes, C. casel, and C. stationis) and Staphylococcus (S. xylosus, S. equorum,
and S. succinus), as well as a few others previously identified in smokeless tobacco products
(e.g. Atopostipes, Brachybacterium) (Rivera and Tyx 2021; Vishwakarma and Verma 2021),
were investigated and affirmed to be present (Table 2).

Nitrogen utilization genes

Bacterial pathways that catalyse nitrate reduction to nitrite may be key in the formation

of TSNAs in smokeless tobacco (Wahlberg and Ringberger 1999; Fisher et al. 2012; Tyx
et al. 2016; Rivera and Tyx 2021). The canonical genes associated with this process

are nitrate reductases, especially the dissimilatory nitrate reductase, encoded by the nar
genes (narGHJI) (Gonzalez et al. 2006). A clade of three closely related Corynebacterium
species (C. stationis, C. ammoniagenes and C. casei) that were found to be prominent

in both fermented cigar tobacco (Di Giacomo et al. 2007) and this African toombak
sample, are known dissimilatory nitrate reducers (Bernard et al. 2010; Sami et al. 2021).
These species contain an incomplete denitrification pathway, where nitrite is not further
reduced, potentially resulting in its incorporation into TSNAs (Law et al. 2016). We used
read-mapping of sequences to a reference gene, recG, to confirm the presence of these
species in the toombak sample, and then used read-mapping to the narG genes to confirm
the presence of nitrate reductase (narG) and the nitrite-exporting transporter (narK) (Table
2). These genes from the most abundant genus, Enteractinococcus, were confirmed to be
present (Table 2).

The genus Corynebacterium, presumed to predominate in late-stage fermentation, can
tolerate elevated temperatures, pH, and salt content. In facilities that make toombak, the
pungent aroma present is described as a suffocatingly strong ammonia smell (G.S. Zaatari,
private communication). This observation could be in part due to the presence of ammonia-
generating bacteria such as C. ammoniagenes, which is so named because it has urease
activity, resulting in the metabolism of urea to ammonia (Collins 1987).
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The third most prominent genus in toombak was found to be Staphylococcus. We confirmed
the presence of narG from Staphylococcus species (likely S. xylosus and/or S. equorum).
The narK gene for the nitrate/nitrite transporter in the genomes of these two Staphylococcus
species is also referred to as a narK’homolog and referred to as nar7in the KEGG Orthology
terms (nar7= K10850, narK = K02575). In COG orthology terms, these transporters are
both classified similarly into COG2223. These species also harbour a nitrite reductase gene
(nirB) that allows for nitrite to be further metabolized to ammonia and subsequently utilized
in assimilatory pathways (Neubauer et al. 1999). The presence of nirB in these species was
also confirmed using read mapping (Table 2).

An ongoing generation of nitrite by species found in toombak products, especially those
that contain incomplete denitrification pathways (containing nitrate reductase but not nitrite
reductase), may result in the high levels of TSNASs seen in these products (up to 1 mg g~2
of product of total TSNASs) (Stanfill et al. 2011). Levels of TSNAs in toombak are much
higher when compared with other smokeless tobacco products. The level of NNK in one
toombak product, for example, was found to be more than 50 times higher than maximum
concentrations found in any US moist snuff products measured in that study (Stanfill et al.
2011). Native flora that reduce nitrate may also potentially contribute to formation of nitrite
in the oral cavity, due to the excess of nitrate provided during smokeless use (Welch et al.
2016).

Other genetic features

The data set was analysed for antimicrobial resistance and mobile genetic elements the
CARD and ICEBERG databases, respectively (Table S2) (Bi et al. 2012; McArthur et
al. 2013). From the ICEBERG results, only a single mobile element was identified in
abundance, an integrating conjugative element ICE6013 (identified in Staphylococcus
aureus), with 18-7-fold coverage and 76-6% of the sequence covered (Table S2). More
antimicrobial resistance genes were found using the COG hits in IMG. This data is
summarized in Table S3.

Limitations of the study

Toombak snuff is a cottage industry product and as such it does not share the same
manufacturing practices as other smokeless tobaccos. Although the ageing or fermentation
steps are similar to other moist snuff products, there are dissimilarities to other smokeless
tobacco products. For instance, products are not generally created in large lots but rather

by individuals in smaller batches, thus making access and sampling challenging. Hence, the
study holds some limitations that the authors wish to highlight.

The study presents data from a single toombak snuff product. However, the data presented
here provide foundational knowledge of the microbiota of toombak tobacco products and
a publicly accessible, rich data set for further investigation of microbial presence and
associated metabolic pathways in toombak. This allows for in-depth comparisons to other
smokeless tobacco products, in terms of microbial genetic capacities that may reflect their
chemical constituent aspects.
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Short sequence shotgun metagenomics may be associated with potential pitfalls, such as
accurate classification of sequences to particular genera or species. Classification of a
sequence is highly dependent on having a thorough database. This may be particularly
problematic for international tobacco and other environmental samples, as these types of
samples tend to be much less studied compared to clinical or human-associated samples.

