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ABSTRACT

Toombak is a smokeless tobacco produced from the Nicotiana rustica tobacco plant from Sudan. Pre-prepared and
ready to buy Toombak samples were analysed using mass spectrometry (heavy metals), gas and liquid chro-
matography (metabolomics), 16S rRNA metagenomic sequencing (microbiome) and Phylogenetic Investigation
of Communities by Reconstruction of Unobserved States (PICRUSt), scanning electron microscopy with energy
dispersive X-ray spectroscopy (SEM-EDX) and pH analysis.

Chromium, cobalt, and copper were high in the pre-prepared form of Toombak while iron, tobacco specific
nitrosamines (TSNAs), formaldehyde and acetaldehyde were high in both types. Firmicutes and Actinobacteria
dominated Toombak. Samples of ready to buy Toombak showed inter-variational differences depending on place
of purchase. We found Virgibacillus were increased in the pre-prepared form while Corynebacterium casei, Ato-
pococus tabaci, Atopostipes suicloacalis, Oceanobacillus chironomi and Staphylococcus gallinarum were the most
abundant species in the ready to buy forms. PICRUSt analysis highlighted increased activity of metal transport
systems in the ready to buy samples as well as an antibiotic transport system. SEM-EDX highlighted large non-
homogenous, irregular particles with increased sodium, while pH of samples was in the alkaline range.

The final composition of Toombak is affected by its method of preparation and the end product has the po-
tential to impart many negative consequences on the health of its users. TSNA levels observed in Toombak were
some of the highest in the world while the micro-environment of Toombak supports a distinct microbiota profile.

1. Introduction

Smokeless tobacco refers to the use of unburnt or pyrolysis free to-
bacco, differing around the world in tobacco plant source, nicotine
content and additives. Products are often applied orally (chewed,
sucked, or placed passively to the gingivae) and include forms such as
chewing tobacco, moist forms, dry snuff, and snus, while fine powdered
types are administered nasally. It is thought that more than 300 million
people use a form of smokeless tobacco worldwide, in over 70 countries
that include Southeast Asia, many regions of Africa, the Middle East,
Europe (Scandinavian countries), the Americas and Russia [1]. In Sudan,
there are an estimated 4-10 million users of Toombak; a moist smokeless
tobacco used primarily by males. Idris et al. (1998) concluded that 60 %
of Sudanese households contain at least one family member with

Toombak use, while it has been estimated that Toombak prevalence of
use amongst adolescents, young adults and those above 60 years of age
is; 34 %, 32 % and 47 % respectively [2].

Toombak is produced from the Solanaceae species, Nicotiana rustica,
a plant with characteristic yellow flowers, that contains up to nine times
more nicotine compared to Nicotiana tabacum, that is more widely uti-
lised in the production of tobacco products worldwide [3]. Nicotiana
rustica is also used to make smokeless tobacco products in Turkey (Maras
powder) [4], South America (Rapé) [5], Vietnam (Thubc 120) and Russia
(Makhorka). Plantation begins around November in western Sudan,
leaves are cultivated from February to March, and air curing occurs
during April and May. During this latter stage, temperatures can reach
45 °C-60 °C. Leaves change from yellow to brown in a process of natural
or ‘compost’ like fermentation and the Toombak is then further prepared
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by milling to non-homogenous particles.

Toombak production is finalised by the addition of alkaline car-
bonates, flavourings, and other additives. Sodium bicarbonate is
commonly incorporated to the final mix in order to improve taste and
promote effective nicotine absorption into the bloodstream. There are
limited regulatory laws for Toombak production and sale and so it is
highly likely that it is contaminated by human, animal, soil, and other
environmental factors, which have not been fully reported.

Toombak is sold in polythene bags (Fig. 1A), is a dark brown colour
with a moist coarse consistency and has a distinct pungent aroma
(Fig. 1B). A regular Toombak user would place approximately 6—10 g of
a dip of Toombak in various areas of the oral cavity but mainly the upper
or lower mucolabial folds and gingivobuccal sulci (Figs. 1C and 1D) as
well as the floor of the mouth. The dip is often replaced around 10-15
times per day, usually when the nicotine effect becomes bland, and it
may also be retained during sleep [6].

Smokeless tobacco use including Toombak has been attributed to
cardiovascular disease, male infertility, psychological disturbances,
periodontal disease, premalignant lesions and oral, oro-pharyngeal,
oesophageal and numerous other cancers [7-9]. 81% of oral cancers
in Sudan are thought to occur amongst Toombak users and present at the
site of Toombak placement [10]. In fact, in a recent systematic review it
was reported that Sudan has the second highest oral cancer incidence in
the Middle East, primarily attributed to Toombak use [11].

Current knowledge is lacking as to why the properties of Toombak
adversely affect human health. This study was undertaken to better
understand the physical, biological and chemical properties of Toom-
bak, including its microbial-ecological niche and how these findings
may reflect on its final composition and users health.

2. Methods
2.1. Sample collection

Two types of Toombak were collected; pre-prepared and ready to
buy samples. SO1 was sourced from Darfur, western Sudan, just after
completion of the fermentation process in order to evaluate the
smokeless tobacco prior to the preparatory stages. Twenty samples of
ready to buy Toombak (S2-S21), were then collected from different
vendors of Toombak sale; S2-S11 from Khartoum North and S$12-S21
from Omdurman located in the capital Khartoum, Sudan. These were
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chosen to represent common points of Toombak purchase in these two
cities.

Ready to buy samples were initially stored in a similar fashion to how
Toombak users would store their product, at room temperature in
airtight polythene bags. Samples were then shipped to Cork, Ireland, less
than one week after sample collection and refrigerated, to prevent any
changes to the product. The pre-prepared form was also refrigerated.

2.2. Heavy metals

Analysis of nine heavy metals/major cations (mg/kg) was performed
on two of the 21 samples; the pre-prepared and a ready to buy sample of
Toombak by ALS Life Sciences Ltd, (ALS Czech Republic). Samples were
homogenized and mineralized by acids and hydrogen peroxide prior to
analysis. Arsenic, cadmium, chromium, cobalt, copper, lead and nickel
were analysed using mass spectrometry with inductively coupled
plasma. Iron analysis followed the same protocol although atomic
emission spectrometry was used while mercury was determined by
atomic absorption spectrometry.

2.3. Metabolomics

Metabolomic analysis was performed on all samples of Toombak by
MS-OMICS (Vedbaek, Denmark). Samples were extracted by shaking (2
rpm/sec) for one hour in 100 mM ammonium acetate buffer. For quality
control, a mixed pooled sample was prepared by taking a small aliquot
from each sample. This sample was analysed at regular intervals
throughout the sequence. Matrix effects were tested for quantified
compounds by spiking the quality control sample at a minimum of two
levels. The volatile organic compound method is a gas chromatography
— mass spectrometry method targeted to volatile compounds using a
low-mid polarity column. Urethane and N-nitrosodimethylamine were
analysed without derivatization by adding methyl tert-butyl ether
(MTBE) to the samples and injecting the organic phase to the
instrument.

Formaldehyde and acetaldehyde required derivatization which was
performed using a protocol similar to the one described by Bao et al.
(DOI: 10.2478/cttr-2014—0017) [12]. The raw gas chromatography —
mass spectrometry data were processed by software developed by
MS-OMICS and collaborators which use a powerful PARAFAC2 model.

For liquid chromatography metabolites, samples were diluted ten

Fig. 1. A: the smokeless tobacco, Toombak locally known as ‘sultan alkeef’ in Sudan is sold in common polythene bags from local vendors around the country. B:
Toombak is of a brown coarse structure ranging from finely ground to macro-sized particles. C: a user placing the Toombak dip in the upper and D: the lower

mucolabial folds.

1499



A. Sami et al.

times in eluent A prior to analysis. The data were analysed using both a
targeted and an untargeted approach. The targeted approach was used
to extract the response of compounds included in a standard list covering
85 compounds. For the untargeted approach, feature extraction was
conducted using mzMine, an open-source software for mass spectrom-
etry data processing.

Levels of the heavy metals arsenic, cadmium, chromium, lead,
mercury and nickel as well as formaldehyde, acetaldehyde, and the to-
bacco specific nitrosamines (TSNAs) in Toombak were compared with
the GothiaTek standard for Swedish snus and chewing tobacco pro-
duction adopted by the members of the trade organisation, European
Smokeless Tobacco Council (ESTOC) and is the regulatory
manufacturing standard for the production of Swedish snus and chewing
tobacco [13]. The GothiaTek standard ensures the levels of constituents
in smokeless tobacco are present in amounts that do not pose harm to the
user [14]. Where the components in Toombak could not be compared
with this standard, they were compared with other findings in the
literature.

2.4. Microbiome

Thirteen samples were analysed by metagenomic sequencing for
microbiome composition. These were S01, the pre-prepared form, and
the ready to buy samples; S2—11, from Khartoum North and S12 -S13
from Omdurman.

2.4.1. DNA extraction

Toombak samples and a positive and negative control, were sub-
jected to the DNA extraction protocol provided by the manufacturer of
the DNeasy Powersoil Kit (Qiagen, Hilden, Germany). Eluted DNA was
transferred to Eppendorf tubes and frozen at —80 °C for further analysis.

2.4.2. Amplicon sequencing

Amplicon PCR was carried out on the Toombak DNA extracted
samples using 2x KAPA HiFi HotStart Ready Mix and universal forward
and reverse primers, to target the V3 — V4 hypervariable regions of 16S
rRNA selected for next generation sequencing based diversity studies.

The following thermal cycling conditions were used: 3 min of initial
denaturation at 95 °C followed by 30 cycles each at 95 °C for 30 s,
annealing at 55 °C for 30 s, elongation at 72 °C for 30 s, and then at 72 °C
for 5 min. Electrophoresis using 1.5 % agarose gel with Invitrogen DNA
loading dye (Thermo Fisher Scientific), verified base pair size which was
expected at 550 base pairs. All samples were positive on the agarose gel
while the control samples were negative. This was followed by a clean
up stage using AMPure XP beads (Beckman Coulter) to purify the
amplicon from free primers and primer dimer species.

Index PCR was then continued by attaching dual indices and Illumina
sequencing adapters using Nextera XT index kits and the following PCR
thermal cycling conditions were used: 3 min of initial denaturation at 95
°C followed by 8 cycles each at 95 °C for 30 s, annealing at 55 °C for 30's,
elongation at 72 °C for 30 s, and then at 72 °C for 5 min. AMPure XP
beads (Beckman Coulter) were utilised for final clean-up, and the library
quantified using the Qubit® 2.0 Fluorometer and Qubit dsDNA high
sensitivity assay kit (Thermo Fisher Scientific). Samples were sequenced
using the V3-V4 regions of the 16S rRNA gene on an Illumina MiSeq
device 2 x 300 platform (Illumina, Inc. San Diego).

2.4.3. Bioinformatic analysis

The 300 base paired end FastQ products generated from 16S rRNA
sequencing were merged using FLASH (fast length adjustment of short
reads) using default parameters [15]. QIIME’s split_libraries_fastq.py
script was used for demultiplexing and filtering of the FastQ sequence
data. Further quality filtering was performed using the USEARCH
analysis tool. Briefly, single unique reads were removed following
denoising, chimera removal and grouping into operational taxonomic
units (OTUs) at 97 % similarity and was performed using USEARCH v7
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(64 bit) [16]. Alignment of OTUs was performed using Pynast (PyNAST:
python nearest alignment space termination), a flexible tool for aligning
sequences to a template alignment [17]. Further, assigning of taxonomic
ranks was performed by using the Basic Local Alignment Search Tool
(BLAST®), against the SILVA SSURef database release 132 [18]. The U.S
National Library of Medicine, National Centre for Biotechnology Infor-
mation was then accessed in order to assign species identity to those
FASTA sequences with > 98 % percentage homogeneity with BLASTn
[19].

2.4.4. Metagenomic statistical analysis

Statistical analysis with graphical outputs was undertaken using
Microbiome AnalystR package. Data normalisation followed by
compositional and functional profiling, comparative analysis, and
Phylogenetic Investigation of Communities by Reconstruction of Un-
observed States (PICRUSt) for the Toombak samples [20, 21] were
performed.

Quantitative visualisation using stacked bar charts representing
abundant phyla, families, and genera within all Toombak samples was
achieved. Alpha () diversity was used to identify community profile
and any significant variation in the microbiome of Toombak. Beta ()
diversity evaluated the relative abundance of OTUs and the clustering
and outliers amongst samples. This was formulated using Bray — Curtis
matrices and visualised by principal coordinate analysis (PCoA) in the
ready to buy forms only. Correlations were assessed through pattern
search between the two ready to buy groups while classic univariate
analysis (ANOVA) evaluated the variation of microbiome between
Khartoum North and Omdurman samples. DEseq2 was also employed to
assess differential abundance between the market groups using
shrinkage estimation for dispersion and fold change to improve esti-
mates of differential expression [22]. False detection rates (FDR) or q
values were reported to limit false positive results [23].

2.5. Scanning electron microscopy with energy dispersive X-ray
spectroscopy (SEM-EDX)

Structural analysis was achieved by scanning electron microscopy at
35, 800 and 4000 x magnification of two of the 21 samples; SO1 and a
ready to buy sample of Toombak. A form of snuff bought in the Republic
of Ireland (McChrystals snuff), was also used as a comparison in this
assessment. Samples were mounted onto aluminium stubs using double
sided carbon tape. Samples were sputter-coated with a 5 nm layer of
gold palladium (80:20) using a Quorum Q150 RES Sputter Coating
System (Quorum Technologies, UK), before being examined using a
JEOL JSM 5510 Scanning Electron Microscope (JEOL Ltd., Japan).
Digital electron micrographs were obtained of areas of interest. Energy
dispersive X-ray spectroscopy (EDX) analysis was performed using an
INCA x-sight EDX Detector (Oxford Instruments, Buckinghamshire, UK)
on samples that were not sputter coated to determine the characteristic
elements within the sample.

2.6. pH

pH was determined on all 21 samples by weighing equal parts of
Toombak (3 g) at room temperature and adding 3 mL dH20 to each
sample. The mixtures were vortexed for 5 min, decanted into separate
Eppendorf tubes and centrifuged at 21,380 X g for 10 min. The super-
natants were then transferred to fresh bijou tubes and analysed using a
laboratory grade pH meter that was fully calibrated.

3. Results
3.1. Heavy metals

Arsenic, cadmium, lead, and mercury were at acceptable levels in the
Toombak samples. Nickel levels were at the upper range of acceptable
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limits while chromium, cobalt and copper were high in the pre-prepared
form. Iron was found to be the most abundant heavy metal in Toombak.
The International Agency for Research on Cancer (IARC) categorisation
for heavy metal carcinogen classification is listed alongside the Goth-
iaTek standard or references from the literature (Table 1).