Additionally, although we present results for the identification of specific genes, the
presence of these genes does not necessarily indicate expression or function in a sample.
Hence, we suggest gene expression profiling warrants further research to investigate
metabolic capacities of the species present in these types of products.

The question of what taxa are specifically associated with TSNA formation in smokeless
tobacco in general remains a knowledge gap in the literature. Law et al. (2016) presented

a study that potentially addressed some portion of this gap, although the products analysed
were all created in a laboratory rather than commercial products. Discerning the microbial
processes taking place during smokeless tobacco production could facilitate a better
understanding of how nitrite levels and subsequent TSNA production occurs. Identifying and
targeting the presence and activity of the micro-organisms that contribute to the formation
of those compounds in tobacco products could be beneficial in reducing harmful exposures.
The potential to reduce or displace species with the capability of forming and exporting
nitrite may be a worthwhile avenue to explore, in decreasing the levels of nitrosamines in
toombak and other smokeless tobacco products.

Materials and Methods

Metagenomic analysis was performed on a single toombak product-type previously analysed
in an initial 16S rRNA study in our laboratory (Tyx et al. 2016). Ghazi Zaatari, M.D.
(American University of Beirut; Beirut, Lebanon) obtained the Sudanese toombak sample
from a store in Khartoum, Sudan. The sample was shipped for analysis to the Tobacco
Products Laboratory at the Centers for Disease Control and Prevention (Atlanta, GA).
Immediately upon receipt, the sample was catalogued and stored at —20°C for later use.

DNA extraction

Sample DNA extraction, library preparation and shotgun sequencing of the metagenome
were completed as described by Tyx and colleagues (Rivera et al. 2020; Tyx et al. 2020).
DNA was sheared to approximately 400 base pair (bp) fragments and libraries prepared
using a TruSeq® Nano DNA LS Sample Preparation kit (Illumina, Inc., San Diego, CA),
and nucleic acid quantified using a fluorometer (Qubit® 2.0, Life Technologies, Carlsbad,
CA). Insert size and quality was determined by DNA High Sensitivity assay chip on a 2100
Bioanalyzer (Agilent Technologies; Waldbornn, Germany).

Sequencing and processing

Sequencing was performed using an lllumina MiSeq with 2 x 300 V3 sequencing kit. A
total of 34 247 581 read pairs were generated before filtering. Sequence data processing
is also previously described by Tyx et al. (2020). Read processing was performed using
the bbduk.sh script (https://sourceforge.net/projects/bbmap/) to remove sequence adapters
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and phiX phage control sequences. Quality filtering was adjusted for a minimum insert
size of 60 bp and otherwise default parameters were used with SICKLE ver. 1.33 (Joshi
and Fass 2011). A total of 33 849 942 read pairs remained after quality filtering, with an
average GC content of 52%. SPAdes META ver. 3.10 was used for final assemblies which
consisted of 96 735 293 bases assembled into 67 562 contigs on 67 218 scaffolds with a
N50 of 5597 bp and a max. contig size of 367 844 bp (Nurk et al. 2017). The GC content
of the assembly was 44-7%. Sequencing reads were mapped to the assembly, resulting in
an average fold coverage of 165-69x%. Mapping of the assembly and reference genes to the
trimmed sequencing reads was performed using the BBMAP.sh script (ver. 38.44), using
default parameters.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance and Impact of the Study:

A great deal of morbidity and mortality in Sudan is attributed to toombak due to
carcinogenicity associated with the abundance of tobacco-specific nitrosamines (TSNAS).
TSNAs are formed through a reaction of alkaloids, such as nicotine, and nitrite. Nitrite

is a product of microbial metabolic processes. We used shotgun metagenome sequencing
to identify microbial populations and the genetic content of a representative toombak
sample. A better understanding of the microbial communities in toombak may be
beneficial in development of mitigation or regulatory strategies targeting a reduction

or elimination of microbes resulting in products with a potential for reduced harm.
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Figurel.
Prevalent bacterial taxa. (W) Enteractinococcus, (B) Corynebacterium, (M) Other

Micrococcaceae ( Yaniella); (=) Other Bacillaceae (Oceanobacillus Bacillus); (M)
Staphylococcus,; (R) Atopostipes; (R) Virgibacillus; (1) Oceanobacillus; ()
Lactobacillales (Unable to classify further); (" ) unclassified.
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Table 2

Read mapping genes of interest to reference species

Bacterial Species recG narG narK nirB
Actinobacteria
Brachybacterium * 142 776 285 388
Corynebacterium 875 1071 798 -
Enteractinococcus 361 1427 408 -
Firmicutes
Aerococcus”™ 258 - - -
Atopostipes 847 - - -
Staphylococcus 198 199 752 151
Virgibacillus 395 776 O -

Page 14

*
Brachybacterium genus represented by B. faecium 6-10 DSM4810; Corynebacteriumby C. ammoniagenes, Enteractinococcusby E. helveticum

UASW1574.

fA erococcus genus represented by A. viridans, Atopostipesby A. suicloacalis DSM15692; Staphylococcusby S. xylosus, Virgibacillusby V. sp.

SKa37.
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