3.2. Metabolomics of Toombak

Using the volatile organic compound method; Benzaldehyde, benzyl
alcohol, phenylethyl alcohol, formaldehyde, acetaldehyde, propio-
naldehyde and 3 — methyl - valeric acid were detected in the Toombak
samples while urethane and N-nitrosodimethylamine were not detected.

Both Benzaldehyde and benzyl alcohol were markedly increased in
the pre-prepared sample SO1, while in the ready to buy samples, lower
concentrations were found of the former and variable concentrations of
the latter. Phenylethyl alcohol was elevated in the pre-prepared sample
as well as in samples from both Khartoum North S08, S09 and Omdur-
man S13, S14, S15 and S20, while 3 — methyl - valeric acid was low in all
samples except in the ready to buy sample S21 from Omdurman where it
was markedly increased.

Volatile aldehydes were increased in Toombak compared to Euro-
pean standards (Table 2). Formaldehyde ranged from 8—17 mg/kg in
samples from Omdurman and 7—12 mg/kg from those found in Khar-
toum North. Compared to the allowed levels of this aldehyde in Swedish
snus; only two of the 21 samples of Toombak, contained formaldehyde
levels below 7.5 mg/kg. Acetaldehyde and propionaldehyde were also
elevated in all samples. Acetaldehyde was found to be in the range of
500-1300 mg/kg in Toombak.

The pre-prepared Toombak had a distinct metabolomic composition
from all the remaining ready to buy samples as highlighted on the
principal component analysis model (PCA) (Fig. 2). Quality control
samples were tightly grouped together indicating analytical variance
greatly exceeded biological variance. Quality control samples were also
located close to the centre of the plot indicating that matrix effects were
not an issue with these samples and that data were of high quality [24].
Metabolomic findings were then compared for the 16 compounds
included in the reduced dataset using separate bar charts for each of the
compounds. These compounds were amino acids (valine, carnitine,
citrulline, proline and alanine), nicotine, tobacco specific nitrosamines
[(N-nitrosonornicotine (NNN), nicotine-derived nitrosamine ketone
(NNK), N-nitrosoanabasine (NAB), N’-nitrosoanatabine (NAT)], hexose,
adenine, hypoxanthine, inosine, pantothenic acid and succinic acid.
Additionally, 1058 features were extracted using mzMine.

Highest levels of adenine were found in the pre-prepared sample
while ready to buy Toombak samples all had low levels. Hypoxanthine
was lowest in SO1 and highest in Khartoum North samples S05, S07, S08,
and S09. In particular, inosine was negligible in the pre-prepared sample
as well as in SO8 from Khartoum North and Omdurman samples S16,
S17, S18, S19 and S21, while it was markedly elevated in Khartoum
North samples S03, SO5 and S10 and Omdurman samples S13 and S20.

Table 1

Heavy metal content in one pre-prepared and one ready to buy sample of Toombak.

Toxicology Reports 8 (2021) 1498-1512

Table 2
Levels of formaldehyde and acetaldehyde in Toombak samples compared to
GothiaTek standards.

Compound Pre- Omdurman Khartoum GothiaTek
(aldehyde) prepared ready to buy North ready standard
Toombak Toombak to buy limits of
range Toombak aldehydes in
range Swedish snus
Formaldehyde 25 mg/kg 8-17 mg/kg 7—12 mg/kg 7.5 mg/kg
(mg/kg)
Acetaldehyde 900 mg/ 500—1300 600—1200 25 mg/kg
(mg/kg) kg mg/kg mg/kg

All samples contained the amino acids carnitine, citrulline, valine,
alanine, and proline in varying amounts. Carnitine was found to be
highly variable while citrulline was highest in the pre-prepared sample
and S12 (Omdurman). Valine was high in all samples while alanine was
increased only in the pre-prepared form and one sample from Omdur-
man; S14. Proline was found to be elevated in the pre-prepared form and
reduced in the remaining ready to buy samples. Hexose (Fig. 3) was
markedly elevated in the pre-prepared form (S01) but lower in all ready
to buy samples while pantothenic acid showed a similar pattern. Suc-
cinic acid was highest in the pre-prepared form but was also elevated in
the ready to buy samples.

Nicotine in the pre-prepared form was 31 mg/g but ranged lower;
between 16—25 mg/g in the ready to buy samples. Mean levels of the
individual TSNAs in the ready to buy samples of Toombak were found to
be as follows: NAB, 10-40 mg/kg, NAT, 5-14mg/kg, NNK, 1200-4700
mg/kg and NNN, 60-130 mg/kg. The highest concentrations of nico-
tine (31 mg/g), NNN (160 mg/kg), NAT (28 mg/kg) and NAB (46 mg/
kg) were found in the pre-prepared sample while concentrations of NNK
were consistent throughout both pre-prepared and ready to buy Toom-
bak. Cumulative NNN and NNK in the ready to buy samples of Toombak
were further compared to the GothiaTek standard (Table 3) and were
found to range between 1270—4830 mg/kg amongst samples.

3.3. Microbiome of Toombak

Overall, 258 assigned OTUs or features from a total read count of
1,203,891 were obtained. The maximum count was 171,130 while the
minimum count per sample was 61,860 with an average of 92,607 reads.
A total of 66 low abundance features were removed, based on their
prevalence being under 10 %, while a further eight low variance features
were removed based on a standard deviation under 5%. The remaining
OTUs or features after data filtering were 141. In total, 13 phyla, 12
classes, 47 orders, 85 families and 134 genera were characterised in
Toombak. Firmicutes and Actinobacteria where the most abundant phyla
amongst all Toombak samples. Cyanobacteria were high in the sample
obtained from western Sudan (pre-prepared form), while Proteobacteria
and Halenaerobiaeota were the least abundant phyla in all samples

Metals/ major Limit of Pre-prepared sample Ready to buy sample GothiaTek standard limits Other reference  IARC carcinogen
cations reporting (mg/kg) (mg/kg) (mg/kg) classification
Arsenic 0.10 0.12 < 0.10 0.25 - Group 1
Cadmium 0.04 0.34 0.09 0.5 - Group 1
Chromium 0.20 1.86 1.50 1.5 - Group 1
Cobalt 0.05 0.99 0.64 - 0.98 mg/kg Group 2B
[25]
Iron 1 1660 1270 - 8-18 mg/ Group 2B
d* [26]
Copper 0.10 4.80 2.73 - 2-3mg/d* [27] Group 3
Lead 0.05 0.39 0.35 1.0 - Group 2B
Mercury 0.003 0.014 0.004 0.02 - Group 2B
Nickel 0.20 2.03 1.36 2.25 - Group 1

*mg/d = mg/ day.
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ready to buy samples.

(Fig. 4A). The families Carnobacteriaceae and Corynebacteriaceae domi-
nated in ready to buy forms while Bacillaceae dominated in the pre-
prepared Toombak (Fig. 4B). Fig. 4C highlights the genera distribution
in the ready to buy samples from Khartoum North and Omdurman as
well as the pre-prepared form. Relative abundance amongst the ready to
buy Toombak included Corynebacterium_ 1 (24 %), Atopostipes (16 %),
Atopococcus (12 %), Oceanobacillus (8%), Yaniella (7%), Virgibacillus
(7%), Staphylococcus (6%) and Aerococcus (5%).

When comparing both ready to buy groups, Corynebacterium_1 was
the most abundant genus in Toombak from Khartoum North (26 %),
followed by Atopostipes (13 %), Atopococcus (13 %) and Oceanobacillus
(9%), while Atopostipes was the most abundant genus in Toombak from
Omdurman (34 %) followed by Alloiococcus (24 %) and Corynebacte-
rium_1 (13 %). Other variations included Staphylococcus that accounted
for 6% of the composition of Toombak from Khartoum North but only
3% of Omdurman samples and Atopococcus which accounted for 13 % of
Khartoum North samples but only 7% of Omdurman samples. On the
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other hand, Alloiococcus was highly distributed amongst Omdurman
samples (24 %), while it was minimally detected in Toombak samples
from Khartoum North. Virgibacillus was the most abundant genus in the
pre-prepared form.

Alpha diversity was similar amongst ready to buy Toombak samples,
attributed to OTU feature domination as indicated by a non-significant
Chaol (P = 0.46), observed richness (p = 0.16), and Shannon di-
versity index (p = 0.25) (Fig. 5). Beta diversity, however was statistically
significant (p < 0.025) with an R? of 0.61. Samples from Khartoum
North exhibited intra — group commonality compared to those from
Omdurman (Fig. 6).

Utilising BLASTn, OTUs were interrogated at species level in the
ready to buy Toombak samples, for those sequences > 98 % identity to
the NCBI database of rRNA bacterial and archaeic species identification.
This revealed that Corynebacterium casei, (98.89 % identity), Atopococcus
tabaci (99.34 % identity), Atopostipes suicloacalis (98.49 % identity),
Oceanobacillus chironomi (98.49 % identity), Staphylococcus gallinarum
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Table 3
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Levels of nicotine and the tobacco specific nitrosamines (TSNAs), NNK, NAB, NAT and NNN in the pre-prepared and ready to buy Toombak samples. NNN and NNK
were cumulatively compared in mg/kg with GothiaTek standard maximum limits allowed.

Type Sample  Compound mg/g GothiaTek standard NNN + NNK mg/kg = (0.95)
Nicotine NNK NAB NAT NNN NNN + NNK converted from mg/g to mg/kg in
Toombak samples
Pre-prepared S01 31 3.5 0.046 0.028 0.16 3660
Toombak
S02 22 1.8 0.012 0.006 0.07 1870
S03 21 2.6 0.017 0.007 0.09 2690
S04 22 1.9 0.014 0.006 0.08 1980
S05 19 2.4 0.017 0.008 0.08 2480
Khartoum North S06 25 1.5 0.014 0.006 0.08 1580
Toombak S07 24 1.2 0.015 0.006 0.08 1280
S08 19 1.2 0.011 0.005 0.07 1270
S09 20 2.0 0.022 0.008 0.09 2090
S10 22 2.3 0.021 0.011 0.10 2400
S11 22 1.9 0.021 0.011 0.10 2000
S12 20 4.7 0.037 0.011 0.13 4830
S13 20 2.9 0.024 0.011 0.10 3000
S14 22 2.7 0.029 0.014 0.12 2820
S15 19 3.0 0.022 0.008 0.10 3100
Omdurman Toombak s16 20 3.6 0.025 0.007 0.11 3710
S17 20 2.4 0.021 0.007 0.11 2510
S18 23 3.4 0.040 0.013 0.12 3520
S19 22 1.9 0.015 0.007 0.08 1980
S20 23 2.0 0.026 0.010 0.11 2110
S21 16 1.4 0.010 0.005 0.06 1460
Total range 16-25mg/ 1.2-4.7 0.010 - 0.040 0.005 - 0.014 0.06 - 0.13 1270 - 4830 mg/kg
8 mg/g mg/g mg/g mg/g
0.01 0.02 0.003 0.002 0.002

(99.35 % identity), Enteractinococcus lamae (98.45 % identity) and
Facklamia tabacinasalis (99.35 % identity) were some of the most rep-
resented species amongst the ready to buy Toombak samples.

Furthermore, the species Corynebacterium casei and the genus Lenti-
bacillus were highly correlated with Toombak samples from Khartoum
North, with correlation scores of 0.94 and 0.83, respectively. The spe-
cies, Atopostipes suicloacalis and genus Alloiococcus were positively
correlated with Omdurman samples with correlation scores of 0.93 and
0.71, respectively.

Classic univariate analysis (Anova) highlighted significant variations
in genera abundance between the two Toombak ready to buy groups.
Fig. 7 highlights the most enriched genera amongst Khartoum North
samples which included Staphylococcus (@ = 0.002), Sinibacillus (q =
0.028), Terribacillus (q = 0.028), Brachybacterium (q = 0.046), Entero-
coccus (q = 0.032), Glutamibacter (q = 0.025), Lysinibacillus (q = 0.021),
Saccharomonospora (q = 0.025) and Devosia (q = 0.004). Shrub addition
(Solanum_incanum) in the final ready to buy Toombak from Khartoum
North was also apparent, most likely incorporated during the early
production stages (q = 0.006).

In ready to buy Toombak, it was found that Staphylococcus gallina-
rum, Devosia albogilva (99.77 % identity), Enteractinococcus lamae, Lysi-
nibacillus telephonicus, (99.35 % identity), Oceanobacillus chironomi,
Saccharomonsospora viridis (99.33 % identity), Glutamibacter_ mysorens
(99.10 % identity), Terribacillus saccharophilus (99.78 % identity) and
Terribacillus halophilus (99.14 % identity), were significantly enriched in
Khartoum North samples. Deseq2 was further employed to assess
differentially abundant OTUs particularly amongst Omdurman samples.
The genus Alloiococcus and the three species Atopostipes suicloacalis,
Alkalibacterium iburiense (99.57 % identity) and Serratia quinivorans
(99.14 % identity) were increased in those samples from Omdurman
(Fig. 8).

PICRUSt assimilations were determined using the Kyoto Encyclo-
paedia for Genes and Genomes (KEGG) pathways to assess activity for
metagenome functions amongst ready to buy samples and pre-prepared
Toombak and profiled using a heatmap (Fig. 9). Ready to buy Toombak
samples had an abundance of functions in the ATP binding proteins,

metal transport mechanisms that included cobalt/nickel transport
(K02006), iron complex transports (K02013 and K02015), and peptide/
nickel transport system substrate binding protein (K02035). The ATP
binding protein antibiotic transport system (K09687) was highly
expressed in all samples while the F420H(2) dependent quinone
reductase (K00540) pathway was present amongst the ready to buy
samples. Signalling and cellular process pathways in Toombak included
the polar amino acid transport system substrate binding protein
(K02030), putative ABC transport system permease proteins (K02003
and K02004), found to be low in the pre-prepared sample and the ABC 2
type transport system (K01990), found to be high in all samples. Finally,
sucrose 6 phosphate (K07024), associated with starch and sucrose
metabolism was reduced in the pre-prepared form.

3.4. Microscopic analysis

At low magnification (35x), the large non-homogenous and irregular
particles were highlighted in the Toombak samples (Fig. 10A and 10B)
compared to a pasteurised regulated European tobacco powder with a
uniform structure (Fig. 10C). A ready to buy sample of Toombak at
4000x magnification yielded evidence of bacterial cocci and rod
contamination (Fig. 10D).

3.5. Energy dispersive X-ray spectroscopy

Elemental composition was analysed amongst 26 spectra within the
Toombak samples. Carbon, oxygen, magnesium, aluminium, silicon,
sulphur, chlorine, calcium, molybdenum, beryllium, sodium, and po-
tassium were all found in the samples and were calculated in weight %.
Oxygen and carbon were the most predominant elements in Toombak
and European standard, however, calcium, potassium, sodium, and sil-
icon were also present.

While the pre-prepared Toombak sample had only a maximum of
0.55 % sodium, ready to buy Toombak contained a maximum of 4.93 %.
Potassium was increased in the pre-prepared form (max 3.17 %), while a
high percentage of calcium was present in the ready to buy sample (max
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Fig. 4. A: Microbiome Analyst R programming of abundant phyla within Toombak samples. Firmicutes are the most abundant phylum, followed by Actinobacteria.
Pre-prepared samples harboured increased Cyanobacteria; due to the less degraded plant composition of the pre-prepared form. B: Stacked bar chart representing 16S
rRNA compositional data of families within Toombak. Corynebacteriaceae and Carnobacteriaceae are predominant in the ready to buy forms while in the pre-prepared
Toombak; Bacillaceae are markedly increased. C: Stacked bar chart of genera composition amongst Toombak samples. Corynebacterium_1, Atopostipes and Atopococcus
are the most abundant genera in Khartoum North samples. Atopostipes and Alloiococcus were found to be abundant amongst Omdurman samples while Virgibacillus
was the most abundant genus in the pre-prepared form. Oceanobacillus, Staphylococcus, Yaniella and Aerococcus are other genera identified in the ready to buy

Toombak samples.

5.67 %). Table 4 summarises the main elements in Toombak samples
compared to the control. While the weight % of elements in Toombak
were more variable and of increased total weight % (max 0.44 %-5.67
%), the control sample exhibited consistent levels and a lower total
weight % of the most common six elements (max 0.21 %-2.52 %).

3.6. pH

pH of the original sample was 8.73, while pH of the ready to buy
samples ranged from 9.08-9.92.
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4. Discussion

Compared to a European regulated product, Toombak was a course,
non-homogenous smokeless tobacco containing visible bacterial cocci
and rods under microscopy. SEM-EDX showed high elemental sodium in
the ready to buy Toombak samples, but other elements could also be
found. All ready to buy samples were at pH 9 or above attributed to the
addition of sodium bicarbonate, primarily to enhance nicotine
bioavailability.

The pre-prepared and ready to buy Toombak samples had similar
heavy metal concentrations, of which there were four cations classified
as group 1 carcinogens, four cations classified as group 2 carcinogens,
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Fig. 5. o Diversity as measured by Chaol (p = 0.46), observed richness (p = 0.16), and Shannon diversity index (p = 0.25) comparing ready to buy samples of
Toombak (pink = Khartoum North, blue = Omdurman). Non-significant « diversity highlights that the microbial ecological niche is the same amongst all ready to buy
Toombak and is attributed to OTU feature domination. Shannon scores > 2 indicate an increased number of rare species.

and one cation classified as a group 3 carcinogen in the samples. Six of
the nine cation concentrations were available for comparison with the
GothiaTek standard and were found to be of acceptable values. The
remaining elements, cobalt, copper and iron were compared with other
references [25-27] (Table 1). Arsenic, cadmium, lead, and mercury
were found to be of acceptable values in the Toombak. Nicotiana rustica
has been previously shown to accumulate sulphur which may support
arsenic and cadmium detoxification [28], however nickel levels were
closer to the upper range of acceptable limits.

Chromium, cobalt, and copper were high in the pre-prepared form
while iron was by far the most abundant heavy metal in Toombak, at
1270 mg/kg in the ready to buy sample. Therefore, an average consumer
using 90 g of Toombak (6 g of Toombak X 15 uses per day) would be
exposed to an average of 114.3 mg of iron a day, while the reported
acceptable dietary intake of iron is 8—18 mg per day [26].

Such levels of iron in Toombak are higher than the iron content in
home-brewed beer (48—62 mg/1) prepared in south and central Africa in
iron pots, the consumption of which has been associated with the con-
dition Africa iron overload/Bantu siderosis. Manifestations of this dis-
ease include liver damage, diabetes, osteoporosis and cardiac

abnormalities [29]. Interestingly, Toombak is stored and prepared for
long periods in stainless steel pots containing at least 50 % iron and
whether this undertaking has a direct effect on the iron concentration
found in Toombak requires further investigation. Other sources of heavy
metals include the use of pesticides such as fungicides and insecticides,
fertilisers, sludge irrigation with polluted water and settled aerosols
[301.

True bioavailability of heavy metals in Toombak or in any other
smokeless tobacco, can be difficult to accurately determine. Bioavail-
ability may be as low as 6% and as high as 100 % in some forms of
smokeless tobacco [31]. Metals such as cadmium, cobalt and nickel have
been proven to be quite efficient at being extracted by artificial saliva
and thus could potentially pose greater harm to Toombak users [25].
The oral, oesophageal and gut linings can allow for absorption of cations
but biological damage depends on the total concentration of the metal in
the smokeless tobacco, the proximal transfer by epithelial contact, saliva
and digestive juices as well as the individual health status [32]. Heavy
metals also exhibit the property of bioaccumulation in the body over
time, and thus a chronic Toombak user may be at risk of long-term
chronic disease or side effects associated with heavy metal exposure.

Axis.2 [11%)]

Fig. 6. PCoA model highlighting p diversity of
ready to buy Toombak in relation to place of
purchase at feature level (OTUs). Predominant
inter-group microbiome variation of Toombak
samples (dependant variable) due to location of
purchase (independent variable). Samples from
Khartoum North exhibit intra — group com-
monality compared to those from Omdurman.
This variation is statistically significant (p
<0.025). R®>= 0.61, thus 61 % of the micro-
biome in Toombak ready to buy samples can be
related to place of purchase most likely affected
by multi-local handlers and the social and
geographical considerations that are unique
between Khartoum North and Omdurman.
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Fig. 7. Classic univariate analysis (Anova), log scaled, highlights significant variation in microbiome between the two Toombak ready to buy groups; FDR adjusted p
values or q values. Staphylococcus (q = 0.002), Sinibacillus (q = 0.028), Terribacillus (q = 0.028), Brachybacterium (q = 0.046), Enterococcus (q = 0.032), Glutamibacter
(q = 0.025), Lysinibacillus (q = 0.021), Saccharomonospora (q = 0.025) and Devosia (q = 0.004) were the most abundant genera in Toombak obtained from Khartoum

North. Shrub contamination (Solanum incanum) in the final ready to buy Toombak from Khartoum North was also found (q = 0.006) and reflects the varied pro-
duction techniques of Toombak. Pink = Khartoum North, blue = Omdurman.
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Fig. 8. Deseq2 was used to assess differentially abundant OTUs amongst Omdurman samples. Deseq2 determines the mean expression of various shrinkage estimates
and fold changes to improve final interpretability, while also correcting dispersion estimates that may be too low through modelling or under sampling. OTU_3 was
the most significantly aligned species utilising BLASTn and was found to be 98.49 % identical to Atopostipes suicloacalis. Omdurman samples also contained increased
abundances of Alkalibacterium iburiense, Serratia quinivorans and the genus Alloiococcus. Pink = Khartoum North, blue = Omdurman.

Cadmium exposure in humans has been associated with respiratory, product of many microorganisms that are numerous in Toombak.
skeletal (osteomalacia and osteoporosis), renal and cardiovascular dis- Formaldehyde is a group 1 IARC carcinogen while acetaldehyde is now
ease. Precancerous lesions, oral ulceration and progressive fibrosis of the classed as a group 2B carcinogen. Formaldehyde has been associated
oral tissues as well as liver damage have been associated with copper with cancers of the nasopharynx, nasal sinuses as well as the oral cavity,
exposure [33] while the development of leukaemia, cancers of the brain, pancreas and non-solid cancers which include leukaemia, and
bladder, kidney, and skin, neurological disturbances and renal failure multiple myeloma [35]. Acetaldehyde can affect both the oesophageal
are associated with arsenic toxicity. Neurological and haemoglobin and gut mucosa [36] while animal models have shown that cardiovas-
synthesis disturbances can occur from mercury exposure. Users of cular tissues are highly sensitive to aldehydes [37]. Aldehydes have also
Toombak are at particular risk of neurotoxic effects due to starting the been shown to cause direct DNA damage in the buccal cells of cigarette
product at a young age [34]. smokers [38] and can activate the Jun/AP-1 pathway in oral keratino-

A diverse range of metabolomic compounds were isolated from cytes leading to the transcription of oncogenes [39].

Toombak samples with variations between the pre-prepared and ready It is unclear if aldehydes are added to Toombak as a preservative or a
to buy Toombak (Fig. 2). This highlights that the different stages of flavouring as is done with some other forms of smokeless tobacco [40].
Toombak processing and storage can create a significant change to the Most worryingly, acetaldehyde in itself is potently addictive, and can act
final product. Formaldehyde, acetaldehyde and propionaldehyde were in synergy with nicotine to increase the addictive potential of the latter
all detected in the Toombak samples. Only two of the 21 Toombak [41].

samples were found to be below the recommended level set out by the Propionaldehyde was found in all Toombak samples. It is more likely
GothiaTek standards, acceptable for formaldehyde while acetaldehyde introduced from drinking water during its preparation but may also be
levels were 20-52 times higher in all the Toombak samples (Table 2). added. It is used in the manufacture of plastics and utilised as a disin-
Aldehydes are mutagenic and carcinogenic and can be found naturally fectant and preservative. In small amounts (140 pg/day), both the FDA
in smokeless tobacco or may be added. They are formed by the incom- and WHO have approved propionaldehyde as a synthetic flavouring,
plete degradation of tobacco leaves as well as being a metabolic end- known to possess a fruity odour. Propionaldehyde has been shown
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Fig. 9. PICRUSt data assimilation of the top 20 KEGG pathways in pre-prepared and ready to buy Toombak with visualisation of abundance activity using heatmap
profiling. Increased peptide/nickel (K02035), cobalt/ nickel (K02006), and iron transport systems (K02013 and K02015) amongst ready to buy Toombak as well as
active antibiotic transport systems (K09687) amongst all samples were identified.

Fig. 10. A: pre-prepared Toombak before handmade preparation with large, wooden and leaf like components at 35x magnification. B: ready to buy Toombak
highlighting a non-homogenous large particle size product that is more closely packed together and may be quite abrasive to the oral mucosa (35x). C: evenly
dispersed European snuff particles at 35x and D: ready to buy Toombak with abundance of bacterial rods and cocci at 4000x magnification.

however to increase arterial blood pressure and heart-rate by sympa-
thomimetic activities [42].

Nicotine levels are high in the Nicotiana rustica plant as opposed to
other Nicotiana species due to an additionally expressed putrescine
methyltransferase gene which allows for its efficient production, while
nicotine transport from the root to the shoot is more efficient [28].
Nicotine levels in the ready to buy Toombak samples in this study ranged
between 16-25 mg/g (average 20.5 mg/g) but were highest in the
pre-prepared form (31 mg/g) [43] (Table 3). Thus, in a Toombak user,
utilising 90 g of the ready to buy product a day (6 g x 15 times/day),
nicotine exposure would be 1440 — 2250 mg/g per day (average 1845
mg/g). Nicotine levels in Toombak in the literature are highly variable
and range from 5.16 to 102.4 mg/g [44]. It is absorbed by passive
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diffusion into the blood, where the more alkaline the pH, the more
unionised nicotine that becomes available and can be easily absorbed by
epithelial linings [45]. Addition of water to Toombak also improves
nicotine absorption and permeability through the oral mucosa as well as
better transfer to saliva. Short term effects of nicotine exposure from
smokeless tobacco include increased heart-rate (within the first 15 min),
nausea and vomiting, while long term effects include the development of
cardiovascular disease such as atherosclerosis [46] through increased
low density lipoproteins and decreased high density lipoproteins [47].
Nicotine has also been associated with delayed wound healing, pre-
vention of apoptosis of cancer cells and the promotion of reactive oxy-
gen species and oxidative damage to cells [48].

Mean levels of the individual TSNAs amongst ready to buy Toombak
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Table 4

The main elements found in the pre-prepared Toombak and one ready to buy
sample compared to a control (European smokeless tobacco) using energy
dispersive X ray spectroscopy.

Pre-prepared Ready to buy Control

Toombak Toombak
Weight % Min % Max % Min % Max % Min % Max %
Elements
Calcium 0.56 % 1.08 % 0.36 % 5.67 % 0.98 % 2.52 %
Potassium 098% 3.17% 0.40%  2.23% 1.06% 211 %
Aluminium  0.50%  2.03 % 055%  0.71 % 014% 021 %
Sodium 0.21 % 0.55 % 2.08 % 4.93 % 1.13% 2.27 %
Magnesium 0.20 % 0.90 % 0.24 % 0.44 % 0.28 % 0.72 %
Silicon 057 %  1.99 % 0.80%  2.09% 020% 0.74%

samples were all found to be high (NAB; 10-40 mg/kg, NAT; 5-14 mg/
kg, NNK; 1200-4700 mg/kg and NNN; 60-130 mg/kg). NNN and NNK
levels in Toombak were compared to the maximum limits of these
compounds in Swedish snus (NNN + NNK =0.95 mg/kg). Concentra-
tions of NNN and NNK in ready to buy Toombak ranged from
1270—4830 mg/kg, values thousands fold higher than the maximum
limits of these compounds in Swedish snus (Table 3), a trend also re-
ported by Idris et al. [49]. Mean levels of NNN and NNK in Indian forms
of smokeless tobacco are reported to be 22.9 mg/kg and 2.6 mg/kg,
respectively [50], while it has been proposed by the FDA that NNN levels
in smokeless tobacco sold in the USA should not exceed 1 mg/kg [51].
Thus, TSNA concentrations in Toombak may be the highest found
amongst all smokeless tobacco products in the world. These are carci-
nogenic compounds produced when nitrate is converted to nitrite by
both aerobic and anaerobic metabolic routes that involve nitrate or ni-
trite reductase as the two key enzymes. This is followed by nitrosation
which involves a chemical reaction between nitrite and nicotine [52,
53].

TSNAs are absent in the green leafy tobacco plant and their accu-
mulation occurs during the post cultivation period of Toombak pro-
duction, harvesting, fermentation, storage and even after purchase.
TSNA formation is also closely related to the triad of nicotine, moisture
content and elevated temperatures. Moist forms of smokeless tobacco
with added water such as Toombak, promote bacterial contamination
and their growth [54]. The high environmental temperatures then allow
for the chemical reduction of nitrate to nitrite, where the latter is orig-
inally elevated in Toombak due to the high nicotinic alkaloid content in
the Nicotiana rustica plant.

The metabolism and activation of NNN and NNK in particular, lead
to the pyridyloxobutylation of DNA, where in the setting of proto-
oncogenes and tumour suppressor genes, can cause activation and
inactivation of these critical genes, respectively, and thus tumour
growth [55,56]. Furthermore, NNN and NNK are thought to act in a
synergistic manner, binding to nicotinic acetylcholine receptors, further
facilitating tumour development [57]. NNN is a powerful oral and
oesophageal carcinogen in laboratory animals as well as in humans [58,
59], and together, NNN and NNK have been strongly linked with the
development of oral cancer when administered to rats [60]. Another
consideration is that the enzymatic activity of saliva facilitates the
release and extraction of TSNAs in the oral cavity [61] and the TSNA
content in saliva of Toombak users has been shown to be elevated [62].
The NNK specific metabolite, 4-(methylnitrosamino)-1-(3-pyr-
idyl)-1-butanol (NNAL), excreted in urine is highly elevated amongst
Toombak users [63] and is supported by the findings of the largely
increased TSNA content reported in this paper.

Adenine is a purine nucleobase that was found in high amounts in the
pre-prepared sample and at lower levels in the ready to buy Toombak,
most likely reflecting lack of its degradation at this stage. Hypoxanthine
and inosine were found at higher concentrations in the ready to buy
samples compared to the pre-prepared form, suggesting the deamination
of adenine and purine metabolism that are a natural metabolic process
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of plant metabolism. Amino acids in Toombak accumulate in parallel
with the curing stage, where breakdown of tobacco proteins and hy-
drolysis of pigments occur by enzymes and microorganisms releasing
such amino acids [64]. Citrulline was elevated in the pre-prepared
sample and lower in the ready to buy Toombak and is derived from
the catabolism of arginine by lactic acid bacteria as well as being a
nitrogenous precursor of urethane, a group 2A IARC carcinogen. No
urethane was detected in any of the Toombak samples. Urethane content
has been poorly linked to the process of fermentation where its forma-
tion is associated with increased temperatures during pasteurisation and
presence of added ethanol in smokeless tobacco, however these features
are not part of Toombak preparation [65]. Carnitine presence in
Toombak may provide bacteria with thermal and osmotic protection
[66] promoting their survival but its presence was found to be highly
variable. Proline, found in all samples in Toombak, may induce yeast to
hyphal form in the oral cavity and promote their pathogenic capability
[67] while alanine and valine are not known to cause harm.

Benzylaldehyde and benzyl alcohol, aroma compounds in Nicotiana
rustica, were highest in the pre-prepared sample, but variable in the
ready to buy Toombak and contribute to the tobacco flavour [68, 69].
Phenylethyl alcohol, which has a rose odour, is found naturally amongst
various human nutritional consumables [70] but is also known to be
added to Gutka, a type of smokeless tobacco used in India [71]. All
samples of Toombak contained phenylethyl alcohol, however, levels
were variable where six of the 21 samples had high concentrations
including the pre-prepared Toombak, while the remaining samples had
reduced or negligible amounts. This may suggest that this compound
occurs both naturally and is added during the manufacturing process.
Phenylethyl alcohol may have some selective inhibitory action on gram
negative bacteria [72] thus may be a contributing factor to Toombak
microorganism composition. The flavour of Toombak may also arise
from the presence of proline and hexose which contribute to the Mail-
lard reaction in tobacco, a non-enzymatic reaction that leads to the
development of flavour compounds [73].

Bacteria can transform glucose and other sugars into succinic acid
during fermentation [74] while Lactobacillus and Bacillus strains can
produce succinic acid from citric acid in particular [75,76]. Citric acid is
a prominent component of Nicotiana rustica after curing while Toombak
contained abundant Bacillus [68]. Interestingly, Corynebacterium and
Enterococcus species are some of the main studied succinic acid pro-
ducers, both found in Toombak [77]. Succinic acid contributes to the
taste of Toombak, by adding a bitter salt-like flavour and is also high in
some fermented beverages (e.g sake from Japan) but is not known to
harm human health. It also has many other uses in industry and is either
produced chemically or through fermentation by fungi and bacteria. 3 —
Methyl — valeric acid, found in Toombak, has a strong, pungent, fruity
and cheesy flavour [78] and is formed from the alkaline hydrolysis of
glycolipids found in Nicotiana species including Nicotiana rustica [79].
Pantothenic acid (vitamin B5) most likely originates from the plant
structure with no harmful addition to users. Hexose (glucose and fruc-
tose) was elevated only in the pre-prepared sample and was consider-
ably reduced in all the ready to buy Toombak samples (Fig. 3), a finding
supported by the air curing process of Toombak, which contributes to
the low sugar levels. Hexose may also contribute to the taste of Toom-
bak. Low sugar content may however, allow bacterial growth and pre-
vent acid metabolites from occurring, thus keeping Toombak at alkaline
pH [80,81]. At least, in part, the low sugar content of Toombak should
not contribute to the risk of caries development from extrinsic sugars,
amongst Toombak users.

In total, 13 phyla, 12 classes, 47 orders, 85 families and 134 genera
were characterised in Toombak of which Firmicutes and Actinobacteria
were the predominant phyla amongst ready to buy and pre-prepared
forms, although in the latter, Actinobacteria were markedly reduced
while Cyanobacteria were increased. Proteobacteria were the least
abundant in all forms of Toombak. Proteobacteria are more adapted to,
and thus are generally found in cold environments, explaining their low
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abundance in Toombak obtained from Sudan, a country of a hot and
temperate climate [82]. Bacillaceae family were enriched in the
pre-prepared form while Virgibacillus was the most abundant genus
(Fig. 4A, 4B and 4C).

The microbiome of Toombak has been previously reported by three
authors (ElHebshi, Smyth and Tyx et al) with the studies reporting on
one to five Toombak samples. ElHebshi et al. (2017) analysed one
Toombak sample where Facklamia, Desemzia, Atopostipes, Lysinibacillus
and Corynebacterium were the most abundant genera found, while
Facklamia tabacinasalis, Atopostipes suicloacalis, Lysinibacillus chungkuk-
jangi and Desemzia incerta predominated in the Toombak sample [83].
Tyx et al. (2016) analysed two Toombak samples and found a high
relative abundance of Corynebacteriaceae and Staphylococcaceae and a
low o diversity [84], while Smyth et al. (2017) analysed five Toombak
samples and one alkalinising agent and found Enteractinococcus and
Corynebacterium to be significantly increased [85]. Our results are
aligned with some of these previous data, in particular that Corynebac-
terium is one of the most abundant genus in Toombak. This study is the
first to report Toombak microbiome composition with respect to
inter-locational variations, Khartoum North and Omdurman. Although
Corynebacterium are enriched amongst Toombak including the species
Corynebacterium casei, they are not the dominant genus or species,
respectively. Atopostipes suicloacalis, Atopococcus tabaci, Oceanobacillus
chironomi, Staphylococcus gallinarum, Enteractinococcus lamae, Facklamia
tabacinasalis as well as Alloiococcus genera also predominantly defined
the final composition of Toombak. Furthermore, Staphylococcus cohnii
was found to be highly abundant amongst Toombak samples analysed by
Smyth et al. [85], while Staphylococcus gallinarum was the most abun-
dant species in our samples; known to be highly salt tolerant [86].

We found a high Shannon diversity index score (>1) indicating that
Toombak has an increased number of microorganisms, particularly rare
species. This trend is similar amongst samples since non-significant
findings were obtained when comparing both ready to buy groups.
Chaol was found to be similar between the two ready to buy groups due
to certain OTUs dominating in the samples (Fig. 5). This reflects the
natural plant composition and alkalinic niche of Toombak, as confirmed
by our pH findings [87]. Therefore, abundant bacteria in Toombak can
survive alkalinity or even prefer it, such as the Bacilli class. These likely
become predominant in the setting of elevated temperatures during
Toombak production (fermentation and storage). Their ability to pro-
duce endospores allows them to be highly resistant to harsh conditions
while Bacilli can also drive alkalinity and improve nicotine absorption,
contributing to the addictive nature of Toombak. Bacilli isolated from
American forms of smokeless tobacco have been shown to injure the oral
mucosa of hamster cheek via the kallikrein/kinin metabolic pathway
and thus may directly impact on chronic inflammation in the mouth
[88].

The alkalinic nature of Toombak is further appreciated with the
presence of alkaphiles such as Oceanobacillus chironomi, a facultative
alkaphile and Alkalibacterium known to possess superior cellulose hy-
drolytic and carbohydrate fermentation properties [89], while Alka-
libacterium iburiense identified in increased abundance amongst
Omdurman samples is an obligate alkaphile. This allows for a
self-sustainable fermentation system within Toombak over long periods
and past the original air-curing period [90]. Furthermore, the contri-
bution of bacteria to the potently elevated TSNA levels in Toombak are
an important addition to the role of the microbiome. Corynebacterium
and Staphylococceae species are known to be potent nitrate reducing
bacteria as well as efficient nitrogen metabolisers [91], and may
contribute to the high TSNA content of Toombak.

This study is the first to assess p diversity amongst numerous
Toombak samples, particularly the socio — geographical dynamics which
was found to significantly affect (p < 0.025) the final composition of the
ready to buy groups (Fig. 6). The microbiome of the ready to buy
Toombak is affected by the preparatory techniques, continuous unsterile
human handling of the product and poor storage qualities, that allow for
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microbiome changes that may yet remain underestimated in the impli-
cations for human health. Furthermore, Toombak contained several
animal and insect microbes including Enteractinoccocus lamae isolated
from animal faeces [92], Staphylococcus gallinarum first isolated from
chickens [93] and Oceanobacillus chironomi, isolated from chironomid
egg mass [94]. Lysinibacillus telephonicus has been isolated from the
screen of a mobile phone [95]. Alloiococcus is regarded as a commensal
of the external auditory meatus, nasopharynx and nasal cavity but is also
associated with development of otitis media [96-98] and was found to
be abundant in samples from Omdurman. Health concerns arise from
long term Toombak use due to the potential gateway for entry of novel
infection causing bacteria as well as the presence of antibiotic resistant
genes amongst them. Metagenomic pathways of ready to buy samples
were active for metal transport systems particularly peptide/nickel,
cobalt/nickel and iron transport compared to the pre-prepared form.
These active transport systems may reflect the increased metal
bioavailability in Toombak and active metal transport systems have
been associated with carcinogenic smokeless tobacco products [83]. The
K09687 pathway, expressed in all samples is an antibiotic transport
system while F420H(2), a dependant quinone reductase pathway found
to be active in the ready to buy samples may protect against bactericidal
agents [99] (Fig. 9). Further analysis is required through whole genome
sequencing and may be an important area in the future to better un-
derstand which species may relate to specific metagenomic pathways
within Toombak that may have an impact on important diseases such as
cancer and infection.

The physical structure of Toombak is a suitable niche for the survival
of bacteria, fungi and the harbouring of other contaminants. The rough
surface of Toombak can encourage chronic mucosal abrasion and
epithelial cell damage and can promote inflammation and entry of
opportunistic pathogens into the body. Compared to a European sample
of smokeless tobacco, Toombak had a non-homogenous consistency and
high levels of a number of elements. The SEM-EDX also highlights the
large, non-homogenous structure of Toombak (Fig. 10A and B),
compared to a regulated European sample (Fig. 10C) and provides visual
evidence of bacterial rods and cocci at high magnification (Fig. 10D).
Oxygen and carbon were the most predominant organic elements in
Toombak, however, calcium, potassium, sodium, silicon, and
aluminium were also abundant. Magnesium, beryllium, sulphur, and
chlorine were less abundant within the samples. Sodium was present at
0.55 weight % in the pre-prepared form while it was 4.93 % in the ready
to buy sample, suggesting that the addition of sodium bicarbonate may
be the causative factor for this increase. Such elements can have haz-
ardous local and systemic effects on users, particularly chronic abrasion
as well as allergic and inflammatory predisposition to disease [100].
Sodium compounds may also lead to inflammation and cancer devel-
opment [7].

All Toombak samples were in the alkaline pH range. The pre-
prepared Toombak was of lower pH value, 8.73, compared to the
remaining ready to buy samples that were above pH 9. The alkalinity of
Toombak is a result of the cultural addition of sodium bicarbonate in
order to convert the total nicotine to a free or unprotonated form which
is more readily absorbed in the body. This allows Toombak to be highly
addictive as nicotine becomes more potently available and is rapidly
transported to the central nervous system. The addition of alkaline
products such as ash, ammonium or calcium bicarbonate, slaked lime,
and sodium citrate, can also be observed in other forms of smokeless
tobacco.

5. Conclusion

In this study, we have shown that the sudanese smokeless tobacco,
Toombak, contains numerous potential biohazardous components.
Chromium, cobalt and copper were found to be high in the pre-prepared
sample while iron concentration was alarmingly high in both pre-
prepared and ready to buy Toombak. This may be a hidden cause of



A. Sami et al.

disease that includes liver damage, diabetes, osteoporosis, and cardiac
disease.

High levels of volatile aldehydes were also found in all the ready to
buy Toombak samples. Aldehydes are both carcinogenic and addictive
and may be produced naturally, added in Toombak or present as con-
taminants from water. High levels of heavy metals and aldehydes in
Toombak are an alarming cause of concern. Furthermore, samples of
Toombak were found to contain some of the highest TSNA content in
smokeless tobacco in the world, most likely a contribution of many
factors. These include the high content of nicotinic alkaloid in the
Nicotiana rustica plant, the elevated temperatures used during produc-
tion, prolonged storage, and the high abundance of nitrate-reducing
bacteria. TSNAs are among the major cancer-causing agents in Toom-
bak, leading to mutational DNA damage of cells. Ready to buy Toombak
was found not to contain a high extrinsic sugar content while flavour-
related compounds are likely naturally developed in Toombak.

Toombak microbiome consisted of a core set of microbiota, consist-
ing of the two main phyla Actinobacteria and Firmicutes. The most
abundant genera within the ready to buy Toombak were Corynebacte-
rium_1, Atopostipes, Atopococcus, Oceanobacillus and Staphylococcus,
while Virgibacillus was the most abundant genus in the pre-prepared
form. BLASTn revealed Corynebacterium casei as the most abundant
species in Toombak from Khartoum North samples, while Atopostipes
suicloacalis was the most abundant species in Toombak from Omdurman.
Other species included Staphylococcus gallinarum, Atopococcus tabaci,
Enteractinococcus lamae, Oceanobacillus chironomi and Facklamia tabaci-
nasalis. o« Diversity was similiar amongst all Toombak samples (i.e. the
same genera were present), however their distribution and relative
abundance were variable, dependant on place of purchase as shown by a
significant p diversity and Deseq2 analysis. PICRUSt data showed met-
agenomic activity related to enriched peptide/nickel, cobalt/nickel and
iron transport pathways in the ready to buy samples, an active antibiotic
transport system and numerous active KEGG pathways related to sur-
vival in diverse environments.

This paper is the first to represent a wide scope analysis of numerous
Toombak samples, a form of smokeless tobacco used extensively in
Sudan incorporating metabolomic, metagenomic, microscopic, heavy
metal and pH analysis. While smokeless tobacco sold in Europe and the
USA is considerably regulated, Toombak is produced via individual
manufacturing processes in Sudan. Use of the product is often initiated
at a young age due to social difficulties and its low cost. Toombak har-
bours extensive biohazardous properties and it is prudent that urgent
new and extensive measures be taken by the relevant government
ministries in the Sudan to reassess its production laws as well as to take
steps to reduce its use amongst the population.
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